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RIASSUNTO 

La regione del Mare di Scotia costituisce un'area tettonica piuttosto complessa, 

caratterizzata da numerosi processi tettonici attivi e rapidi cambiamenti nel moto e 

nella configurazione delle placche. Molte caratteristiche del Mare di Scotia sono 

state spiegate, ciononostante alcuni dettagli delle interazioni tettoniche, dei margini 

di placca e del loro moto relativo sono ancora incerti. In quest'ottica, la 

determinazione delle caratteristiche della litosfera e l'identificazione delle 

discontinuità, assieme allo studio dei meccanismi focali sono molto importanti per 

comprendere l'evoluzione geodinamica della regione del Mare di Scotia. 

Questo studio si propone di utilizzare tecniche per l'inversione di forme d'onda 

al fine di ottenere i meccanismi di sorgente per una serie di terremoti registrati nel 

Mare di Scotia e nelle aree circostanti, oltre che modelli strutturali (velocità delle 

onde di taglio in funzione della profondità) nella regione presa in esame. Questo tipo 

di analisi è possibile grazie alla presenza di diverse stazioni a larga banda, installate 

di recente nella regione da parte della rete ASAIN (Antarctic Seismographic 

Argentinean Italian Network) e del consorzio IRIS, che hanno reso disponibile un 

notevole insieme di dati di buona qualità. 

Tenendo conto delle particolari caratteristiche dell'area presa in esame, prima 

di iniziare l'analisi delle sorgenti per i terremoti antartici, la metodologia per la 

tomografia con onde di superficie e per la determinazione del tensore momento 

sismico sono state collaudate in una regione diversa, ma comunque caratterizzata da 

elevato rumore ambientale: sono stati analizzati degli eventi registrati nel marzo del 

1984 ai Campi Flegrei, in occasione della più recente crisi bradisismica. In seguito a 

l 



questo studio, abbiamo prima di tutto trovato un'anomalia nella velocità di gruppo 

nel Golfo di Pozzuoli, che non era mai stata evidenziata prima, oltre ad uno strato a 

bassa velocità sotto ai Campi Flegrei, centrato ad una profondità di circa l O km (un 

serbatoio magmatico?). Quindi, si è potuto verificare come i risultati di questo studio 

confermano la capacità del metodo di risolvere le componenti del tensore momento 

sismico anche in presenza di rumore ambientale. 

Sono stati quindi analizzati Il eventi nella regione del Mare di Scotia e 5 eventi 

localizzati nello Stretto di Bransfield. La distribuzione degli eventi utilizzati in 

questo studio è rappresentativa della sismicità della regione, che si concentra lungo i 

profili batimetrici che circondano il Mare di Scotia e supporta l'ipotesi dell'esistenza 

della placca di Scotia. I risultati ottenuti nella regione del Mare di Scotia sono 

generalmente in accordo con i parametri di sorgente riportati in altri lavori e con i 

processi tettonici proposti per la regione. 

I meccanismi di sorgente ottenuti in questo studio sono stati utilizzati per 

applicare l'inversione di forme d'onda per i parametri strutturali ad una serie di 

registrazioni di eventi avvenuti nella regione del Mare di Scotia. Sono stati analizzati 

sei percorsi sorgente ricevitore e quindi sono stati determinati sei modelli di velocità 

delle onde di taglio per diverse aree tettoniche nel Mare di Scotia; questi modelli 

rappresentano un sostanziale raffinamento dei modelli già esistenti. 
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SUMMARY 

The Scotia Sea region is a complex tectonic area characterized by many active 

tectonic processes and rapid changes in plate motion and configuration. Many 

features of the Scotia Sea are well understood; nevertheless, some details of the 

tectonic interactions, plate boundaries and relative plate motions are stili uncertain. 

In this perspective, the determination of lithosphere characteristics and the 

identification of relevant discontinuities, together with the determination of focal 

mechanisms are very important to study the present day tectonics and to understand 

the geodynamical evolution of the Scotia Sea regio n. 

This study aims to use waveform inversion techniques to obtain source 

mechanisms for a set of earthquakes recorded in the Scotia Sea and surrounding 

areas, and structural models (shear velocity vs. depth) in the study area. This kind of 

study is possible due to the presence of severa! broadband stations, recently deployed 

in the area by the ASAIN (Antarctic Seismographic Argentinean Italian Network) 

and the IRIS consortium, which have provided a considerable amount of good 

quality data. 

In consideration of the peculiar conditions of the study area, before starting 

with the analysis of the Antarctic earthquakes sources, the methodology for surface 

wave tomography and waveform inversion to retrieve the seismic moment tensor, 

have been tested on a different region but equally characterized by a high ambient 

noise: a set of events recorded in March 1984 at the Campi Flegrei area, during the 

last bradyseismic crisis, have been analysed. First we have found a group velocity 

anomaly in the Pozzuoli Gulf that has not been evidenced by previous studi es, and a 
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lo w velocity layer under the Campi Flegrei, centred a t a depth of about l O km (a 

magma reservoir?). Secondly, the results of this study confirm the capability of the 

methodology to resolve the moment tensor components even in presence of ambient 

notse. 

The moment tensor inversion algorithm has been used to analyse Il events 

recorded within the Scotia Sea region and 5 events located in the Bransfield Strait. 

The distribution of the events used in this study resembles the total seismicity of the 

region, that is concentrated along the bathymetric features surrounding the Scotia 

Sea, and provides evidence for a kinematically distinct Scotia Plate. The results 

obtained in the Scotia Sea region are generally in agreement with source parameters 

taken from other sources and the proposed tectonic processes acting there. 

The source mechanisms retrieved in this study have been utilized to apply the 

waveform inversion for structural parameters to a set of records obtained from events 

in the Scotia Sea region. Six source-receiver paths have been analysed and shear 

wave velocity models have been proposed for different tectonic areas in the Scotia 

Sea, that represent a substantial refinement of previous ones. 

4 



CHAPTERl 

THE SCOTIA SEA REGION 

1.1 INTRODUCTION 

The Scotia Sea region is a complex tectonic area that have evolved over the 

past 40 Ma by extension behind an east-migrating subduction zone, at the boundary 

between the South American and Antarctic plates (Barker, 2001 ). 

The Scotia Sea region extends from about 75° to 25°W, 61 o to 53°S, and it is mainly 

of oceani c crustal structure and origin. It is bounded on three sides by the Scotia Are, 

islands and submarine ridges of the North and South Scotia Ridge and South 

Sandwich island are, are volcanoes ( active and dead), remnant are and accretionary 

prism. At present the Scotia Sea region is composed by two small plates between the 

South American and the Antarctic plates: the Scotia and the Sandwich plate. The 

boundaries of those plates li e mostly along the Scotia Are, and the p late motions are 

mainly along the east-west direction. This situation is the result of a compi ex tectonic 

evolution that took piace over the past 40 Ma. 

An understanding of regional tectonic structure and evolution is important 

because of three, main reasons. First of ali, because the separation of the Antarctic 

Peninsula from the ti p of the South America probably led to the development of the 

present day Antarctic Circumpolar Current (Barker and Burrel, 1977). This situation 

greatly reduced north-south ocean circulation and heat transport, and may thus have 

had a profound effect on Antarctic climate by isolating the continent within a ring of 
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cold water. The second reason is that Alvarez (1982) proposed that the mass balance 

in the mantle, between a shrinking Pacific region and expanding Indian and Atlantic 

regions, has been achieved by shallow eastward mantle flow through the Caribbean 

and the Scotia Sea region. Finally, Dogliani et al. (1999) have classified the 

Sandwich among the so cali ed "west-directed subduction zone s", which present 

peculiar characteristics, with strong differences particularly when compared to other 

subduction zones. They proposed that the Scotia Are developed along the back-thrust 

belt of an earlier East-directed subduction zone, because there was oceanic 

lithosphere in the foreland of the related back-thrust belt. For that reason, a better 

understanding of the Scotia and Sandwich tectonics could help in understanding 

other tectonic settings such as the Caribbean Sea and the Mediterranean. 

Figure 1.1. Tectonic map of the Antarctic Peninsula and Scotia Sea region (modified from Pelayo and 

Wiens, 1989). Along the North Scotia Ridge BuB is Burdwood Bank, FI Falkland Island, SR Shag 

Rocks, SG South Georgia; ESR is East Scotia Ridge. Along the South Scotia Ridge, SOM is South 

Orkney Micro continent, PB Powell Basin, El Elephant Island. DP is Drake Passage. 
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1.2 TECTONIC SETTING AND EVOLUTION 

The Scotia Sea region is presently occupied by two main plates, the small 

Sandwich Plate in the extreme east, and the much larger Scotia Plate. In Fig. 1.1 the 

main tectonic features of the Scotia Sea region are plotted. The seismicity 

concentrated along the bathymetric features, which surround the Scotia Sea, provides 

evidence for a kinematically distinct Scotia Plate (Pelayo and Wiens, 1989). The 

plate tectonic models developed for the Scotia Sea region in the last three decades 

invoked more micro plates to explain the different complex features in the region. 

Barker and Dalziel (1983), for example, show the existence of two additional micro 

plates, the Drake Plate and the South Shetland plate, between the Bransfield Strait 

and the South Shetland Trench. 

The South America-Scotia (SAM-SCO) plate boundary runs through Tierra del 

Fuego and the North Scotia Ridge (Barker, 2001); the North Scotia Ridge, east of 

Burdwood Bank comprises three small-elevated blocks, then the Shag Rocks Block, 

and finally the South Georgia micro continent. Livermore et al. (1994) suggested the 

presence of significant underthrusting of the Scotia P late beneath South Georgia. The 

Scotia-Antarctic (SCO-ANT) boundary runs along the Shakleton Fracture Zone and 

South Scotia Ridge. Along the South Scotia Ridge, separated from the Antarctic 

Peninsula by the Powell Basin, there is the South Orkney micro continent, the largest 

fragment of continental crust in the South Scotia Ridge. The South Orkney Islands 

li e along the northem edge of the South-Orkney micro continent. Between Elephant 

Island and the South Orkney micro continent lies a pair of ridges, separated by the 

presently active SCO-ANT plate boundary (Barker, 2001). In the eastem part of the 

South Scotia Ridge there are some elevations as the Jane Bank, Discovery Bank, and 

Herdman Bank. 

Active spreading is present in the eastem part of the Scotia Sea, along the East 

Scotia Ridge, which is supposed to have created the small Sandwich Plate (Barker, 

2001). The small Sandwich Plate, whose boundaries continue those of the Scotia 

P late, is characterized by a rapid eastward movement and by a rapi d subduction of its 
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lithosphere ( and rollback of the subduction hinge) a t the eastern margin (Barker an d 

Dalziel, 1983; Barker, 2001). Most of the South Sandwich Islands are placed in an 

eastward-convex are, on an oceanic floor formed during the present back-arc 

spreading. 

The Shakleton Fracture Zone is located in the Drake Passage, between South 

America and the Antarctic Peninsula and represents the western boundary of the 

Scotia Plate. The fracture zone intersects the West Scotia and Phoenix-Antarctica 

ridges, both extinct spreading centres, and developed a ridge-to-ridge transform zone 

in the centrai area of the Drake Passage (Galindo-Zaldivar et al., 2000). At present, 

the Shakleton Fracture Zone is a sinistra! transpressive fault zone that connects the 

Chile Trench with the South Shetland Trench and the southern boundaries of the 

Scotia Plate (Cunningham et al., 1995). 

The southwest corner of the Scotia Plate is a geodynamic system undergoing 

rapid changes in plate motions and configuration. The Antarctic Peninsula Pacific 

margin is now passive except for the short section of the South Shetland Trench, the 

last surviving segment of a subduction zone that once extended all along the western 

margin of the Antarctic Peninsula (Larter, 2001). The Bransfield Strait is suggested 

to have an extensional origin; according to Barker and Dalziel (1983) it may 

represent back are extension behind a stili active South Shetland Trench. Galindo

Zaldivar et al. (1996) suggest that the extension of the Bransfield Strait could be 

partially explained by the westward continuation of the active fault system of the 

centrai South Scotia Ridge. 

lt has long been considered that southern South America and the Antarctic 

Peninsula were once joined, and that the islands and submarine ridges now 

distributed along the North and South Scotia Ridge originally formed a compact 

continental connection between them (Barker and Burrel, 1977). The Scotia Ridge is 

composed largely of continental fragments, whose onshore geology is incompatible 

with their present isolated situation, but indicates an originai position close to a 

subducting continental margin (presumed to be the Pacific margin, between the 

Peninsula and Southern South America) (Barker and Dalziel, 1983). The geologica! 
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similarities between South Georgia and southern Tierra del Fuego suggest that the 

originai position of South Georgia was directly east of Caper Horn. Much of the 

South Scotia Ridge appears to be composed of continental fragments, which have 

moved eastward relative to their originai positions adj acent to the northeastern end of 

the Antarctic Peninsula (Barker and D alzi el, 1983 ). 

Barker (1972) suggested that this connection had been probably broken by 

southeastward relative movement of the Antarctic Peninsula and the South Scotia 

Ridge away from Tierra del Fuego and The North Scotia Ridge; Cunningham et al. 

(1995) showed that since 84 Ma there had been an east-west left-lateral strike-slip 

sense of relative motion with a lesser north-south divergent component between the 

southemmost South America and the Antarctic Peninsula. The continental separation 

between the southemmost South America and the Antarctic Peninsula eventually led 

to seafloor spreading in the Western Scotia Se a an d development of the Scotia Are. 

The W est Sco ti a Ridge, an extinct spreading centre, formed the oceani c crust of the 

western Scotia Plate. The seafloor spreading in the Scotia Sea seems to have started 

approximately 30-40 Ma (Barker and Burrel, 1977; Barker and Dalziel, 1983). 

1.3 RELATIVE PLA TE MOTIONS 

Over most of the Scotia Sea the plate motions amount to an eastward 

movement of the Antarctic Plate with respect to the South American Plate (Barker 

and Dalziel, 1983; Pelayo and Wiens, 1989). The boundaries of the Scotia and 

Sandwich plates, the North and South Scotia ridges, are sub-parallel to the east-west 

direction of the slow, sinistra! motion. 

The relative motion between the South America is accommodated around the 

Scotia Sea by the North and South Scotia Ridge and by the Shakleton Fracture Zone 

(Barker and Dalziel, 1983; Livermore et al., 1994). Pelayo and Wiens (1989) found 
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that there is a left-lateral strike-slip motion with a component of compression along 

tbe North Scotia Ridge, a left-lateral strike-slip with a component of extension along 

the South Scotia Ridge, and an east-west compression in the Drake Passage. In 

particular, the South Scotia Ridge presents combined extension and transcurrent 

motion accommodated by zones of oblique extension as well as discrete transform 

faults and extensional segments. The left-lateral movements of the North and Soutb 

Scotia ridges induce a left lateral shear couple in the whole plate, with a ma:ximum 

horizontal NE-SW shortening direction (Galindo-Zaldivar et al., 1996; Giner-Robles 

et al., 2003). The Shakleton Fracture Zone is characterized by a left-lateral motion 

with transpressive deformation (Pelayo and Wiens, 1989; Cunningham et al., 1995; 

Galindo-Zaldivar et al., 2000; Maldonado et al., 2000). 

Several studies sbow seismological evidences for active convergence and 

subduction along the South Shetland Trench (Pelayo and Wiens, 1989; Ibaiiez et al., 

1997; Robertson et al., 2003b). 

Figure 1.2. Topographic map of the Scotia Sea region with the 1973-2003 seisrnicity (location of the 

earthquakes are from the NEIC catalogue). 
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1.4 SEISMICITY 

In the Scotia Sea the seismicity is concentrateci along the bathymetric features 

that surround the region (Pelayo and Wiens, 1989). Looking a t the distribution of the 

epicentres in the period 1973-2003 (Fig. 1.2) it is evident that the South Sandwich 

Trench is the principal source of earthquakes in the region: there is an intense 

earthquake activity associateci with the subduction. Sparse earthquake activity occurs 

along both North and South Scotia ridges, the Shakleton Fracture Zone and 

Bransfield Strait and on spreading centres in the Eastem Scotia Sea. Apart from the 

South Sandwich Are, the most active seismic zone corresponds to the South Scotia 

Ridge, while lower seismicity has been recorded along the North Scotia Ridge. In the 

South Shetland Islands region there is a high level of local seismicity (Robertson et 

al., 2003b) with a moderate number of intermediate-depth earthquakes (Ibar'iez et al., 

1997). 

The remote location of the Scotia Sea region has posed logistical problems for 

collection of seismological data. Only in the last l 0-15 years there has been a major 

deployment of seismic instrumentation in the islands and continental regions 

surrounding the Scotia and Sandwich plates. Therefore just a few studies about the 

source mechanisms in the Scotia Are had been published, the main works being 

those by Forsyth (1975) and by Pelayo and Wiens (1989). The recent paper by 

Robertson et al. (2003b) is a study of the seismicity in the South Shetland Islands and 

Bransfield Strait using the data provided by the SEPA Antarctic Project. There are 

several tomographic studies of the Antarctica and surrounding oceans, but they are 

continental scale studies; there are not many studies on a regional scale for the Scotia 

Sea region; among these the works by Vuan et al. (1999, 2000) propose group 

velocity tomographic maps and shear wave velocity models for the Scotia Sea 

reg10n. 

Thanks to the installation of new broadband seismic stations in the Scotia Sea 

region, a large amount of good quality data is now available and it is possible to 
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perform new analyses in order to better constrain the present-day tectonics and 

lithospheric characteristics of the Sco ti a Sea. 

In this study we will use the broadband seismic data recorded in the Scotia Sea 

region to analyse the earthquake source mechanism and to determine the properties 

ofthe lithosphere in the region. 
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CHAPTER2 

MOMENT TENSOR INVERSION 

2.1 SEISMIC SOURCES 

A common approacb for the description of se1smic sources 1s the 

approximation of the source by a model of equivalent forces that corresponds to the 

linear wave equation neglecting non-linear effects in the near source region (Aki and 

Richards, 1980). Equivalent forces are defined as producing displacements at the 

Earth's surface that are identica! to those from the actual forces of the physicai 

process at the source (Burridge and Knopoff, 1964). The equivalent forces are 

determined from observed seismograms that contain information about the source 

and path and distortions due to the recording. 

Earthquakes and underground explosions are sources of seismic waves internai 

to the Earth; the analytical framework to anaiyse the internai sources is not easy to 

develop because the equations governing the elastic motion do not hold throughout 

the solid Earth. We can distinguish two different categories among internai sources: 

fauiting sources and volume sources. A faulting source is an event associated with an 

internai surface, such as slip across a fracture piane. A volume source is an event 

associated with an internai volume, such as a sudden expansion throughout a 

volumetric source region. A unified treatment of both source types is possible, the 

common link being the concept of an internai surface across which discontinuities 
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can occur in displacement (for the faulting source) or in strain (for the volume 

source) ( Aki an d Richards, 1980). 

Consider a three-dimensional region V bounded by a surface S whose outward 

norma} is n (Fig. 2.1 ). According to the representation theorem (Aki and Richards, 

1980) the displacement at any point x within the region at time t can be expressed 

through the displacement u and traction T at the surface S and the body forces within 

Vas follows 

CX) 

u;(x,t )= fd-r fGu (y;x;t --r )!1 (y, -r )dVY + 
o v 

CX) 

+ Jd-r J [Gu (y; x; t --r )rAu(y, -r ),n)- (u(y, r )r)G Ci) (y;x;t - r ),n ))]dsY 
o s 

(2.1.1) 

where G!i are the Green's functions. The traction T(GCi) (y;x;t-r),n) is caused by 

the displacement G (i) and has the form 

(2.1.2) 

n 

v 
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Figure 2.1. A finite elastic body, with volume V and external surface S, and an internai surface L, 

modelling a buried fault. L. and L+ are the two sides ofL. 

The process of slip on a buried fault, and the waves radiated from it, can be 

analysed by the representation theorem. Now suppose there are no body forces, but 

there is a surface L: with normal n in the mediurn across which the displacement 

vector u is discontinuous and T(u,n) continuous. Ifwe choose the surface S0 as S+L:

+L:+ where L:- and L:+ are the two sides of L: (which are the apposite faces of a fault) 

assuming homogeneous boundary conditions for G(i) and for the displacement u at S, 

we get 

00 

u;(x,t) = Jdt f [u1 (y,t )]cJklm {y) n k (y )Gil,m {x;y;t- -r) a'LY 

o l: 

The Green function here is differentiated with respect to JI.J· Enclosing a 

quantity in squared brackets means taking the difference of its two values at y, 

measured o n the two sides of L:, L:+ an d L:-, the normal n pointing from L:- to L:+ 

(Levshin et al. , 1989). 

Seismic disturbances most frequently arise from the action of internai sources 

(earthquakes or explosions) without any external body force. In this case we must set 

jj = O in equation (2.1.1) so that the only solution that satisfies the homogeneous 

initial and boundary conditions as well as Hooke's law, will be u; = O. Non-zero 

displacements cannot ari se in the medium, unless at least one of the above conditions 

is not true. Following Backus and Mulcahy (1976a, 1976b), we assume that the 

seismic motion is caused by a departure from Hooke' s Jaw within some volume of 

the medium at some instant of time t > O. Let u;(x,t) describe the displacements and 

crl{x,t) the stresses that would bave existed in the medium if the Hooke's law had 

been true everywhere in it. Let sy(x,t) be the actual stresses. The difference 

(2.1.3) 
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called the stress glut tensor, is not identically zero within the three-dimensional 

region n; n is defined as the source region, a volume that lies wholly within the 

medium and does not come aut to the surface. Within, and only within, that region 

the tensor tu (x, t) too is not identically zero. W e shall assume that n lies wholly 

within the medium and that, tu (x, t)= O everywhere in the medium since some 

instant of time te > O. The integrai of ru aver n is called the seismic moment tensor 

(Aki and Richards, 1980). The total force, linear and angular momentum must vanish 

far the equivalent forces of an indigenous source (Backus and Mulcahy, 1976a). The 

conservation of angular momentum far the equivalent forces leads to the symmetry 

of the seismic moment tensor (Gilbert, 1970). The resulting displacements are given 

by (Levshin et al., 1989) 

l 

ui(x,t )= Jdt Jau.k (x;y;t -r )r1k (y,r )dVY (2.1.4) 

o n 

where the Gu are differentiated with respect to Yk· If the departure from perfect 

elasticity is confined to some arbitrary finite area at the inner surface L, the stress 

glut tensor becomes 

r j k (x, t)= m j k (x, t )81: (x) (2.1.5) 

where Or (x) is a distribution that satisfies 

Jor(x)tp(x)dV x = Jtp(x)dS x 

v l: 

far any function tp(x). Integration aver the volume Vy in (2.1.4) will then reduce to 

that aver the surface L 
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l 

u, (x, t) = f d t f G u ,k (x; y; t - r) m Jk (y, r) dL Y (2.1 .6) 

O I 

where the points y belong to ~. The moment tensor is a quantity that depends on 

source strength and fault orientation, and it characterizes all the information about 

the seismic source that can be inferred from observing waves whose wavelengths are 

longer than the linear dimensions of ~. 

From (2.1 .6) we can see that the displacement at x depends on the components 

of the moment tensor and on the components of the Green's function. The Green's 

function is a displacement field due to a unidirectional unit impulse, i.e., the Green's 

function is the impulse response of the medium between source and receiver. The 

Green's function depends on source and receiver coordinates, the Earth's model, and 

it is a tensor (Aki and Richards, 1980). 

The above results have been developed for a fault piane ~ of finite extent, but 

when considering periods for which the whole ~ is effectively a point source the ith 

component of the displacement field can be expressed as a convolution of the 

moment tensor with the space derivative of the Green's functions (Aki and Richards, 

1980) 

u; (x, t)= L. M Jk (t)* G if,k (t) 
jk 

w h ere 

(2.1.7) 

The derivative of a Green's function component G if,k (t) is equivalent to a 

single couple with arm in the xi direction; the nine generalized couples representing 

the Green's functions are represented in Fig. 2.2. 
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Figure 2.2. The nine generalised couples representing G!J,k (t) (modified after Aki and Richards, 

1980). 

2.2 GENERAL SEISMIC POINT SOURCES 

Let us assume that the seismic source cannot be described by a pure double 

couple mechanism. The moment tensor can be represented as a sum of an isotropic 

part, which is a scalar ti m es the uni t matrix, an d a deviatoric part. T o decompose the 

seismic moment tensor we need to compute its eigenvalues and eigenvectors. Let mi 

be the eigenvalue corresponding to the eigenvector ai = (aix, ,a,y, aiz Y. Using the 

orthonormality of the eigenvectors, we can express the moment tensor in terms of 

eigenvalues and eigenvectors (Jost and Herrmann, 1989) 
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aly 

a,. l 
a2y a 2z 

aJy a3z 

(2.2.1) 

The relations between the eigenvectors components and the moment tensor 

elements are 

M 2 2 2 
xx = m1a1x + m2a2x + m3a3x 

M 2 2 2 
Y.Y = m1a1y + m2a2y + m3a3y 

M 2 2 2 
zz =m l alz + m 2 a 2z + m 3a 3z 

Mxy = m1a1xa1y +m2a2xa2 y +mJaJx a3 y 

M xz =m l a1xa1z + m2a2xa2z + m3a3xa 3z 

M yz = m1a1y a1z + m 2a 2ya2z + m3a3ya3z 

m in (2.2.1) is the diagonalized moment tensor. The elements of m are the 

eigenvalues of M . We can define the generai moment tensor decomposition by 

rewriting m as 

m~~r"r 
o 

O l [m; 
o 

~} tr(M) o + o • 
m2 

o tr(M) O o mJ 
(2.2.2) 

rtr(M) o 
0 l N _!_ o tr(M) O +Lmi 

3 o o tr(M) i=l 

where tr(M) = m1 + m2 + m3 is the trace of the moment tensor and m i is a set of 

diagonal matrices whose sum yields the rightmost term in (2.2.2). The purely 

deviatone eigenvalues mi* ofthe moment tensor are 
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m'= m. - ml + m2 + m3 = m. _ _!_tr(M) 
l l 3 l 3 

The first term on the right hand si de of (2.2.2) dese ribes the isotropic part of the 

moment tensor and it is important to analyse the volume change in the source. The 

second term describes the deviatoric part of the moment tensor that can be further 

decomposed into different components: vector dipoles, double couples, compensated 

linear vector dipoles, major and minor couples. We consider the decomposition of 

the moment tensor into an isotropic part, a double couple and a compensated linear 

vector dipole (CL VD), as proposed by Knopoff and Randall (1970) and by Fitch et 

al. (1980). A CL VD part is related to lenticular crack activation accompanied by 

possible fluid motion. 

Let us assume that lm;l ~ 1m; l ~ 1m~ l m (2.2.2). The deviatoric part can be 

written as 

o 

~l (2.2.3) 

o 

We can decompose the (2.2.3) into two parts representing a double couple and 

aCLVD 

o] r-1 ~ -m~ ~ 

The complete decomposition is then 
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M =_!_(m1 +m2 +m3 )1+m; (1+2 m~ J(a3a3 - a 2az)-m;(2a3a 3 - a2a2 -a1a 1) 

3 m3 

\.. )\,__ _)\.__ ) v v v 
V DC CLVD 

To estimate the deviation ofthe seismic source from the model of a pure double 

couple we can use the parameter (Dziewonski et al., 1981) 

w h ere • 
mmin is the smallest eigenvalue and is the largest. For a pure double 

couple source, m:in =O and & =O; fora pure CLVD, & = 0.5 . 

The moment tensor components in an isotropic medium for a double couple of 

equivalent forces are given by (Aki and Richards, 1980) 

(2.2.4) 

where J.1 is the shear modulus, A is the fault piane area, u is the slip vector on the 

fault surface and u is the vector norma! to the fault piane. Tbe term in brackets in 

(2.2.4) forms a tensor describing a double couple, whose eigenvalues are 

proportional to (l ,0,-1) (Jost and Herrmann, 1989). The eigenvectors to the above 

eigenvalues correspond to the principal axes vectors and are related to the vectors u 

and u (Udias, 1999) 

l 
t= .J2(1>+u) 

b = l) X U 

l p=-(u-u) 
.J2 
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The vector b corresponds to the null eigenvalue and it is the unit vector normal 

to the piane of the forces. This vector is known as the null axis, since there is no 

component of forces in its direction. The eigenvector t, which corresponds to the 

positive eigenvalue, gives the tension axis T, and the eigenvector p, corresponding to 

the negative eigenvaiue, gives the pressure axis. The P axis is in the direction of 

maximum compressive motion on the fault surface whiie the T axis is in the direction 

of maximurn tensionai motion (or better minimum compressive motion). The vectors 

u and u can be expressed in terms of the principai axes vectors 

A shear fracture can aiso be specified in terms of the angies t/J, strike, 5, dip, 

and À, siip, then the vectors u and u can be expressed as 

u = ;(cosÀ.costjJ + cos5 sinÀsintjJ )ex+; (cosÀ.sintjJ - cos5 sinÀcostfJ)eY 
-

- usin5sinÀ ez 

1) = -sin 5 sin tjJ e x +sin 5 cos tjJ e Y - cos 5 e z 

-
where u is the mean displacement on the fault piane. Then the Cartesian components 

of the moment tensor in terms of the strike, di p and sii p angies are 

M xx = -M0 (sin5 cosÀsin 2t/J + sin25 sinÀ.sin 2 tjJ) 

M Y.Y = M 0 (sin 5 cosÀsin 2t/J- sin25 sin À. cos2 tjJ) 

M zz = M 0 (sin25sinÀ) 

M xy = M 0 (sin 5 cos À cos 2t/J + ~ sin 25 sin À sin 2t/J) 

M xz = -M0 (cos5 cosÀ.costjJ + cos25 sin À.sint/J) 

M yz =-M0 (cos5cosÀsintjJ-cos25sinÀcost/J) 
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-
the term Mo being the scalar seismic moment (M 0 = j.JA.u ). 

2.3 MOMENT TENSOR lNVERSlON 

Many approaches bave been proposed to study the earthquake source by 

inverting waveforms; the various methods of inversion of the seismic moment tensor 

are performed in the time or in the frequency domain, and use different type of data 

(body waves, surface waves, free oscillations etc.). 

The application of waveform inversions to study the earthquake source can be 

helpful and preferable to standard fust arrivals techniques in case of seismic signals 

contaminated by strong noise. A high level of noise is typical of volcanic areas and 

oceanic environments. In these cases, the onsets may be significantly distorted or 

completely hidden in the noise. 

Sfleny and Panza (Sileny and Panza, 1991; Sfleny et al., 1992) proposed a 

method to retrieve the complete seismic moment tensor by waveform inversion. 

They proposed a method, named INP AR (INDirect P ARameterisation), to determine 

simultaneously ali moment tensor components and the source time function by 

comparing synthetic and observed seismograms recorded in a seismic network. 

The method is based on the assumption that the seismic focus is described, in 

the point source approximation, by 6 independent components of the moment tensor 

Mu, i=1, ... ,3, j =1, .. . ,3. In the previous paragraphs we showed that the k-th 

component of the displacement of the radiated seismic waves can be expressed as the 

convolution of the moment tensor with the space derivative of the Green's functions 

GkiJ 

23 



3 

uk (t)= L M iJ (t)* GkiJ (t) 
i ,j=l 

(2.3.1) 

The GkiJ are the responses of the medium to sources represented by elementary 

single force, with the time dependence given by a J-function. Fora seismic source it 

is reasonable to consider an increasing time function Mu(t) with a constant 

asymptote, i. e., the time derivati ves of this function are non-zero in a limited interval 

only. The time derivati ves of the moment tensor components, M iJ (t), are thus more 

convenient for the parameterisation than the functions Mu(t), therefore it is 

advantageous to write 

3 

uk(t)= LMiJ (t)*Hk;,1 (t) 
i,J=I 

(2.3.2) 

where HkiJ(t) are the responses of the medium to sources represented by elementary 

single force, with the time dependence given by a Heaviside function. These 

functions Hkij(t) are called by Sileny and Panza (1991) "base functions" and can be 

conveniently computed using the modal summation method. 

Introducing the notation 

M iJ ~ Fm i,j=l,2,3, rn=l, .. . ,6 

HkiJ(t) ~<Dkm i,j,k=l,2,3, rn=l , .. . ,6 

Then (2.3.2) can be rewritten as 

6 

uk (t)= L F,n (t)* (/Jkm (t) (2.3.3) 
m=l 
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The derivative of the moment tensor components are parameterised by means 

of overlapping triangles delayed in time (Nabelek, 1984 ). Each triangle of half-width 

~T and of unitary height, with time delay egual to ~T, is obtained as a convolution of 

two box functions of length ~T 

where 

B~.r(t)=l 

BM(t)=O 

Then 

Nr 

forO :S t :S ~T 

elsewhere 

Fm (t)= L F,mT.1r [t- (n - l)L1-r] 
n=l 

(2.3.4) 

(2.3.5) 

where Fnm is the weigbt of the n-th triangle in the parameterisation of the m-th 

moment tensor component and Nt the number of triangles. Then (2.3.3) can be 

written 

6 Nr 

Uk (t)= L L F,mTdr [t- (n -l)L1-r ]* </Jim, (t) 
m=l n=l 

Introducing an indexp=m+6(n-1), (2.3.6) becomes 

6Nt 

uk (t) = L w p A kp (t) 
p=l 

25 

(2.3.6) 

(2.3.7) 



where w p corresponds to Fnm, and Akp(t) corresponds to TtJt- (n -1)~-r ]* <l>km (t) . 

Each set of weights (Fn1, .. . , Fn6) represents the geometrica! part of the moment 

tensor corresponding to the n-th triangle. We can now introduce the components of 

the observed records dk(t); therefore the unknown weights are determined by solving 

the equations 

6Nt 

dk(t)= L wpAkp (t) (2.3.8) 
p= l 

concatenated for ali the components of ali the stations used in the analysis. This 

system of linear equations c an be written in the compact form 

Aw=d 

where A is the matrix of the functions Akp(t), d is the vector of the concatenated 

sampled observed records, and w contains the pararneterisation weights 

The system of equations can be solved by the damped least squares method, 

therefore solving the normal equations 

(ATA)w=ATd 

which is a system of 6Nt equations for 6Nt unknown weights w p . The matrix AT A 

has the special form of a 'block-Toepliz' matrix and it is composed of Nt(6x6) sub 

matrices; for that reason the system of equations can be sol v ed by means of recursive 

techniques. Once the weights wp bave been determined, the synthetic seismograms 

(2.3.7) are computed and compared with the observed records. The measure of the 

similarity between synthetic and observed seismograms is defined with the L2 norm 
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of their difference. For each station it is possible to multiply the equations (2.3.8) by 

different weights, in order to enhance stations with small, but reliable, recorded 

amplitudes orto decrease the weight ofthe signals with low quality. 

Differences in source depth influence the relative excitation of normal modes, 

causing systematic errors in the inversion. Systematic errors in the inversion are also 

due to deviations of the earth mode l from the actual properties of the earth, affecting 

the synthetic Green's functions . The base functions are thus computed (e.g. using the 

modal summation method) for a set of values of the source depth lying between two 

extremes, and two structural models A and B, assumed to represent the range of 

variability of possible models of the study area. Indicating the different values of the 

source depth with the variable X and representing the different structural models with 

the parameter Y (O:SY:Sl ), then the structure A used to compute the base functions 

corresponds to Y=O, while the structure B corresponds to Y=l. The structural models 

corresponding to the values of the variable Y in the range [0, l] are more similar to A 

if Y < 0.5, and more similar to B if Y > 0.5. In the course of the inversion 

intermediate values of the parameters X and Y are computed, incrementing the initial 

values with steps chosen a priori. The base functions corresponding to intermediate 

values of depth and structure are computed with a linear interpolation of the base 

functions at the assumed set of depths and structures. The difference between the 

observed records and the synthetic seismograms, corresponding to a given source 

depth and structural model, is computed using a Lr norm. The norm can be 

considered as a function of the parameters X and Y, and the values of X and Y are 

searched that minimize the norm. 

The first step of the inversion is a Iinear inversion and the six moment tensor 

rate functions (MTRF) M u (t) (i,}= l ,2,3), are retrieved. The MTRF are six Iinearly 

independent functions of time, but if we assume that the time dependence is the same 

for all the six components, i.e. the mechanism of the source does not change during 

the focal process, we can then write 
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where f(t) is a function called the source time function , which contains information 

about the energy release at the source and the mif describe an average source 

mechanism. The second step of the inversion is then a non-linear one, and the 

retrieved MTRFs, describing a source mechanism varying intime, are reduced to a 

constant moment tensor and the corresponding source time function, taking only the 

correlated part from each MTRF. The full moment tensor can be decomposed into a 

volumetric part (V) representing volume changes, a CL VD related to lenticular crack 

activation accompanied by possible fluid motion, and a double couple (DC) part due 

to dislocation movements. 

The reliability of the solutions is estimated with a modified inversion procedure 

that makes use of the genetic algorithm (Sileny, 1998). The genetic algorithm is used 

to find the point where the misfit function is a minimum and at the same time to map 

the model space in its vicinity with the aim of estimating the confidence regions of 

the model parameters. 

To retrieve information about the error of the solution we use the posterior 

probability density function to mark confidence zones of the model parameters. From 

the size and shape of the confidence areas we can decide about the reliability of the 

solution. 

The MTRFs retrieved from the waveform inversion, and then the average 

mechanism and source time function, are considered to be affected by three types of 

errors, generated respectively by the following: (l) the noise present in the data; (2) 

the mislocation of the hypocenter adopted to compute the Green's functions in the 

depth grid used in the inversion; (3) the improper structural models used to construct 

the Green's functions (Sileny at al., 1996). 
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2.4 ADVANTAGES AND POSSIBILITIES OF THE METHOD 

Since tbe frrst works o n tbe moment tensor inversi o n, tbe INP AR metbod bas 

been applied in different tectonic settings, and severa! syntbetic tests bave been 

performed in order to test the reliability and the applicability of the method. The 

metbod bas successfully been applied within tectonic (Campus et al. , 1996; Radulian 

et al. , 1996; Vuan et al., 2001 ; Chimera et al., 2003), volcanic, and geothermal 

environment (Campus et al. , 1993; Cespuglio et al., 1996; Guidarelli at al., 2000; 

Kravanja et al., 2000; Saraò et al., 200 l ; Guidarelli et al., 2003). Campus and Hib 

(1997) bave confirmed the capability of tbe metbod to retrieve reliable isotropic 

components and to distinguisb between tectonic eartbquakes and man-made 

explosions. 

S ileny an d Panza (1991) and Kravanja et al. ( 1999) sbowed tbat tbe inversion 

of low-pass filtered data does not depend mucb on the detail of tbe structural model 

used, therefore, if we can constrain our data to low frequencies, the wavelength is 

large compared with tbe details of tbe structure whicb may be poorly known, and tbe 

recovered source parameters are not distorted significantly. The good fit between 

'observed' and synthetic records constructed for an improper structural model is paid 

by complexities in the source time function that do not reflect real source 

characteristics. However, tbe length of the source time function seems to be less 

affected, thus providing a good estimate of tbe source process duration. Beside that, 

the effects due to tbe use of records computed for a structure not contained in the 

interpolation range of the base functions are mainly expressed by an apparent 

volumetric component of tbe source. 

Kravanja et al. (1999) considered tbat tbe INP AR inversion metbod takes into 

account tbe fact that tbe structural model, whicb is available, migbt not be 

appropriate. Thanks to tbe ' overparameterization' ofthe rupture process, by means of 

independent MTRFs and their subsequent reduction to a positive source time 

function, it has the capacity to absorb in the MTRFs artefacts introduced by the 
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inappropriate modelling of the medium, and then to minimize them during the 

factorisation of the MTRFs. 

As said in the paragraph 2.3, the second step reduces the six independent 

MTRFs, M tJ (t) , into a constant moment tensor and a source time function. This is a 

non-linear inverse problem that is solved iteratively and in which constraints are 

imposed on the source parameters to be determined. The theoretical values of the 

MTRFs, M tJ (t) = mij f(t), are compared with the 'observed' MTRFs; that is to those 

obtained as the output of the first step of the procedure. Thus, by introducing the 

MTRFs in the first step of the procedure, the problem of matching the seismograms 

is transformed into the problem of matching the MTRFs. The advantage is that there 

are always six MTRFs at most, and their sampling can be modified with respect to 

the sampling of the observed seismograms, which allows us to reduce the system of 

equations for the searched source parameters. However the principal advantage of 

the method is the capacity of the MTRFs, which are ' overparameterized' in the first 

step, being considered as independent functions, to capture spurious signals 

originating from the deconvolution of inexact Green's functions from the observed 

records (Kravanja et al., 1999). The problem of matching a varying number of 

seismograms from a set of stations is transformed into a problem of matching the 

MTRFs, the nurnber of which is fixed at six (or five in case of deviatoric sources), 

and their length can be controlled by their parameterisation. Considering the MTRFs 

as independent functions in the first step of the inversion represents an 

'overparameterization' of the problem that is advantageous when processing data 

with a gross mode l of the medium. The effects of poor modelling of the structure are 

partly absorbed in the MTRFs, thanks to the high degree of freedom of the inversion 

step, and then, in the second part of the inversion, reduced in the MTRFs by 

searching for their correlated part, with the constraint of the reduction of back slips in 

the STF. 

The inversion can be performed even for low signal to noise ratios, provided 

that the structural model is known in sufficient detail. The unresolved effects due to 

the noise are transformed mainly into the source time function, which prevents it 
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from being extracted by the inversion. However, its length seems to be less affected, 

thus providing a good estimate of the source process duration. Also the source 

mechanism retrieved from the noisy data seems to be fairly insensitive to the details 

of the structural model used in the inversion (Sileny and Panza, 1991 ; Sileny at al., 

1992). 

The fit of synthetic seismograms to noisy data is quite nice for all experiments 

performed, even if the CL VD parts are no t determined correctly (Sileny a t al., 1992). 

Sileny ( 1998) showed that the resolution of the source mechanism is qui te high 

and the orientation of the double couple component is very stable, even in the 

presence of noise. Sileny (1998) also demonstrated that the confidence regions are 

smaller when the sampling of the source time function is finer. 

The retrieval of the geometrica! part of the MTRFs is dependent on the 

distribution of stations with respect to the hypocenter. The normal equations for the 

retrieval of the six components of the moment tensor allow their unique 

determination in the presence of at least six independent phases on the focal sphere. 

If only a single phase is recorded by each station, records from at least six stations 

must be taken into account; if we use three components stations, i.e., P, SV and SH 

phases are known, two stations are, in principle, capable of determining the complete 

moment tensor. However, the norma! equations may be well- or ill-posed due to 

regular or sparse distribution of the stations on the focal sphere, even if their number 

is sufficient. Sileny at al. (1996) performed severa! synthetic tests to investigate the 

dependence of the source mechanism resolution o n the focal sphere coverage. Even a 

three-station network with a configuration of tightly clustered station projections on 

the focal sphere has, in principle, the resolving power to determine the geometrica! 

part of the MTRFs within a l per cent error, when using three component stations. 

Sileny a t al. ( 1996) ha ve shown that the solutions are robust unti l the noi se in 

the data is less than 20% of the maximum amplitude and that the main features of the 

source process are retrieved even with a rough knowledge of the structural mode l. 

As a preliminary study, the INP AR method has been applied to a set of events 

recorded in a noisy volcanic environment. The study, reported in chapter 3, confirms 
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that the INP AR inversi o n represents a suitable method to analyse earthquakes in an 

environment such as the Scotia Sea region. First of all, the high level of seismic 

noise, typical of the oceanic environment, makes it difficult to determine the fault 

plane solutions using standard techniques, based on first arrivals polarities. Vuan et 

al. (200 l) pro v ed the capability of the method to retrieve useful information even 

when using data from a limited nurnber of stations. This fact is particularly important 

in a region such as the Scotia Are, where logistic is a basic problem. The previous 

considerations fully justify an intensive use of the methodology in the Scotia Sea 

region to study main regional earthquakes, and low magnitude, local events, as well. 

2.5 ANALYSIS OF EARTHQUAKES IN THE SCOTIA SEA REGION 

W e ha ve used the INP AR inversion method to analyse a set of earthquakes 

recorded in the Scotia Sea region. We have selected 11 events, among those with 

magnitude greater that 4.5, which have sufficient signal to noise ratio (see Fig. 2.3). 

We have used the waveforms provided by the ASAIN (Antarctic Seismographic 

Argentinean Italian Network) network that was installed by OGS (Istituto Nazionale 

di Oceanografia e di Geofisica Sperimentale) and IAA (Istituto Antartico Argentino) 

(Russi et al., 1996; Russi and Febrer, 2001). We also got waveforms from the IRIS 

network database, for the Antarctic stations that belong to the IRISIIDA Network and 

IRISIUSGS Network. 

The moment tensor inversion is performed through the following processing 

steps. After data acquisition and pre-processing (we need data that have a good 

coverage of the focal sphere ), linear trends are identified an d removed. High 

frequency noise in the data is removed by low-pass filtering. We low-pass filter data 

at the frequency of 0.1 Hz for the smaller events, and at the frequency of 0.07 Hz, for 
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the bigger events, e.g. events with magnitude greater than 6.0. These filtering 

frequencies ha ve been chosen because this enables us to make use of the point source 

approximation when studying the source in that frequency range. To consider the 

instrument effect we apply the instrument response to the synthetic Green' s functions 

and compare them with the observed data. After mean removing, tapering and 

filtering, we select the temporal window of the seismograms to be inverted for the 

retrieval of the moment tensor components. 
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Figure 2.3. Map with the location of the events analysed in this study (red dots); the two events 

studied by Vuan et al. (2001 ) (yellow dots); the permanent broad band stations of the ASAIN network 

(blue triangles) and of the IRIS consortium (white triangles). The locations of the earthquakes are 

taken from the CMT -Harvard catalogue. 
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The synthetic Green' s functions are calculated usmg the structural models 

obtained by Vuan et al. (2000) from group velocity tomography (see Fig. 2.4.). As 

we are dealing with tectonic earthquakes, the inversion has been performed with the 

volumetric component constrained to zero. With this constraint, we reduce the 

number of degrees of freedom in the inversion to five, obtaining a gain in stability. 

The list of the events analysed in this study is reported in Table 2.1. The locations 

and the ori gin time are taken from the CMT -Harvard database (Dzievonski et al., 

1981 ). W e selected the events in all the main tec toni c features of the Scotia Sea 

region: the South Sandwich Trench, the North and the South Scotia Ridge, the 

Falkland Plateau, the Magellan Fault, and the Scotia Sea. 
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Figure 2.4. The structural models used to compute the synthet ic Green's functions. The models are 

taken from Vuan et al. (2000) . 
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N. ofevent Date Ori gin Lati tu de Longitude Regio n 
t ime 

l 31 /8/ 1996 18:59:20.6 -53.43 -73.12 Chi le 
2 511 011997 18:04:38.1 -59.90 -28.92 South Sandwich 

Islands 
3 9/6/ 1999 04:05:48.9 -53 .20 -47.41 South Atlantic Ocean 
4 5/ 112000 17:55:19.2 -56.03 -58.19 Scotia Sea 
5 7/ 112000 23:37:25.8 -54.63 -55.49 Falkland Islands 

Region 
6 23/2/2000 01: Il :29.8 -60.46 -30.51 Scotia Sea 
7 21 /8/2000 09:16:30.7 -53 .20 -46.45 South Atlantic Ocean 
8 14/10/2000 20:38:58.8 -60.50 -46.19 Scotia Sea 
9 7/1112000 00:18:14.2 -55.34 -29.24 South Sandwich 

Islands 
10 26/ 1112000 23:10:03.8 -60.68 -46.1 o Scotia Sea 
11 4/8/2003 04:37:42.4 -60.78 -43 .23 Scotia Sea 

Table 2.1. List ofthe Scotia Sea events analysed in this study. 

The results of the inversions are reported in Table 2.2; the moment magnitude, 

Mw, is computed according to Kanamori (1977). In figures from 2.6 to 2.16, we have 

reported the fit between the observed and synthetic data (a), the full and deviatoric 

moment tensor rate functions (b), the source ti me function (c), the fault piane 

solution (d) and the scalar moment (e). Far the source time function, the fault piane 

solution and the scalar moment the confidence regions are plotted. W e can compare 

the results we have obtained with the solutions taken from other studies, i.e. Harvard 

Centroid Moment Tensor (CMT), USGS (United States Geologica} Survey), and 

Caltech (California Institute of Technology) databases, which are reported in Table 

2.3. 

In the next part of the paragraph we will describe the solution we obtained for 

each event. 

35 



N.OF DATE DEPTH HALF SCALAR M w FAULT PLANE 
EVENT (K.m) DURATION MOMENT 

(s) (N m) 

1 31/8/1996 46 1.25 2.56±0.lx10+16 4.9 75 61 -24/177 69-149 

2 511011997 288 3.5 6.21±1.8x10+18 6.5 123 39 -103/320 52 -80 

3 9/6/1999 33 2.5 5.01±2.5x10+17 5.7 353 43 169/91 83 48 

4 5/1/2000 31 2 3.38±0.7x] Q+IS 6.3 175 46 154/284 72 47 

5 7/1 /2000 38 1.35 8.90±1.8x10+17 5.9 78 84 3/348 87 174 

6 23/2/2000 37 1.5 1.66±0.lx10+17 5.4 95 76 1112 79 166 

7 21 /8/2000 49 2.5 3.92±0.4x1 O+IS 6.3 268 76 21178 88 166 

8 14/10/2000 19 1.5 2.70±1.3x10+17 5.6 282 21 -86/98 69 -92 

9 7/ 11/2000 8 7 1.05±0.1x10+19 6.6 122 25 88/304 65 91 

10 26111/2000 5 1.25 1.31±0.1x10+16 4.7 172 37 -68/325 56 -I 06 

Il 4/8/2003 2 15 l.OI±l.3x10+19 6.6 197 43 -133/69 60 -50 

Table 2.2. The results of the inversions for the Il events analysed in the Scotia Sea. Events are 

numbered according to table 2.1. Mw is the magnitude from scalar seismic moment according to 

Kanamori (1977). 
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N.OF DEPTH 
HALF SCALAR 

FAULT 
DATE 

(Km) 
DURATION MOMENT M w MECHANISM SOURCE 

EVENT 
(s) (N m) 

P LANE 

l 31 /8/ 1996 30.2 1.0 3.13x1 0+16 4 .9 
316 59 -16/ ~ CMT-
5477-148 Harvard 

2 5/ 10/ 1997 284.5 3.4 3.34xi0. 18 6.3 
35335-72/ o CMT-
152 57-102 Harvard 

2 5/ 10/1997 269 3.5x10+18 6.3 
35833-79/ o USGS 
165 58-97 

2 5/ 10/1997 271 3.9 3.4lx10+18 6.3 
348 35 -77/ o Caltech 
15356-99 

3 9/6/ 1999 17.0 1.7 5.87xl0+17 5.8 
87 20 23/ t) CMT-

335 83 108 Harvard 

4 511 /2000 15.0 1.4 2.53x10+17 5.5 
178 55 176/ ~ CMT-
271 87 35 Harvard 

5 7/1/2000 15.0 1.3 2.15xl o+l? 5.5 
173 43 171/ ~ CMT-
77 84 -47 Harvard 

6 23/2/2000 15.0 1.1 9.62xl0+16 5.3 
18275179/ ~ CMT-
273 89 15 Harvard 

7 2 1/8/2000 15.0 2.6 l.5xl0+18 6.1 
102 55 4/ ~ CMT-
9 87 145 Harvard 

7 21 /8/2000 18.0 J.6xJ0T18 6.1 
96 56 51 ~ USGS 
3 86 146 

8 14/ 10/2000 15.0 1.1 9.35xJ0T16 5.3 
250 27 -99/ o CMT-
80 64 -85 Harvard 

9 7/ 1 112000 16.0 6.2 1.64x10+19 6.7 
113 24 103/ • CMT-
279 66 84 Harvard 

9 7/11 /2000 8.0 1.6xl0+19 6.7 
1151293/ ~ USGS 
292 78 89 

9 7/11 /2000 33 7.0 2.0xl0+19 6.8 
116 25 115/ • Caltech 
268 68 79 

Table 2.3. The source parameters found in the literature for the Il events analysed in this study. The 

information is taken from the Harvard Centroid Moment Tensor (CMT), USGS (United States 

Geologica! Survey), and Caltech (California Institute of Technology) databases. 
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N.OF DEPTR 
HALF HALF 

FAULT 
DATE DURATION DURATION M w MECHANlSM SOURCE 

EVENT (Km) 
(s) (s) 

P LANE 

lO 26/1 l/2000 15.0 l. O 8.23xl0+16 5.2 
5817-51/ f) CMT-

197 77 - 101 Harvard 

11 4/8/2003 15.0 13.8 2.31 xl 0+20 7.5 
10243 -27/ ~ CMT-
212 72 -130 Harvard 

Il 4/8/2003 35 5.2x10+19 7.1 
247 40 -78/ o USGS 
51 51 -100 

Table 2.3. Continued. 

2.6. SOURCE MECHANISMS IN THE SCOTIA SEA REGION 

Here we will describe in detail the solution obtained for each event analysed. 

The map with the fault piane solution of the events is reported in Fig. 2.5, together 

with the two solutions determined by Vuan et al. (2001), while in Table 2.4 we list 

our solutions and the solutions obtained from other sources (CMT-Harvard, USGS, 

Caltech) as comparison. 

The distribution of the events used in this study is representative of the 

seismicity of the region, that is concentrated along the bathymetric features 

surrounding the Scotia Sea, and provides evidence for a kinematically distinct Scotia 

P late (Pelayo and Wiens, I 989). 

The event number l is the one with the smallest magnitude. It is located in 

Tierra del Fuego, within the southern tip of South America. W e have obtained a good 

resolution for the source time function, the fault piane solution and the scalar 

moment. The half duration and the scalar moment are in good agreement with the 

CMT solution, while the source depth is greater that the CMT one. The fault piane 

solution shows a strike slip mechanism for this event, which seems to be related to 
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the transform-type motion of the Magallanes-Fagnano fault system, one of the major 

segments of the South Arnerica-Scotia plate boundary, which runs from the western 

arm ofthe Magallanes Strait to the Atlantic offshore (Lodolo et al., 2002). 

The second event is located in the most active seismic zone, the South 

Sandwich Island Are. The event is a deep one, with a depth retrieved of 288 km that 

practically coincides with the depth value proposed by CMT. Half duration is 

comparable to that given by CMT, while we bave retrieved a larger scalar moment. 

The source mechanisrn, a normal fault mechanism, is very similar to that provided by 

CMT, USGS and Caltech (see Table 2.3). This kind of foca} mechanism could be in 

agreement with the hypothesis of Barker and Dalziel (1983): the dip of Benioff Zone 

is near vertical a t the northern end of the Sandwich subduction zone. 

Event number 3 is not resolved, even if the average solution is in agreernent 

with the transpressional tectonic regime, with left-lateral strike slip motion (Pelayo 

and Wiens, 1989; Giner-Robles et al. , 2003). 

The source mechanism for event number 4, located south of the North Scotia 

Ridge in proximity of the W est Scotia Ridge (Galindo-Zaldivar, 2000), is consistent 

with the CMT rnechanisrn. 

Event nurnber 5 is located on the North Scotia Ridge and presents a mechanism 

sirnilar to that of event 4 and a quite good resolution. The source depth and the scalar 

moment obtained in this study are greater than those given in the CMT catalogue, 

even if the half duration is the same. Events number 4 and 5 seem to be related to the 

presence of some fractures (Quest Fracture Zone and Endurance Fracture Zone) that 

correspond to old transforrn faults ofthe extinct W est Scotia Ridge. 

Event number 6 has a strike slip mechanisrn with a good resolution and a good 

agreement with the CMT determination (fault plane solution, half duration and scalar 

moment). As in the previous cases the depth is greater than the value given by CMT, 

which has probably been fixed a priori equa} to 15 for events ( 4-7). 

Similar considerations hold for the event number 7, for which we bave obtained 

a depth of 49 km, sensibly greater than that of CMT. The source mechanism is 

therefore consistent with the strike sii p regime of the North Scotia Ridge (Pelayo and 

Wiens, 1989; Giner-Robles et al. , 2003) just like the event nurnber 3. 
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Event number 8 is not resolved; nevertheless, the average source mechanism is 

in good agreement with the CMT mechanism. 

Event number 9 is located off the Sandwich Islands in a region of intense 

seismicity. The source mechanism obtained in this study is very similar to that of 

CMT, with small differences from the solutions obtained by USGS and Caltech. 

According to our results, the event is shallow with a source 8 km deep, the same 

result ofUSGS. Half duration and scalar moment are also similar to the other studies. 

The source parameters retrieved for event number l O are different from those 

of CMT: half duration and scalar moment are smaller and the fault planes bave got 

different orientation; the source depth is probably fixed equal to 15 km in CMT 

estimate and this can well explain the difference. 

Event number 11 corresponds to the strong earthquake recorded in August 

2003 and located east of the South Orkney Islands. W e bave reported bere just the 

results of the preliminary inversion, because waveforms from a few stations only are 

available. Nevertheless, it is possible to obtain a source mechanism similar to that 

given by CMT, but the moment we estimate is about 20 times smaller than CMT and 

about 5 times than USGS. We also performed an inversion fixing the depth at 15 km 

(CMT solution) and at 35 km (USGS solution). After the first inversion we bave 

obtained a scalar moment of 2.07x10+19 and 3.3x10+19 after the second inversion; 

these values are stili smaller that the CMT one, but they are rather close to the USGS 

estimate. The inversions performed with the fixed depth give a solution with a 

greater rms and a worse correlation between real data and synthetic seismograms. 

W e suggest that the solutions of CMT, for which the depth of shallow earthquakes is 

usually fixed at 15 km, in some cases could not be reliable. 

Events number 8, 10, 11 , together with the event analysed by Vuan et al. (2001) 

in the same area, present an extensional mechanism and suggest an extensional 

regime in the area surrounding the South Orkney Islands. Giner-Robles et al. (2003) 

propose a regime of extensional tectonics in the South Scotia Ridge with the 

presence of normal oblique faults. 

After this analysis, we can say that the source mechanisms we bave obtained 

are in agreement with the CMT-Harvard solutions. The main differences are for the 
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depth, as we can see in Fig. 2.17. A possible explanation can be found in Pelayo and 

Wiens (1989): they suggested that because the CMT solutions use waveforms, which 

have been low passed filtered at 45 s, such solutions have little resolution for the 

source depths of shallow earthquakes, and for shallow events tbe depth is usually 

fixed at 15 km in CMT estimates. Therefore CMT estimates and our estimates turn 

out to be complementary and permit a refinement of focal depth and a confidential 

extension of the analysis to smaller events relying upon our methodology applied to 

the records of the ASAIN network. 
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Figure 2.5. Focal mechanism solutions determined from moment tensor inversion in this study (black 

mechanisms) and by Vuan et al. (2001) (red mechanisms). 
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Figure 2.6. Solution obtained from the moment tensor inversion of event number l (31 .8.1996). (a) 

Waveform fit: for eacb waveform we report tbe epicentral distance and tbe starting time (left), 

whereas the peak values of amplitudes and tbe correlat:ion value (Cor.) are reported on the right. (b) 

Full and deviatone moment tensor rate functions (Nm/s). (c) Source time functions; the peak value is 

normalized to l. (d) Fault p lane solution witb confidence error areas. (e) Scalar moment. 
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Figure 2.7. So1ution obtained from the moment tensor inversion of event number 2 (5.1 0.1997). (a) 

Waveform fit: for each waveform we report the epicentra1 distance and the starting time (left), 

whereas the peak va1ues of amplitudes and the correlation va1ue (Cor.) are reported on the right. (b) 

Full and deviatone moment tensor rate functions (Nm/s). (c) Source time functions; the peak value is 

normalized to l . (d) Fault plane so1ution with confidence error areas. (e) Scalar moment. 
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Figure 2.8. Solution obtained from the moment tensor inversion of event number 3 (9.6.1999). (a) 

Waveform fit: for each waveform we report the epicentral distance and the starting time (left), 

whereas the peak values of amplitudes and the correlation value (Cor.) are reported on the right. (b) 

Full and deviatone moment tensor rate functions (Nm/s). (c) Source time functions; the peak value is 

normalized to l. (d) Fault plane solution with confidence error areas. (e) Scalar moment 
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Figure 2.9. Solution obtained from the moment tensor inversion of event number 4 (5.1.2000). (a) 

Waveform fit: for each waveform we report the epicentral distance and the starting time (left), 

wb.ereas the peak values of amplitudes and the correlation value (Cor.) are reported on the right. (b) 

Full and deviatoric moment tensor rate functions (Nm/s). (c) Source time functions; the peak value is 

normalized to l. (d) Fault piane solution with confidence error areas. (e) Scalar moment. 
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Figure 2.10. Solution obtained from the moment tensor inversion of event number 5 (7.1.2000). (a) 

Waveform fit: for each waveform we report the epicentral distance and the starting time (left), 

whereas the peak values of amplitudes and the correlation value (Cor.) are reported on the right. (b) 

Full and deviatoric moment tensor rate functions (Nm/s). (c) Source time functions; the peak value is 

normalized to l . (d) Fault piane solution with confidence error areas. (e) Scalar momenl 
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Figure 2.11. Solution obtained from the moment tensor inversion of event number 6 (23.2.2000). (a) 

Waveform fit: for each waveform we report the epicentral distance and the starting rime (left), 

whereas the peak values of amplitudes and the correlation value (Cor.) are reported on tbe right. (b) 

Full and deviatone moment tensor rate functions (Nm/s). (c) Source time functions; tbe peak value is 

normalized to l . (d) Fault piane solution with confidence error areas. (e) Scalar moment. 
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Figure 2.12. Solution obtained from the moment tensor inversion of evenl number 7 (21.8.2000). (a) 

Waveform fit: for each waveform we report the epicentral distance and the starting time (left), 

whereas the peak values of amplitudes and the correlation value (Cor.) are reported on the right. (b) 

Full and deviatone moment tensor rate functions (Nm/s). (c) Source time functions; the peak value is 

normalized to l. (d) Fault plane solution with confidence error areas. (e) Scalar moment 
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Figure 2.13. Solution obtained from the moment tensor inversion of event number 8 (14.1 0.2000). (a) 

Waveform fit: for each waveform we report the epicentral distance and the starting time (left), 

whereas the peak values of amplitudes and the correlation value (Cor.) are reported on the right. (b) 

Full and deviatone moment tensor rate functions (Nm/s). (c) Source time functions; the peak value is 

normalized to L (d) Fault piane solution with confidence error areas. (e) Scalar moment. 
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Figure 2.14. Solution obtained from the moment tensor inversion of event number 9 (7.11.2000). (a) 

Waveform fit: for each waveform we report the epicentral distance and the starting time (left), whereas 

the peak values of amplitudes and the correlation value (Cor.) are reported on the right. (b) Full and 

deviatoric moment tensor rate functions (Nm/s). (c) Source time functions; the peak value is 

normalized to l . (d) Fault piane solution with confidence error areas. (e) Scalar moment. 
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Figure 2.15. Solution obtained from the moment tensor inversion of event number l O (26.11 .2000). 

(a) Waveform fit: for each waveform we report the epicentral distance and the starting time (left), 

whereas tbe peak values of amplitudes and the correlation value (Cor.) are reported on the right. (b) 

Full and deviatone moment tensor rate functions (Nrnls). (c) Source time functions; the peak value is 

normalized to l. (d) Fault piane solution with confidence error areas. (e) Scalar moment 
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Figure 2.16. Solution obtained from the moment tensor inversion of event number 11 (4.8.2003). (a) 

Waveform fit: for each waveform we report the epicentral distance and the starting time (left), 

whereas the peak values of amplitudes and the correlation value (Cor.) are reported on the right. (b) 

Full and deviatone moment tensor rate functions (Nm/s). (c) Source time functions; the peak value is 

normalized to l. (d) Fault plane solution with confidence error areas. (e) Scalar moment. 
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Figure 2.17. Depth of the events analysed obtained in this study compared with the solutions obtained 

by different studies (CMT-Harvard, USGS, Caltech). (a) Depth range 0-55 km; (b) depth range 270-

290 km. 
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2. 7 ANALYSIS OF EARTHQUAKES IN THE BRANSFIELD STRAIT 

We have used the INPAR inversion method to study the local seismicity ofthe 

South Shetland Trench and Bransfield Strait, using the waveform recorded by the 

instruments of the SEPA project. During 1997-1999 the Department of Earth and 

Planetary Sciences, Washington University, St. Louis, (USA), in collaboration with 

the Departmento de Geofisica, Universidad de Chile, Santiago (Chile), deployed 

seven land seismometers and fourteen ocean bottom seismometers in the South 

Shetland Islands region (Robertson et al., 2003b). The waveforms were kindly made 

available by S. Robertson and D. Wiens (Washington University, St. Louis) together 

with the localizations ofthe events. 

We choose a set of five events among those recorded by the SEPA project 

instruments in the period 1997-1999 (see Fig. 2.18). The list of events analysed in 

this study and their localizations are reported in Table 2.5. 

N. OF EVENT DATE ORIGIN TIME LATITUDE LONGITUDE 

1.6/211 997 02:27:22.0 l -62.3569 -58.2435 

2 19/2/ 1997 20:03 :48.34 -61.8168 -54.7479 

3 91911 997 08:49:23.16 -63.9363 -63 .9311 

4 27/1 / 1999 06:55 :21 .03 -62.0601 -60.921 o 
5 29/1/ 1999 11 :54:13.20 -62.1139 -60.9818 

Table 2.5. List ofthe events recorded in Bransfield Strait and analysed in this study. 
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Figure 2.18. Map of the analysed events recorded in the Bransfield Strait (red circles); the green 

triangles correspond to tbe location of the SEPA Project temporary instrumentation, while the yellow 

triangle is tbe IRIS broadband instrument at Palmer Station. 

The soiutions obtained in the inversion are reported in Table 2.6, while the map 

with the fault piane soiution of the events is reported in Fig. 2.19. In Fig. 2.20 we 

have reported the fit between the observed and synthetic data, and in Fig. 2.21 (a), 

the source time function (b), the fault piane solution (c) and the scalar moment for 

the five events analysed. 
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N .OF DEPTH BALF ScALAR FAULTPLANE 
D ATE M w 

EVENT (Km) DURATION (s) MOMENT{Nm ) SOLUTION 

3.05±0.6x} 0+16 
126 12 79/ 

l 16/2/1997 25 0.8 4.9 
317 78 92 

1.03±0.2x l 0+17 
195 67 - 166/ 

2 19/2/1997 36 1.5 5.3 
10077 - 23 

9.48±0.5x10+15 
141 37-62/ 

3 9/9/1997 55 0.8 4.6 
288 57 - 109 

9.32±0.5xl0+16 
144 39 150/ 

4 27/ l/1999 30 l. O 5.2 
258 72 54 

6.57±0.9xl 0+14 
94 65 - 21/ 

5 29/ 1/1999 37 l. O 3.8 
193 71 -154 

Table 2.6. The results of the inversions for the 5 events analysed in the Bransfield Strait. Events are 

numbered according to Table 2.5. Mw is the magnitude from scalar seismic moment according to 

Kanamori (1977). 
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Figure 2.19. Foca} mechanism solutions for the Bransfield Strait events determined from moment 

tensor inversion in this study. 
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The region studied is characterized by the possible subduction of the Antarctic 

P late at the South Shetland Trench northeast of the South Shetland Islands, and by a 

back are extension within the Bransfield Basin (Barker and Dalziel, 1983; Pelayo and 

Wiens, 1989; Lawver et al. , 1995). 

Pelayo and Wiens (1989) showed that foca! mechanism solutions reveal a 

complex tectonic environment in Bransfield Strait and South Shetland Trench 

regions, and they suggest that the seismicity is associated with an active subduction 

zone and back are spreading centre. The main seismological evidence of subduction 

is a couple of earthquakes located at depths greater then would normally be expected 

in a non-subduction environment. Also Robertson et al. (2003b) proposed that there 

is an ongoing slow subduction in the South Shetland region. Giner-Robles et al. 

(2003) demonstrated that in the Bransfield basin the maximum horizontal shortening 

has a NE-SW trending, with an extensional tectonic regime. 

Taking into account the tectonic setting previously described, the mechanism 

obtained for event number 2 could be in agreement with the sinistra} transtensional 

motion that characterizes the South Scotia Ridge (Forsyth, 1975; Pelayo and Wiens, 

1989). A strike-slip component in the proximity of the location of event 2 has been 

found also by Lee et al. (2000). Event number 4 and 5 show a thrust mechanism, 

contaminated by strike-slip. Robertson et al. (2003b) also analysed the event number 

5 and they found a thrust mechanism, consistent with underthrusting of the oceanic 

Antarctic Plate beneath the South Shetlands micro plate and thus supporting the 

hypothesis of active convergence in the South Shetland trench. Event number 3 is the 

deepest among the events analysed. It presents a norma! fault mechanism, but due to 

its location outside of the Bransfield Basin, it is difficult to relate it to the possible 

extensive regime in the Basin. 
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Figure 2.20. Waveform fit for ali the events analysed in the Bransfield Strait. N umbers on the left 

correspond to those ofTable 2.5 . For each case we report the epicentral distances and the starting time 

of the temporal window containing the inverted signal (left), whereas the peak values of amplitudes 

and the correlation value (Corr) are reported on the right. 
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Figure 2.20. Continued. 
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Figure 2.21. Source time function, fault piane solution, and scalar moment for the events of the 

Bransfield Strait. 
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CHAPTER3 

WA VEFORM INVERSION 

3.1 PARTITIONED WA VEFORM INVERSION 

Inversions that make use of the full waveform of the seismic signa!, including 

both body waves and surface wave modes, should in principle be superior to methods 

based on more narrowly selected discrete data, such as arrivai times or phase 

velocities. Waveform inversion also allows us to make use of the information 

contained in the higher mode signal without having to stack seismograms and 

identify modes (Nolet, 1990). 

Nolet (1986; 1990) presented a new method for non-linear waveform inversion, 

in other words, a procedure for iterative, local linearization of the misfit function. 

Nolet ( 1990) uses a path integrai representation of the seismic mode l. In fact most 

seismic signals can be modelled by assuming that the wave follows a narrowly 

defined path either in the interior of the Earth such as for body waves, or along the 

surface with the energy spread out in the depth direction, such as with surface waves. 

In his paper Nolet (1990) adopts the view that seismic waves follow paths 

through the Earth. In developing the theory he assumes this paths to be of 

infinitesimally small width, although in principle the paths can have a finite width. 

The essential point of that approach is that there is a well-defined region that 
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influences a particular seismic time series, and that the influence of the remaining 

Earth upon this particular datum can be ignored. Nolet (1990) writes the seismic 

wave in a laterally homogeneous Earth as a sum of higher modes of surface waves. 

The seismic wave can be written as 

N 

U(w) =L A,~ (w)exp~k~ (w)] (3.1.1) 

n=l 

where A/ ( w) is the complex excitation coefficient of the nth mode, kn°(w) the wave 

number at frequency w, and N is the number of modes in the computation of the 

synthetic seismogram. Deviations from the latera! homogeneity will perturb the 

phase factor. Neglecting effects such as backscattering and variations in the 

amplitude factor A/ (w), the structure deviations from a reference model can only 

result in a change of the seismogram phase term, that is 

N 

U(w) =L A~ (w)exp{ -i[k~ (w) +8kn(w)]r} (3.1.2) 
n=l 

where the superscript 'O' denotes the quantities that are computed for the reference 

model. If the true Earth does no t deviate too much from this averaged model, a first

order Taylor expansion of kn as functional of the background mode! leads to a very 

accurate prediction of the average wave number perturbation. If we assume that the 

perturbations of the wave field are caused by variations in the S-wave velocity, f3(z), 

the relationship between the averaged wave number perturbation and the average 

model perturbation 8f3(z) can be written as 

(3.1.3) 
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To compute the wave number perturbation Nolet (1990) used a discrete 

parameterisation of f3(z) by means ofM basis functions of depth, h;(z), 

M 

8f3(z) = L r ;h,(z ) (3.1.4) 
i=l 

With that parameterisation we obtain an expression for the wave field as a 

function of the model vector y 

(3.1.5) 

Equation (3.1.5) is the starting point of the Nolet' s partitioned inversion 

scheme. To determine the parameters y; for a seismic time series, d(t), observed 

along a path, in generai, we shall filter andlor window these data, for which we use 

the operator notation Rd(t). W e shall compare these observations with the predictions 

from a model represented by y=( y1, ... , rul Such predictions are obtained 

computing the spectrum (3.1.2), Fourier transforming them to the time domain, and 

applying the same filtering operator R. The optimal model (or mode l vector y) that 

produces the synthetic waveforms which fit the data within a pre-assigned frequency 

band can be found by minimising the penalty function F(y) 

(3.1.6) 

w h ere d( t) is the record ed seismic waveform an d u(y, t) is the synthetic waveform 

constructed as the Fourier transform of (3 .1.2). The R operator allows fora different 
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weighting of various data, which is often needed to prevent energetic arrivals (such 

as the fundamental mode) from completely dominating the properties of F. 

3.2 P-SV MUL TIMO DE SUMMATION DlFFERENTIAL SEISMOGRAMS FOR LA YERED 

STRUCTURES 

A fast and accurate analytical method for computing differential seismograms 

with respect to structural model parameters was developed by Du et al. in 1998. The 

technique to calculate the differential seismograms can be used in waveform 

inversion schemes to retrieve the structural parameters, including the amplitude and 

phase differentiation. The method adopted the P-SV -wave multimode summation 

formalism for laterally homogeneous layered media (Knopoff, 1964; Schwab, 1970; 

Schwab & Knopoff, 1972; Panza, 1985; Panza & Suhadolc, 1987; Urban et al., 1993; 

Panza et al. , 2000). 

According to Panza et al. (1973), the displacement for a double-couple point 

source and for a given Rayleigh mode can be expressed in the frequency domain as 

( )- ( )l l v2 (-i37r) ( ) exp(-ikr) U, w - R w n k exp -
4
- X e,h c0 E (

2
11: r )1/2 

(3.2.1) 

(3 .2.2) 

where R(w) is the Fourier transform of the equivalent point-force time function, x is 

the source radiation pattem, n is the unit vector perpendicular to the fault surface and 
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has units of length, k is the wave number, r is the epicentral distance, and 

&o=u*(OYw(O) (u*=lm(u)) is the ellipticity calculated as the ratio of the radiai and 

vertical components u(z) and w(z) of the Rayleigh-mode eigenfunctions at the free 

surface. 

The factor E is given by 

E=-l-
2cUI1 

(3.2.3) 

where c and U are the phase and group velocities respectively. Denoting {i.._z) the 

density, the energy integrai is defined as 

lS 

(3.2.4) 

Fora double-couple point source (Harkrider, 1970) the source radiation pattem 

d0 = _!_ B(h) sin À. sin 2b 
2 

d,= -C(h) sin l cos2b 

d2 = -C(h) cos À. cos b 

d3 = A(h) COSÀ. sinb 

d4 =-_!_A(h) sin À. sin2b 
2 

(3 .2.5) 

(3.2.6) 
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e is the angle between the strike of the fault and the epicentre-station direction, À is 

the rake angle, 8 is the dip angle and h is the source depth. A(h), B(h) and C(h) 

involve the eigenfunctions at the source depth 

A(h)=- u*(h) 
w( o) 

C(h)- __ l_ r(h) 
- Jl(h) w(o)!c 

(3.2.7) 

where an over dot indicates time differentiation and a and r are the normal and 

tangential stresses. 

To compute differential seismograms with respect to structural parameters we 

need to compute the partial derivatives of the terms in equation (3 .2.1) and (3.2.2) 

that depend on the structural parameters 

x(e,h) , E= - l -
2cUI1' 

exp(-ikr) (3 .2.8) 

Using the partial derivatives of the previous terms, the differential seismograms 

fora given P-SV mode can be computed according to the following expressions 

(3.2.9) 
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(3.2.1 O) 

where p1 is the structural parameter respect to which the partial derivative IS 

computed andj is the layer sequential nurnber. 

The frrst term in equation (3.2.9), (11 x(G,h))(BI Bp)x(G,h) , describes the 

source-term changes caused by the model parameter perturbations, in fact the 

eigenfunctions at the source are affected by the perturbations in the structure. The 

second terms takes into account the waveform changes resulting from perturbations 

in the medium properties. It represents the partial derivative of the amplitude 

response factor (Harkrider, 1970) and depends only on the structural model. Both the 

radiation pattern, x(G,h) , and the energy integrai, h are explicit functions of the 

stress-displacement vectors; x(G,h) varies with the changes in the stress

displacement vector at the source depth, while iJ varies with changes in the 

displacement vector over the entire structure. The first factor of the third term, 

(l / 2k)(Bk ! Bp), results from the adoption of a point source in the 3-D space, 

whereas the factor -i . r( ak l ap) is the seismogram phase term change due to the 

structural perturbation. The last term, (1/ e0 )(B/ Bp) e0 , accounts for the deformation 

of the elliptical particle motion caused by structural perturbation. This term is not 

present in the expression of the differential seismogram for the vertical component. 
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3.3 COMPUTA T ION OF P ARTIAL D ERI V A TIVES 

The partial derivati ves of the structural parameters dependent terms (3.2.8) can 

be computed from the partial derivatives with respect to structural parameters of 

eigenfunctions, phase and group velocity, and energy integrai. The partial derivative 

of &0 can be computed from the derivati ves of the eigenfunctions 

a a u*(o) - e --- -
ap1 o - apj w(o) (3.3.1) 

The partial derivative of x(e,h) can be obtained from the partial derivatives 

with respect to the structural parameters of A(h), B(h) and C( h) 

~A=-~ U*(O) 
ap

1 
ap1 w(O) 

(3.3.2) 

for the layers above and below the source, 

(3.3.3) 

(3 .3.4) 

and for the source layer 
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(3.3.5) 

~c= -~(-1-J r(h) - l a r(h) 
8p

1 
apj p(h) w(o)!c p(h)apj w(O)!c 

(3.3.6) 

The partial derivatives of phase and group velocity and energy integrai are 

needed to compute the partial derivatives for k and E 

l ak l ac 
(3.3.7) - - =---

(3.3.8) 

The partial derivative of phase velocity with respect to the structural parameters 

can be computed with the method described in Urban et al. (1993). The partial 

derivative of group velocity with respect to the structural parameters is computed 

with an asymptotic fast method given in Du et al. (1998). 

Following the formulations given by Schwab (1970), Schwab & Knopoff 

(1972) and Schwab et al. (1984), the evaluation of the partial derivatives of 

eigenfunctions u(z), w(z), a(z) and z(z) is reduced to the determination of the partial 

derivatives of the layer constants Am, Bm, Cm and Dm for the layers above the 

homogeneous half-space, and the constants An and Bn for the deepest structural unit. 

W e compute the derivatives of the elements of the (1x6) matrix that appears in the 

basic interface-matrix multiplication of Knopoffs method (Schwab & Knopoff, 

1972) 

70 



(3.3.9) 

where U, V, W, R;, S are the ith interface elements in the fast form of Knopoffs 

method for Rayleigh-wave computation. Du et al. (1998) considered only the 

formalism for continental structures and in this case the first interface elements are 

o 2 R =yt, (3.3.10) 

with 

(3 .3.11) 

When considering oceanic models, structural models with an upper liquid layer, 

we can no more use the previous formulas . For an oceanic model, the vanishing of 

stress at the free surface yields 

This result, combined with the continuity of the norma! components of 

displacement an d stress an d the vanishing of the tangenti al component of stress a t the 

surface of the soli d part, yields 

(3.3.12) 

(3.3.13) 

(3.3.14) 

w h ere 
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(3.3.15) 

(3.3 .16) 

do being the thickness of the Iiquid Iayer. Starting from these reiations we found that 

the first interface elements SJ for an oceanic modei is 

(3.3.17) 

The presence of a Iiquid Iayer affects the expression for the energy integrai, 

which is required in multi-mode synthesis of seismograms. For a sequence of 

homogeneous Iayers, this integrai can be written as 

n 

C
2 

{ [ral Bl ]- [DI] t2 L !m for a continentai structure 

J = m=l 
n (3.3.18) 

C
2 

{ [ralBl]- [DI] t2 L !m for an oceani c structure 
m=O 

w h ere 

(3.3.19) 

A t this point the partial derivatives of the first interface eiements U, TI, W, 
R;, S can be easiiy computed from 

(whenjt:l) (3.3.20) 
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òyl 4fJ1 4fJ1 2 òc 
òfJJ =7-~ òfJj 

òyl 4fJ12 òc 
- =-----

(whenj=l) 

_i_ P. =-d w, òc r +d wc òc _I_ 
ÒI{J O O 2 òi{J aO O 2 81{J 

j c 1 ao j rao 

-d W c ~r +d w, ~-1-
o 2 Ò aO O 2 Ò c a1 a0 a 1 '"ao 

-d wc ~r +d wc (~a -c]-1
-o 2 Ò aO O 3 Ò O 

c a j ao a i rao 

(3.3 .21) 

(3 .3.22) 

(3.3.23) 

(j:t:- m) 

(3.3 .24) 

(j=m) 

The other derivatives needed to compute partial derivatives of eigenfunctions 

and energy integrals can be found in Du at al. (1998). 

3.4 PARTIAL DERlV A TIVES AND DIFFERENTIAL SEISMOGRAMS FOR OCEANIC 

STRUCTURAL MODELS 

We supply here the formalism necessary to compute differential seismograms 

in case of oceanic structural models. W e have modified the programmes by Du et al. 

(1998), which compute the partial derivatives and the differential seismograms so 

they can handle oceanic structural models. We test the programmes computing 
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analytically and numerically partial derivatives and synthetic seismograms for given 

structural models and source mechanisms. 

To test tbe new codes we compared tbe results of analytical calculations witb 

those obtained through numerica} differentiation. W e studied tbe effect of neglecting 

the term (3 .3.17) in the computation of partial derivatives and synthetic differential 

se1smograms. 

In our study we bave considered for the solid part the structural model reported 

in Fig. 3.1. To compute synthetic seismograms and differential seismograms we bave 

considered a source located at the depth of 33 km and a double-couple mecbanism 

(5=37°, ,1,=283°, azimuth ofthe station with respect to the fault strike = 260°). The 

seismograms have been scaled with a moment of 6.5 x l 019 N m ; they are ali 

computed for a distance of l 000 km from the source and an upper frequency of 

0. 1Hz. Two particular situations bave been considered; tbe first one corresponds to a 

lkm-tbick oceanic layer and the second one to a 4km-tbick oceanic layer. 

The differential seismograms witb respect to tbe cbange of shear velocity in 

eacb layer have been computed numerically using a first-order centred numerica} 

differentiation according to Du et al. (1998). Tbe adopted formula for numerica} 

differentiation is 

aslt , p j (z) J- slt, p / z) + 5p/z) J- s~, pj (z)- 5pj (z )j 

ap j 25pj (z) 

where ap) (z )= 0.005 krns"1 is the sbear-wave velocity perturbation. 

74 



50 

~100 

I 
.c 
0.. 
" o 150 

200 

o l 2 J 
Dens1ty (g/cm') 

4 

o 
o 

50 

100 

150 

200 

2 6 8 IO 

O 2 4 6 8 IO 
Velocity (km/s) 

o 
o 

50 

100 

150 

200 

o 

500 1000 15CO 

500 1 000 1500 
o 

Figure 3.1. Structural mode! used to compute the synthetic and the differential seismograms. 

In Fig. 3.2 the differential se1smograms computed analytically are plotted 

together with those computed numerically, with 1km of water. In Fig. 3.3 are 

represented the differential seismograms computed considering a 4km oceanic layer. 

W e show the results for six structural layers (2,8, 12, 14,20,24). The solid l in es 

correspond to the analytical calculations, whereas the dashed lines correspond to 

those obtained numerically. 

As Du at al. (1998) show for continental structural models, we see from our 

results that the differences between the differential seismograms using the two 

techniques are sufficiently small to ensure the correctness of the analytical code. 

T o show the effect of a liquid layer on the calculation of partial derivatives, we 

computed the partial derivatives of phase and group velocity, energy integrai and 

eigenfunctions (u(z),w(z),o(z), 'l(z)) . In Fig. 3.4 the partial derivatives of 

eigenfunction u computed with a 1km- and 4km-thick liquid layer respectively are 

plotted as example. The dashed and solid lines correspond to numerica! calculation 

and analytical calculation with the new codes, taking into account the formalism for 

water layers. The dotted-dashed lines represent the partial derivatives computed 

analytically, neglecting the formalism for oceanic models. The presence of a liquid 
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layer severely affects the computation of partial derivatives. The effect 1s 

dramatically evident in case of a 4km-thick water layer. 

The effect of these differences in partial derivatives on differential 

seismograms is the presence of noise, as we can see in Fig. 3.5. In this picture the 

synthetic differential seismograms computed with respect to shear-wave velocity for 

layer 2 are reported. The upper trace corresponds to a structural model with lkm

thick water layer, the second one with a 4km-thick water layer. 
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Figure 3.2. Seismograms (first trace) and differential seismograms (remaining traces) computed with 

respect to shear wave velocity for the layers indicated upon each trace. The so lid lines correspond to 

differential seismograms computed analytically, dashed lines to those computed numerically. The 

computation was performed using a structural mode l with a l km-thick liquid layer. The dashed lines 

are barely visible, illustrating that the differences between the differential seismograms using the two 

techniques are small. 

76 



~ 
i 
.~ 
~ 
~ 

4km 

.. Oo03 -

'o.<l3 -
-- synthetic selsmogram ...... ,....,_ 

·4.0..00 -

-- analytical 
~o.<l3 -
1.o.o::J ;-...... 

· 1.0.00 :. 
·2.Do-03 :. 

- - numerica! 

------~~-~~-------
4Do-<)3 -

llyer8 

2.0o-<l3 :. 
O. ()M)() 

·2.~:. 
... Oe-03 :. 

1 Oe-o.:J =-... ..,. -
O.Oe+OO --·5.00·04 -
-1.0.-03 :. 

4 Do-O• -
2....,. :. 
00t•OO 
·2....,. -~------~~------------------... ....,. -

layer24 

500 
time (s) 

1000 
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Figure 3.4. Partial derivatives of eigenfunction u with respect to layer 2. The sol id lines correspond to 

the partial derivatives computed analytically while the dashed lines to those computed numerically. 

The dotted-dashed lines are the partial derivatives calculated analytically neglecting the formalism 
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Figure 3.5. Synthetic differential seismograms with respect to shear wave velocity of layer 2 using 

partial derivative obtained analytically neglecting the formalism for oceanic models (upper trace) and 

with the formalism (lower trace), considering a lkm-water layer. 
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Figure 3.6. Synthetic differential seismograrns with respect to shear wave velocity of layer 2 using 

partial derivative obtained analytically neglecting the formalism for oceanic models (upper trace) and 

with the formalism (lower trace), considering a 4km-water layer. 
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3.5 W A VEFORM INVERSION WITH AMPLITUDE AND PHASE DIFFERENTlA TI ON 

Several waveform inversion schemes have been developed to invert the 

properties of the Earth, but considering the informati an contained in the amplitude of 

the seismogram is computationally very demanding. Therefore it is frequently 

assumed that the amplitude change of the seismogram due to the perturbati o n of the 

structural model is negligible. This assumption is not well justified, since the 

perturbation of the structural model can affect the eigenfunctions. In fact, the change 

of seismogram amplitude due to structure perturbation reflects the changes of the 

related eigenfunctions. Du and Panza (1999) studied systematically the effects of 

structural model perturbations on both the amplitude and the phase of synthetic 

seismograms computed with modal summation theory. They had shown that 

seismogram amplitude differentiation plays a criticai role in the computation of 

differential seismograms, especially for higher modes. At high epicentral distances 

the effect of phase differentiation can be significantly amplified, but in generai the 

phase differentiation doesn' t dominate for ali the modes and for ali the frequency 

bands considered. These facts support the idea that it is necessary to take into 

account not only the phase but also the amplitude change in the seismograms when 

we apply a waveform inversion scheme. Far that reason, Du and Panza (1999) 

extended the partitioned waveforrn inversion scheme (Nolet et al., 1986; Nolet, 

1990) to include the effect of the structural model perturbation on the amplitude of 

the seismogram. Such a development was possible because of the availability of the 

analytical technique to compute differential seismograms (Du et al. , 1998) that 

allows a time saving of about 95 per cent compared with the numerica} approaches 

usually adopted. 

Taking into account the change of the amplitude terrn, expression (3 .1.2) can be 

rewritten as 

N 

U(OJ) =L [A~ (OJ) + oAn (OJ) ]exp{- i[k~ (OJ) + Okn (OJ)] r} (3.5.1 ) 
n=I 
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The phase change of the seismogram is related to wave number (eigenvalue) 

variation, whereas the amplitude change is mainly connected to eigenfunctions 

variations. According to (3.1.3), the relationship between 8A11 (Cù) and the velocity 

perturbation 8f3(z) can be written as: 

an d 

oA, (co) = ~ y
1 

"'J ( aA, (co)Jh,(z)dz 
~ 8f3(z) 

1=1 o 

The same formalism as in section 3.1 is used to obtain the structural model, 

which minimises the differences between the observed seismogram and the synthetic 

o ne 

(3 .5.2) 

The search for the mm1mum of the misfit function is carried out using a 

conjugate gradient method. The inversion for large-dimension models (many 

parameters) is not practicable, even if it is possible to analytically compute 

differential seismograms for a fme-scale multilayered structure. For this reason, Du 

an d Panza ( 1999) proposed a parameterisation of the structural mode l with 12-13 

depth functions, i.e. 12-13 basis functions h~ . The crust is defined by step functions 

while the mantle is parameterised with linear triangular functions. When studying the 

lithospheric structure it is appropriate to use 3-4 pivots (support points for linear 

interpolation to parameterise the depth dependence of the model) in the crust, 5-6 

82 



pivots above the 400km discontinuity, two pivots above the 640km discontinuity, 

and two below i t. The positions of these pivots are flexible, and the S-wave velocity 

jump at each discontinuity is obtained using a pair of pivots at the same depth. The 

multilayered (N layers) structure required for the forward computation is obtained 

from the expansion, hm of h; . In the crust: 

if 

where i=l , .. . ,Ilc, Ile= number ofcrustal pivots. 

In the manti e: 

zm - z,_, h, (z) 

h ( ) = z, - Z;_, 
m z 

zi+l - zm h, (z) 
zi+l - z, 

if 

where i = nc, . . . ,nto1, n101 = number of pivots, m=l ,2,3, ... ,N, and z; (zo=O) and Zm are 

the pivot and the layer depths respectively. 

In order to avoid the inversion ending up at a local minimum, the inversion 

starts at a low frequency, this is because low frequencies are less sensitive to the 

small-scale features of the structural model. At each iteration the frequency band is 

increased towards higher frequencies . 

The method of waveform inversion has been applied by Pilat (2003) to a set of 

waveforms recorded in the Friuli Venezia Giulia region. Pilat (2003) considered 

waveforms in the frequency range 0.1-1 Hz and obtained structural models for the 

first 20 km of crust well in agreement with the available geologica! knowledge of the 

area. 
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3.6 SCOTIA SEA REGION WAVEFORM ANALYSIS 

W e apply the waveform inversion to data recorded in the Scotia Sea region in 

order to refme the existing structural models, obtained by means of surface wave 

tomography. 

In the last years, severa! tomographic studies produced global tomographic 

maps for group and phase velocity beneath the Antarctic plate and surrounding 

oceans (Roult et al., 1994; Danesi and Morelli, 2000; Ritzwoller et al., 200 l; Danesi 

and Morelli, 200 l ; Danesi et al., 200 l). Those studi es present also structural models 

for the crust and the upper mantle, but they are regional to global scale models, and 

do not take into account local scale features. Vuan et al. (2000) inverted surface 

w ave dispersion data to study the structure of the Scotia Sea region. 

We use the structural rnodels obtained by Vuan et al. (2000) (see fig. 2.3) as 

starting models to invert waveforms recorded in tbe region. Waveforms inverted are 

a subset of those used in chapter 2 for moment tensor inversion. We also used the 

source parameters obtained in chapter 2 and by Vuan et al. (2001) to compute the 

synthetic seismograms needed in the waveform inversion. We report in Fig. 3.7 the 

source-receiver paths we have selected for the inversion. We have chosen these 

paths, among those with good signal to noise ratio, in order to guarantee an 

appropriate coverage of the study area. 
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Figure 3.7. Source receiver paths inverted by means ofwavefonn inversion in this study. 

W e first extract the fundamental mode from each waveform by means of 

Frequency T ime Analysis (FT AN) (Levshin et al., 1972, 1992). Then, w e perform a 

fist inversion of the fundamental mode alone. Then, the complete waveform is 

analysed. According to Zielhuis and Nolet (1994), we low-pass filter the fundamental 

mode at 0.025Hz, while we fit tbe higher modes for much higher frequencies. In the 

present study the waveform can be fitted for frequencies as high as 0.05-0.06 Hz. 

This is in agreement with that proposed by other studies (Zielhuis and Nolet, 1994; 

Zielhuis and van der Hilst, 1996; Passier, 1996; Robertson et al., 2003a). 

Because the hypocentral depth is the source parameter determined with major 

uncertainties, for each patb the inversion bas been performed considering different 

values for the depth. Therefore, we consider the depth that gives the lowest misfit 

between real data and synthetic seismograms, tbe misfit being computed according to 

(3.5.2). In generai this depth corresponds to that retrieved with the moment tensor 
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inversion (chapter 2). We parameterise the structural model with 13 depth nodes for 

the shear wave velocity, fixing the four deepest nodes and inverting for the crust and 

the upper mantle. 

With the waveform corresponding to the source-receiver path number l we 

bave performed some tests to evaluate the effect of different source parameters, 

attenuation and water layers on the inversion. First of ali, we bave performed the 

inversion with different values of depth used to compute the synthetic seismograms. 

In Table 3.1 are listed the results ofthe first test. 

DEPTH (KM) MISFIT 

5 0.530 
10 0.261 
15 0.395 
20 0.782 
25 1.315 
30 1.976 

Table 3.1. Misfit values for the inversions performed using different hypocentral depths. 

The lowest misfit corresponds to the depth equal to 10 km. We bave not 

reported in the table the vaJues of misfit for the inversions at 7.5 and 12.5 km, 

because they are comparable to that for l O km. Therefore, with this kind of data i t is 

not possible to reso l ve depths with greater detail. 

In Table 3.2 are listed the results of the tests performed cbanging the values of 

the scalar moment, the attenuation in the structural mode l and the depth of the water 

layer. For ali of these tests, the focal depth bas been kept fixed (lO km) and the 

structural model is oceanic (lkm-water layer). As we can see from the table, the 

variation of the scalar moment does not affect the waveform fitting. The misfits 

obtained changing the attenuation in the structural model suggest that the structure 

seems to be characterized by high Q values. Finally, the presence and thickness of 

the water layer can be determinant in the course of the inversion, because the misfit 
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mcreases as the water layer thickness deviates from the value taken from the 

bathymetric maps. 

DESCRIPTION MISFIT 

Scalar Moment=1.1 e+17 0.261 
Scalar Moment=3.4e+17 0.261 
0=50 0.472 
0=1000 0.254 
2km-water layer 0.299 
3km-water layer 0.578 

Table 3.2. Misfit values for the inversions performed using different values of the scalar moment, of 

the attenuation, an d of the water-layer thickness. 

The waveform fit between the real data and the synthetic seismograms is 

reported in Fig. 3.8, while the structural models obtained by waveform inversion are 

in Fig. 3.9. 

The first source-receiver path analysed connects the South Orkney to the tip of 

the Antarctic Peninsula. It crosses part of the Powell Basin, which is supposed to be 

of oceanic crustal structure (Barker and Dalziel, 1983; Barker, 2001) and part ofthe 

continental structure of the Antarctic Peninsula. The structural mode l V s retrieved 

with the waveform inversion shows values between 3.35 and 3.81 km/s in the crust 

(up to 36 km). The V5 increases to 4.23 km/s at 80 km and 4.36 km/s at 135 km. 

There is a little group velocity anomaly in this region in the tomographic maps 

obtained by Danesi and Morelli (2001). 
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Figure 3.8. Comparison between real and synthetic seismograms after the waveform inversion, for the 

six source-receiver paths analysed. The black lines denote the data and the red lines denote the 

synthetic seismograms. 
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The source-receiver path number 2 crosses the Drake Passage and tbe features 

of the Shakleton Fracture Zone. According to Galindo-Zaldivar et al. (1996) the 

Shakleton Fracture Zone is characterized by thickened oceanic crust (up to 11 km) 

deformed by reverse and transcurrent faults. This is in agreement with the Vs 

discontinuity at l O km w e ha ve obtained with the inversion. W e bave found also a 

high V s value ( 4.83 km/s) at depth of 36 km. 

Patb number 3 corresponds to the Falkland Plateau region, with submerged 

areas of continental and oceanic crust. The average model retrieved shows velocities 

between of 4 .0 and 4.12 km/s from 36 to 90 km (lower values with respect to the 

velocities obtained by Vuan et al. (2000)), then an abrupt change in velocity ( 4.5 

km/s) at 135 km. 

The V s mode l corresponding to path number 4 shows a decrease in velocity 

from 50 km (4.28 km/s) down to 135 km (4.04 km/s). 
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The path number 5 crosses the Centrai Scotia Sea from north to south (down to 

Orkney Islands) and shows a low velocity layer in correspondence to the node at 135 

krn of depth. 

The source-receiver path number 6 corresponds to the eastem part of the Scotia 

Plate, west ofthe East Scotia Ridge. Low V5 values bave been retrieved for the nodes 

between 50 and 135 km of depth. 
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Figure 3.9. Upper 400 km S-velocity models obtained after waveform inversion of the fundamental 

mode! only (top) and the complete seismogram (bottom). The source-receiver paths are numbered as 

in Fig. 3.7. 
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3. 7 TEST WITH THE PARTITIONED W A VEFORM INVERSION 

Du and Panza (1999) had shown that seismogram amplitude differentiation 

plays a criticai role in tbe computation of differential seismograms, and that it is 

necessary to take into account not only the phase but also the amplitude change in the 

seismograms when we apply a waveform inversion scheme. We show here the 

results of the test performed with a waveform inversion scheme that takes into 

account only the information contained in the phase of the seismogram. 

We use as real data a synthetic seismogram computed with the structural model 

A reported in Table 3.3. Then we performed two inversions, the first one (l) with the 

methodology proposed by N o l et ( 1990) ( see paragraph 3 .l), an d the second o ne (2) 

with the methodology (Du and Panza, 1999) that takes into account the amplitudes 

(paragraph 3.6). The starting structural mode! used for both the inversions is the 

mode l B in table 3.3; the differences between mode l A an d mode l B are in the nodes 

between 39 and 250 km. In Table 3.4 we report the results ofthe inversions for those 

nodes. The results of the inversion with amplitudes are closer to the velocities of the 

model used to compute the "real data" seismogram. Similar results have already been 

obtained by Du and Panza (1999). 

We then apply the Nolet's methodology to one of the source-receiver paths 

analysed in the paragraph 3.6 (path number 3). In Fig. 3.1 O the waveform fit and the 

structural mode! obtained with this inversion are reported. In Table 3.5 are reported 

the values of the shear wave velocities obtained in this inversion together with the 

values from the inversi o n with amplitudes (paragraph 3 .6). While the veloci ti es are 

similar for the first four nodes, the differences are more pronounced between 50 and 

250 km. Comparing the resulting structural models with the starting model, we 

observe that for some nodes the inversion with the phase only gives the larger 

deviations from the initial values. For this reason we cannot say that, in generai, the 

inversion with the phase only has lower sensitivity than that with the amplitude, 
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anyway neglecting the information contained m the amplitude can produce 

misleading results. 

DEPTH (Km) VELOCITY (Km/s) 

A B 

0.0 3.20000 3.20000 

33.0 3.80000 3.80000 

39.0 3.80000 3.80000 

39.0 4.05000 3.85000 

50.0 4.50000 4.15000 

90.0 4.50000 4.30000 

135.0 4.50000 4.40000 

250.0 4.70000 4 .50000 

400.0 4.90000 4.90000 

400.0 5.10000 5.10000 

640.0 5.50000 5.50000 

640.0 5.70000 5.70000 

1000.0 6.35000 6.35000 

Table 3.3. Shear wave velocity models used for the synthetic test. 
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(l) (2) 

DEPTH VELOCITY PERCENT VELOCITY PERCENT 

(Km) (Km/s) DIFFERENCE (Km/s) DIFEFRENCE 

39.0 3.86555 -4.5% 3.88978 -3.9% 

50.0 4.30557 -1.0% 4.37028 0.5% 

90.0 4.56940 1.5% 4.54199 0.9% 

135.0 4.65594 1.2% 4.63485 0.7% 

250.0 4.63880 -1.03% 4.65305 -1.0% 

Table 3.4. ResuJts of the inversions for the synthetic test. 

o. -

Figure 3.10. (R.ight) Comparison between rea! and synthetic seismograrns after the waveform 

inversion with the phase onJy. The black lines denote the data and the red lines denote the synthetic 

seismograms. The green line corresponds to the synthetic seismogram obtained after the inversion 

considering both the phase and the arnplitude (paragraph 3.6). (Left) structural mode! obtained after 

the waveform inversion with the phase only. 
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DEPTH (km) VELOCITY (km/s) 

A B c 
0.0 3.64035 3.64090 3.20000 

33.0 3.81085 3.79871 3.80000 

39.0 3.81021 3.79959 3.80000 

39.0 4.02072 4.02060 4.05000 

50.0 4.17843 4.23479 4.50000 

90.0 4.22445 4.23521 4.50000 

135.0 4.57473 4.33063 4.50000 

250.0 4 .51140 4.57666 4.70000 

400.0 4.84655 4.87872 4.90000 

400.0 5.10000 5.10000 5.10000 

640.0 5.50000 5.50000 5.50000 

640.0 5.70000 5.70000 5.70000 

1000.0 6.35000 6.35000 6.35000 

Table 3.5. Shear wave velocities obtained after waveform inversion considering amplitude and phase 

(A) and phase only (B); starting shear wave velocity model (C). Three discontinuities are present: the 

first at depth of39 km, and the others respectively at 400 km and 640 km. 
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APPENDIXA 

FEASIBILITY TEST IN A NOISY AREA: SURF ACE WA VE 

TOMOGRAPHY AND SEISMIC SOURCE STUDIES AT CAMPI FLEGREI 

(ITALY) 

As we planned to apply the INP AR method to a set of local events in the 

Bransfield Strait area, we decided to test it on a different region characterized by 

relatively little logistic problems but high ambient noise. For that reason we have 

studied a set of earthquakes recorded in March 1984 at the Campi Flegrei area, 

during the last bradyseismic crisis. Preliminary synthetic tests have been performed 

in order to minimize artefacts in the moment tensor solutions possibly due to 

numerica} noise, to station distribution or to the structural modelling approximation. 

Before the determination of the full seismic source moment tensor by waveform 

inversion, velocity models for the uppermost 2 km of the crust using surface wave 

tomography have been determined. This study has been completed with the 

determination of the structural models down to the depth of about 30 km, according 

to the study of Pontevivo and Panza (2002) and Panza et al. (2003). 
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A.l. INTRODUCTION 

Campi Flegrei is a complex volcanic area located about 15 km west of Naples 

(Italy). The region is dominated by a caldera whose origin is related to the eruption 

of the Campanian Ignimbrite deposits, dated at about 37000 years BP, and to the 

eruption of the Neapolitan Yellow Tuff, dated at 12000 years BP (Orsi et al., 1996). 

The caldera, limited on the east by Mt. Vesuvius, is the largest feature of the 

Phlegraean Volcanic District, which includes the volcanic islands of Ischia and 

Procida and some submarine vents in the northwestem Gulf of Naples. Geologica}, 

petrological and geophysical data suggest the existence of a magma chamber beneath 

the Campi Flegrei, located at a depth of 4-5 km (Orsi et al., 1996). 

The area has been affected by many episodes of volcanism, seismicity, ground uplift 

and subsidence (De Natale et al. , 1991) historically documented for the last 2000 

years. Two episodes of bradyseism took piace in 1970-1972 and 1982-1984, wben 

the ground uplift reached 70 cm and 185 cm respectively in the centrai Pozzuoli area. 

Since January 1985 the area is slowly deflating (30 cm of deflation by the end of 

1986) whereas the seismicity stayed at very low levels until July 2000. 

During the period January 1983-September 1984 more than l 0000 events were 

recorded with local magnitude between 0.1 and 4.2 (Del Pezzo et al. , 1987). In this 

study we analyse a set of 18 events, recorded in March 1984 during a period of 

intense seismicity, to determine shallow velocity models and seismic source moment 

tensors. Several studies have been performed on the seisrnicity of Campi Flegrei in 

the peri od 1984-1986 ( e.g. De Natale and Zollo, 1986) and a few rnodels about the 

area have been proposed in the past decades. Ferrucci et al. (1989) investigated the 

crustal structure of the Campanian area frorn DSS experiments. They found a very 

rough topography of the crust-mantle interface across the Campanian area of 

quatemary volcanism, and a least crustal thickness of about 16 krn under the Campi 

Flegrei . Details about the shallow crust (4 krn) were obtained by Mirabile et al. 

(1989) with a multichannel reflection seisrnic survey, by Finetti and Morelli (1974) 

by means of seismic reflection exploration, and by Zollo et al. (2003). Aster and 
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Meyer (1988; 1989) using P- and S-pick times, proposed a three-dimensional mode! 

for the velocity structure in the Campi Flegrei caldera that has been widely adopted 

for several studies in the area. Our study, based on surface wave tomography and 

non-linear inversion of regionalized Rayleigh wave group velocity curves, intends to 

re fine the available velocity models in depth within the first 2 km of the crust. 

The surface wave tomography we use is based on the Backus-Gilbert method 

(Backus and Gilbert, 1968), which does not rely on prior assumptions about the 

distribution of velocity such as division into blocks or the choice of the fitting 

function. It yields a smooth velocity distribution averaged over an area whose 

dimensions are determined by the number and relative location of paths in the data 

sample used (Levshin et al., 1989). The number of source-receiver paths investigated 

in this paper is not comparable with those used in the standard body wave 

tomography studies. As a matter of fact our aim is to determine as much information 

as possible from ( often) few available recorded data in an area. lndeed for regional 

studies it is not always available a high density of stations and earthquakes, and this 

limits the application ofbody wave tomography techniques. 

The velocity models that we retrieve are used to investigate by waveform 

inversion the main seismic source features looking at the seismic moment tensor. 

Campus et al. (1993), Cespuglio et al. (1996) already studi ed a selection of the events 

that we investigate. In order to verify the robustness of the solutions we invert the 

same data with a modified procedure of inversion that makes use of the genetic 

algorithm (Sfleny, 1998), employing the average structural model used by Campus et 

al. (1993) and the structural models found in this study. A particular attention is 

posed to the conditions that can generate unwished spurious solutions, and therefore 

preliminary synthetic tests, as suggested by Panza and Saraò (2000), are performed 

before the analysis of real data. 
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Figure A. l. Map of 18 selected earthquakes of Campi Flegrei (circles). Sol id triangles indicate the 

location ofthe stations ofthe University ofWisconsin. The source-receiver paths employed far the 

surface wave tomography are also sketched. 

A.2DATA 

During 1984 the University of Wisconsin, within a cooperation prograrnme 

with the Osservatorio Vesuviano, deployed 12 short-period, three-component digitai 

stations at Campi Flegrei. A set of waveforms recorded between March 15 and 

March 21, 1984 has been kindly made available by the Osservatorio Vesuviano. The 

hypocentral locations were computed by Del Pezzo et al. (1993) using the 
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Hypoinverse routine (Klein, 1985) and adopting a half space model obtained by a 

study of Aster and Meyer (1989), Aster et al. (1992) (see Table A. l for tbe location 

of tbe events). From tbese events, with magnitude in the range from l to 4 (Del 

Pezzo et al. , 1993), we selected a subset (Fig. A. l) eliminating poor quality data and 

very noisy seismograms. Only events for wbich the epicentral distance (r) multiplied 

by the dominant wave number (k) is greater tban l O bave been used for the source 

studies. This condition is necessary to guarantee sufficient accuracy (3 significant 

figures) in the Green' s functions, computed by the modal-summation technique witb 

far-fields terms only (Panza et al. , 1973). For tbis reason, while we have considered 

ali the 18 events to obtain the structural models (T ab le A.1 ), we bave used only 14 

events for moment tensor inversion (Table A.2). 

N. ofevent Date Origin time Lati tu de Longitude DeEth (km) 
l 15/311984 21 24 39.69 40.809 14.111 10.41 
2 15/3/1984 230559.17 40.844 14.141 3.80 
3 16/3/1984 08 08 57.65 40.835 14.074 1.96 
4 18/311984 03 57 35.23 40.832 14.145 3.10 
5 18/3/1984 17 54 22.45 40.806 14.097 4.65 
6 18/3/1984 19 54 48.96 40.842 14.108 3.18 
7 18/3/1984 20 29 34.82 40.806 14.105 4.64 
8 19/3/1984 01 10 57.19 40.828 14.120 3.42 
9 19/3/1984 01 12 09.42 40.828 14.113 3.58 
10 19/311984 01 31 53.48 40.807 14.099 4.59 
11 19/3/1984 13 47 48.02 40.831 14.149 2.67 
12 19/3/1984 16 46 22.74 40.833 14.146 3.50 
13 19/3/1984 16 48 30.40 40.833 14.143 3.69 
14 19/311984 17 1927.94 40.840 14.152 3.72 
15 19/3/1984 21 57 15.13 40.826 14.152 1.50 
16 19/3/1984 23 52 05 .67 40.846 14.143 3.21 
17 20/3/1984 11 47 26.95 40.818 14.122 2.31 
18 20/311984 21 21 33.89 40.820 14.079 3.42 

Table A.l. List of foca! parameters for the earthquakes used in this study (from Del Pezzo et al. , 

1993). 
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Nevertheless the resulting dataset of events occurred in the period from March 

15 to March 20 is still representative of a period of intense seismicity (Fig. A.2). 

Data from stations W03, WlO, W12, Wl4, W15, W20, W21 (Fig. A.1) have been 

included in the inversion; stations affected by numerous spikes (W04) or with some 

observed uncertainties in the defmition of recording time (Wl l) ha ve not been used. 

For each event we consider only vertical-component records and when studying 

the seismic moment tensor a minimum of four signals. In fact a minimum of three 

vertical component stations is enough for determining the six components of the 

moment tensor since in the time domain the six independent data are provided from 

amplitude and phases of P and SV arrivals, contained in the vertical component 

(Stump & Johnson, 1977; Satake, 1985; Silenyet al. , 1996). 

F or the structural studies, we corrected the data for the instrumental response. 

For the moment tensor determination the velocity time series recorded with a 

sampling rate of either l 00 Hz or 200 Hz are resampled at 20 Hz and (to maintain 

numerica! stability) the instrumental response is convoluted to the Green functions 

used in the waveform inversion. Then, we low-pass filter the recorded seismograms 

a t 5 Hz using a Gaussian filter. The average corner frequency of the studied events is 

around 8-1 O Hz and this enables us to make use of the point approximation when 

studying the source at frequencies below 5 Hz. After mean removing, tapering and 

filtering, using a cosine box, we selected the temporal window of the seismograms to 

be inverted for the retrieval of the moment tensor components. Only the main part of 

the whole seismograms are inverted in order to avoid as much as possible coda 

waves and scattering perturbations. 
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Figure A.2. Histogram with the seismicity occurred during March 1984. 

A.3 SHEAR W A VE VELOCITY MODELS 

A.3.1 METHOD: GROUP VELOCITY MEASUREMENTS AND SURFACE WAVE 

TOMOGRAPHY 

T o estimate lateral variations of the uppermost part of the crust in the Campi 

Flegrei we use the group velocities of Rayleigh waves propagating along paths 

crossing the investigated region (Fig. 3.1). The group velocity is measured as 

function of peri od by the Frequency T ime ANalysis (FT AN) (Levshin et al. 1972, 

1992) using a system of narrow-band Gaussian filters. Particularly, when working 

with short-period local data, as we do in this study, we introduce a kinematic 

correction proportional to the source depth and neglected in long period studies, to 

properly take into account the propagation time of the waves from the source to the 

surface. W e will now explain which kind of correction we should introduce. 

The Frequency-T ime Analysis (FT AN) is a powerful tool to study the 

dispersi o n properties of surface waves. The first step of FT AN is a F ourier transform 
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of a time senes into the frequency domain, w( cv)~ W(cv). The second step 1s 

multiple narrowband filtering by means ofN Gaussian filters 

i=l , ... ,N 

where cv, and a; are parameters goveming the centrai frequency and relative width 

of filters. The output of the filtering procedures may be considered as a discrete 

image of complex frequency-time representation ofthe input record, namely 

-
S(cv,t) = Jw(A.)F(A.- cv)exp(iAI)dA. 

-co 

For fixed cv= m 1 , IS(cv,,t )l is the envelope and argS(cv, ,t) is the temporal phase of 

the narrowband output ofthe filter. Actually two matrices IS(cv;J)I and argS(cv, ,t), 

i= l, ... ,N; j = l, . . . ,M are stored, M being the number of points at the filtered outputs. 

The values of S( CV; , t) between points of a grid (CV; ,t) are found by a spline 

interpolation. 

The map of norrnalized amplitudes 20log10 (1s(cv,,t1)1/max;,1IS(cv;.t1)1) is 

displayed o n the screen of the terminai. An automatic search of group t ime t gr (m;) 

corresponding to max,IS(cv, ,t) l is done for each cv, and group travel-time curve is 

found and displayed above the amplitude map. Then the preliminary group velocity 

curve U(m) = rj tgr (cv) is obtained. The quantity named r is commonly assumed to 

be the epicentral distance (e. g. Levshin et al., 1992). This assumption is vali d when r 

>> D, D being the event depth. But when processing local scale events, in case of 

epicentral distance and hypocentral depth comparable in size, the effect of source 

depth cannot be neglected. For this reason we have performed several synthetic tests 
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to evaluate tbe effect of the source deptb on group velocity determination by means 

of Frequency-Time Analysis. We bave computed synthetic seismograms by modal 

summation technique for different epicentral distances and different deptbs on local 

scales, for botb Rayleigb waves and Love waves, with tbe particular care of 

considering focal mecbanisms for wbicb the apparent initial phase cp0 is frequency 

independent, i.e., it does not contribute to the group velocity value. We bave then 

applied tbe FT AN analysis, assuming r as tbe epicentral distance, to tbe seismograms 

in order to obtain tbe correspondent group velocities for tbe fundamental mode. As 

we can see in Fig. A.3 (from bereafter we will display for eacb test only tbe case of 

hypocentral distance =3km and deptb witbin tbe range 1-4km), the dispersion curves 

of the fundamental mode at different depths are systematically lower tban tbe real 

one, tbe deeper tbe source tbe lowest the curve. Tbe real dispersion curve is the 

group velocity of tbe fundamental mode for tbe structural model we used to compute 

tbe syntbetic seismograms. I t is evident from these results tbat tbe computation of the 

group velocity witb tbe epicentral distance is not correct for the epicentre-to-station 

distances we are considering. W e bave applied again tbe FT AN analysis to tbe same 

synthetic seismograms but this time with tbe hypocentral distance R; tbe results are 

displayed in Fig. A.4. Apart from the dispersion curve computed for tbe 4-km deep 

source, the curves obtained using R are in good agreement with tbe real one for Love 

waves. For Rayleigh waves the group velocities are systematically bigher. The 

introduction of bypocentral distance does not solve the problem of reproducing the 

synthetic dispersion curve for R-waves. 

As Rayleigb waves involve interaction between P and S waves at tbe free 

surface, before recording a Rayleigb wave we must "wait" for tbe P wave to reacb at 

the free surface. For tbis reason, we add to eacb syntbetic seismogram a time delay, 

in order to take into account the propagation of tbe P wave from tbe source to the 

surface. We computed the time delay as l1t = h/ VP, h being the source depth, and 

tben we analysed the seismograms by FT AN, considering the hypocentral distance R. 

The dispersion curves obtained for tbe Rayleigh waves are presented in Fig. A.5: the 

real dispersion curve is reproduced whatever depth we consider. 
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As a generai rule we can say that the correct distance to use when calculating 

group velocities by means ofFrequency-Time Analysis is the hypocentral distance of 

the earthquake. The particular case of Rayleigh waves can be handled introducing a 

"time delay'' as we mentioned above. 
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Figure A.3. Group velo city of the fundamental mode obtained by FT AN of synthetic seismograms for 

different depths, considering the epicentral distance. The solid line is the real dispersion curve. (top) 

Love waves; (bottom) Rayleigh waves. 
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Figure A.S. Group velo city of the fundamental mode obtained by IT AN of Rayleigh waves synthetic 

seismograms for different depths, with the hypocentral distance and the time correction. The solid Line 

is the rea! dispersion curve. 

The group velocities, obtained for a fixed period along different paths, are 

transforrned into a 2-D group velocity distribution under the assumption that the 

lateral variations of the Earth's structure are small. The surface wave tomography 

method proposed by Ditmar and Yanovskaya (1987) and Yanovskaya and Ditmar 

(1990) is used to obtain tomographic maps. The method is an extension of the 

classica} 1-D Backus-Gilbert (1968) inversion approach and it is used to resolve the 

2-D linearized inverse problem considering as data the travel times along different 

paths, that are assumed to be straigbt lines. T o check sucb an assumption, that can be 

inadequate when strong lateral variations of velocities are present, as one could 

expect at periods less tban 20s, we performed tomography also with curved rays by 

the method of Y anovskaya et al. (1998) but the group velocities obtained at different 

periods with the two variants are not significantly different. 

W e estimated the horizontal resolution of the 2-D tomograpbic maps according 

to the formalism proposed by Yanovskaya (1997). A functional is defmed for 

different orientations of the coordinate system in order to determine the sizes of the 
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averaging area - corresponding to the averaging length of the 1-D inverse problem of 

Backus and Gilbert (1968) - along different directions. The averaging area can be 

approximated by an ellipse, centred in a point of our region, with axes equal to the 

largest and to the smallest values of the functional. The averaging area width, a, 

characterizes the data resolvability. The elongation, &, of the averaging area is given 

by the ratio of the difference between the maximum and the minimum sizes of the 

area to its mean size. Small values of & (s < 0.5) imply that the traces are oriented 

more or less uniformly along ali directions; if the elongation values are larger than 

unity, paths have a preferred orientation and the latera! resolution in that direction is 

quite small. 

The tomography program computes the group velocity at fixed periods, for 

each knot of a preassigned grid. At each celi of the grid we assign an average 

dispersi o n curve computed as the average of tbe group velocities obtained at the four 

comers of each celi. The cells whose velocity values at each period differ from their 

mean values by less than one standard deviation are grouped to defme a region. Such 

a process is named "regionalization". The measurement error associated to each 

period of the regional average dispersion curves is estimated from the difference in 

the group velocity values determined along similar paths crossing similar areas. 

Tbe regional dispersion curves are used as data to perform the non-linear 

inversion with the Hedgehog technique (Valus et al., 1969; Knopoff, 1972; Valus, 

1972; Biswas and Knopoff, 1974; Panza, 1981), in order to obtain the shear wave 

velocity models for the Campi Flegrei area within the uppermost part of the crust. 

The structural mode! is parameterised as a set of homogeneous isotropic layers, each 

one defined by compressional (V p) and shear wave veloci ti es (V 5), thickness and 

density. The set of mode! parameters is varied within a preassigned volume in the 

parameter space and then group velocities are computed. To cboose the ranges of 

variability of velocity and layer thickness parameters, we take into account tbe 

resolving power of the data (Panza, 1981 ). A mode l is accepted when the computed 

group velocity curve at any given period lies within the single point errors of the 

observed data, that in our case are between 0.07-0.09 km/s, and the root mean square 

(r.m.s.) difference between the model ' s curve and the observed data, is less than a 
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fraction of the average of the single point errors, that is usually around 60% (V alus, 

1972; Panza, 1981 ). The problem is no t unique and a set of solutions is usually 

accepted. 

A.3.2 RESULTS AND DISCUSSION 

Using the data described in section 2, we processed 76 epicentre to station 

paths (Fig. A.3.1) in the peri od range between 0.2 and 2 seconds that can reso l ve the 

uppermost 1.5-2 km of the crust. 

Tomographic maps evaluated at the periods of 0.3, 0.5 and 1.5 seconds are 

presented in Fig. A.6. In Fig. A.7 we plotted the distribution of & at the period of 

0.5s. Three main anomali es can be recognized in the maps: (l) in the gulf, 

approximately corresponding to the centrai part of the Campi Flegrei caldera; (2) in 

the area occupied by the Astroni volcano; (3) around the Gauro volcanic area. The 

inland negative anomalies observed in our maps correlate well with the low V5 

regions singled out by Aster and Meyer (1989) within the uppermost 2 km of the 

crust. De Lorenzo et al. (200 l a, 200 l b) almost in correspondence with the lo w V s 

zones observed inland, retrieve low Qp areas indicating an increase of permeability 

and fluid circulation (De Lorenzo et al., 200la). Ali our maps evidence a persistent 

anomaly of group velocity at sea (in the Gulf of Pozzuoli) that has not been 

evidenced by previous studies. The observed anomaly is in correspondence with a 

marked Bouger minimum centred at Campi Flegrei caldera (AGIP, 1987). Such a 

minimum could indicate an innermost recent collapse of the caldera due to the 

Yellow Tuff eruption of 12.000 years b.p. (De Natale et al., 2001). The coexistence 

of negative anomalies both in group velocity and gravity (Bouger anomalies) implies 

a decrease of elastic parameters and density of the sampled materials. 

According to the criterion of "regionalization" described in section A.3.1 , we 

subdivided the Campi Flegrei area into three regions: ASTRONI, GOLFO and 
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GAURO. The linear dimensions of the regions are comparab1e or greater than the 

spatia1 reso1ution that, in our case is of the order of 2 km. We computed the 

distribution of the 1inear size of the averaging area a (that characterizes the spatia1 

resolution) in ki1ometres for the Ray1eigh waves at different periods, and we show as 

example the distribution of a for the period of 0.5 seconds (Fig. A.8(a)). 
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Figure A.6. Tomographic maps of the group velocity of the Rayleigh waves for different periods: 

0.3s, 0.5s, and 1.5s. The percentage variation of lhe group velocity vs. the mean velocity (Ref. V el.) of 

the investigated area is plotted. Areas with poor resolution are in white. 
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Figure A. 7. Distribution of the elongation parameter E at the period of 0.5 seconds. 

In our study w e invert only the V 5, whereas the V P are deduced from the V rfV s 

ratio. We frrst considera poissonian medium, fixing in the inversion VrfVs =.J3, and 

then w e introduce the V rfV s values averaged for each region from Aster and Meyer 

study (1988), equal to 1.72, 1.78, and 1.85 in the Gauro, Astroni and Golfo regions 

respectively. With these values for the Astroni and Golfo regions we obtain a larger 

number of solutions than in the case of poissonian solids. This can be taken as 

indication that the presence of non-poissonian solids is quite consistent with the 

measurernents in the studi ed region (Panza, 1981 ). The values of the quality factor 

bave been extrapolated from De Lorenzo et al. (2001b). In Fig. A.8 (b,c,d) we plot ali 

the solutions found by the inversion within the uppermost 2 km of the crust. The 

solutions that we select to define the structural models used for source studies 

correspond to that with the rninirnum r.m.s. Another criterion of selection could be to 

choose the solution with the r.m.s. closer to the r.m.s. averaged for ali the areas. The 

solutions selected with this criterion are slightly different with respect to our choice, 
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but do not change the overall picture; indeed the low velocity channel m Gauro 

(V5=0.57 km/s) thick about 0.22 krn is present in all the solutions. 
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Figure A.8. (a) Distribution of the linear size of the smoothing area in km for the Rayleigh waves at 

the period of 0.5s and shear-wave velocity models (b,c,d) obtained after the inversion of the three 

regional dispersion curves, Gauro (b), Astroni (c) and Golfo (d). Shadowed areas represent the 

parameter space explored during the inversion. Solid lines are the structural models obtained as 

solution and bold solid line is the mode! with the minimum r.m.s., that we chose as representative of 

each region. Dashed lines represent the structural mode! given in a previous paper by Campus et al. 

(1993). 

Our velocity rnodels, which are characterized by V s lower than l km/s in ali the 

three regions within the first kilometre, at l krn of depth are comparable with those 
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obtained by Aster and Meyer (1988, 1989). At depth of about 1.8 km Vs is about 1.9 

km/s in Golfo and Gauro (Fig. A.8b-d), and 1.35 km/s in Astroni (Fig. A.8c). The 

structure below 2 km has been fixed accordingly to the model compiled by Campus 

et al. (1993) that collects information taken from literature (Mirabile et al., 1989; 

Ferrucci et al. , 1989; Calcagnile and Panza, 1981). 

A.4 MOMENT TENSOR FROM WA VEFORM INVERSION 

A.4.1 METHOD 

To study the seismic moment tensor we apply the method developed by Sileny 

et al. (1992), Sileny (1998) (INP AR method). The method, its limits and possibilities 

have already been described in chapter 2. 

The moment tensor is decomposed into a volumetric part (V) representing 

volume changes, a CL VD related to lenticular crack activation accompanied by 

possible fluid motion, and a double couple (DC) part due to dislocation movements. 

In this study we quantify the CLVD, DC and V components ofthe source mechanism 

using the scalar seismic moment relation M10 / =Mde/+Mis/ (Silver and Jordan, 

1982) where Mtot is the total seismic scalar moment, Mdev and Miso are the deviatoric 

and the isotropic seismic moment respectively. The deviatoric moment is obtained as 

the sum of the DC and CL VD seismic moment. The percentage of deviatori c part is 

computed as (Mde} IMto/J-1 00 whereas Mis/IM10 / computes the percentage of V 

component. Such formalism provides us with equivalent information to the 

representation adopted by Saraò et al. (200 l). The reliability of the components is 

checked through the errar analysis that takes into account the variance due to the 

noise in the available records and to an improper modelling ofthe Green's functions. 

The variance is tumed into confidence regions of the eigenvalues and eigenvectors of 
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the moment tensor and into error bars of the source time function. The method of 

Riedesel and Jordan (1989) is used to represent the error confidence ellipses on the 

mechanism. Panza and Saraò (2000) have proved how inconsistencies in the 

modelling, due to wave propagation effects or inadequate structural model, are 

turned into a large spurious compensated linear vector dipole component (CL VD). 

Nevertheless by the error analysis applied it is possible to discriminate spurious non

double couple and physically meaningful solutions (Panza and Saraò, 2000). 

A.4.2 RESUL TS AND DISCUSSION 

Synthetic tests should precede the analysis of real data to investigate possible 

artefacts in the solutions due to numerica} noise or to station configuration. The 

source time function is modelled by a series of triangles, with half-base equal to the 

sampling step of the data (0.05s ), overlapping in their half-width (Nabelek, 1984). 

Therefore an important choice concerns the number of triangles used to model the 

source time function, as well as the damping factor, used by the damped least squares 

algorithm in the first step of the inversion. By means of synthetic tests Saraò ( 1997) 

proved that a large number of triangles and a very small damping factor increase the 

isotropic component and the scalar seismic moment, whereas the orientation of the 

best double couple and the hypocentral depth are not affected by such a choice. For 

each study case, depending on the station distribution and on the quality of data, 

synthetic tests are necessary in order to find the proper damping and number of 

triangles that minimize spurious solutions. Guidarelli et al. (2000) found by synthetic 

tests that, for the Campi Flegrei data, the proper number of triangles that minimize 

the isotropic components is 5 with a damping factor of l o-2
. With our sampling rate, 

the upper limit duration of a source composed by 5 triangles is as large as 0.6s, a 

quite reasonable upper limit for the studied events. In Fig. A.9a and Fig. A.9b we 

show, as example, the results of an inversion performed on real data using 20 
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triangles (case a), and 5 triangles (case b) to invert the source time functions. The 

orientation of the best double couple is stable as well as the source depth that varies 

from 3.5 (case a) to 4 km (case b). On the contrary the isotropic component decreases 

from 7 4% (case a) t o 4 7% (case b) as well as the correlation of the signals from O. 85 

(case a) to 0.55 (case b), while the CLVD component increases from 12% (case a) to 

42% (case b). This change of the absolute values of the non-double couple 

components does not affect our analysis. Indeed, the monitoring of a time dependent 

phenomenon can be made in relative terms therefore we are interested mainly in the 

relative time evolution of the reliable non-double couple components. 

Panza and Saraò (2000) showed that inadequacies of the structural models 

affect the CL VD components, which may be off by 40% in case of poorly known 

structures and that a spurious non-double couple can appear in the solutions due to 

the station configuration orto numerica! noise. For the Campi Flegrei area l 0% is the 

percentage below which the moment tensor components cannot be distinguished 

from the numerica! noise (Guidarelli et al. , 2000). 

At first we employ the structural model used by Campus et al. (1993) 

(INVERSION l) to compute the Green' s functions. In this model the P-wave 

velocity distribution has been defmed using the data recorded inside the Pozzuoli 

Gulf during a reflection seismic survey for the frrst 3.5 km (Mirabile et al., 1989). 

From 3.5 km depth down to the Moho (about 26 Km) the results ofthe deep seismic 

soundings have been used (Ferrucci et al., 1989) whereas for the upper mantle, the 

average velocity has been deduced from surface wave dispersion measurements 

(Calcagnile and Panza, 1981 ). The density mode l was defined from measurements 

and gravimetrie inversion (AGIP, 1987), while for the Q distribution with depth, 

failing detailed information for the area, two sets of values were adopted: the first 

one with Qs equal to l 00 in the crust and 200 in the mantle; the second one obtained 

from the frrst one decreasing the Q5 value in the shallow layers. 

Another inversion (INVERSION 2) is performed considering as velocity models, to 

compute the Green functions, those obtained in this study (thick lines in Fig. A.8); 

for each path the model has been chosen depending on the epicentre location of each 

event and on the position of the stations. The density values are taken from AGIP 
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(1987) whereas the Q model has been extracted from a recent study of the 

attenuation values in the area (De Lorenzo et al. , 200lb). 

a) 

b) 

MOMENT TENSORS 
N 

211 38 39 / 89 67 122 
Me= 8.32E+ 1 O Nm 

Depth = 3.5 km 

MOMENT TENSORS 
N 

27566 160 / 13 72 26 
Mo= 7.53E+10 Nm 

Depth = 4.0 km 

SOURCE TI ME FUNCTIONS 

:tr%\ A::J 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

T l M E (sec) 

SOURCE TI ME FUNCTIONS 

rol/\ : l 
o o. 1 0.2 0.3 0.4 0 .5 0 .6 

T l M E (sec) 

Data fit Correlation: 0.85 
RMS of factorization: 0.85 
CLVD%: 12 
V%: 74 

Data fit Correlation: 0.60 
RMS of factorization: 0.68 
CLVD%:42 
V%: 47 

Figure A.9. Synthetic tests to evaluate the effect of the damping and number of triangles on the 

solution of the moment tensor. (a) 20 triangles an d a damping of 10'3; (b) 5 triangles an d a damping of 

10·2• 

T o increase the stability of the solutions we reduce the number of unknowns, fixing 

the epicentre -the best-constrained parameter- to the values computed by Del Pezzo 

et al. (1993) and we invert only for the hypocentral depth and the six components of 

the moment tensor. In the E-W cross sections drawn in Fig. A.l O, the hypocentres 

obtained by Del Pezzo et al. (1993) (Fig. A .l Oa), by Campus et al. (1993) (Fig. 

A.lOb) and by our two inversions, INVERSON l (Fig. A.lOc) and INVERSION 2 

(Fig. A. l Od) are plotted for comparison. 
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Figure A. lO. E-W vertical cross section with the hypocentres of the earthquakes analysed in this 

study. The numbering corresponds to that of T ab le l . Hypocentral depths obtained by: (a) Del Pezzo 

et al. ( 1993); (b) Campus et al. (1993); (c) INVERSION l in this study; (d) INVERSION 2 in this 

study. 

The differences between the four sets of hypocentres are qui te small and within 

the observational errors, with the exception of event l that is shallower (2.8 km) in 

INVERSION 2. The comparison between INVERSION l and INVERSION 2, 

performed using the same algorithm but with different structural models reveals that 

the focal depth solutions are quite robust. 

In Fig. A.ll we report for each event, nurnbered as m Table A.l , the 

waveforms fit for INVERSION 2, whereas in Fig. A.l2a we plot the focal 

mechanisms, together with the Riedesel and Jordan plot (Fig. A.12b ), representative 

of the errors on the moment tensor components. The position of L ellipse with 
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respect to the eigenvectors d, l or l', and i, indicates the reliability of the components 

found (Table A.2). For earthquakes occurred in the same area and during the same 

day (Fig. A.13), the focal mechanisms are consistent within the errors, and the 

orientations of the P and T axes single out a stress fie l d orientation in agreement with 

the investigation of De Natale et al. (1995), performed on the seismicity of an intense 

swarm occurred on Aprii l, 1984. We obtain stable focal mechanisms and 

components (e.g. for events 5 and 7; or 8 and 9) when inverting, for the same event, 

waveforms recorded by different groups of stations. 

When comparing the results from INVERSION 2 with the results from 

INVERSION l we see that in generai the orientation of the best double couple is 

stable and that INVERSION 2, which seems to be preferable, reduces the error areas. 

Most of the source time functions obtained in INVERSION 2 (Fig. A.l4) are simple 

(one or two peaks with duration not exceeding 0.5 s), some other show complexities 

as one could expect in volcanic seismicity and in generai they differ from the results 

ifiNVERSION l. 

As example of INVERSION l, we show the results obtained for events 5 and 

18 (Fig. A.l5). 

In Table A.2 the value of the scalar seismic moment, the hypocentral depth, the 

percentage of DC, CL VD and V components, obtained in INVERSION 2 are listed 

for each event. 

The percentage values of DC, CL VD and V (Fig. A.l6a) plotted together reveal 

that most of the events are deviatoric ones even if there is an increment of the 

isotropic component related to an increase of the seismic rate during Mare h 19 (Fig. 

A.2), vice versa for CL VD components. This is also confurned looking at the 

representation of the V component vs. time (Fig. A.16b ). A similar pattem is 

obtained considering the results of INVERSION l (Fig. A.l6c). W e do not observe 

any correlation of the DC, CL VD an d V components with depth. 
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Figure A. l l. Waveform fit for ali the events analysed. Numbers on the top correspond to those of 

T ab le A l . For each case we report the epicentral distances (Ds) and the starting time (Dt) of the 

temporal window containing the inverted signa( (left), whereas the peak amplitudes and the 

correlation value (Corr) are reported on the right. 
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Figure A.l2. (a) Fault piane solutions of the study earthquakes detennined by unconstrained 

waveform inversion. (b) Display of the source mechanisms with confidence error ellipses following 

the Riedesel-Jordan (1989) representation: L is the vector describing the total mechanism, d is the DC 

vector, l and l' are the CLVD with major dipole along the tensional and the pressure axes respectively, 

i represents a pure V, T, P and B indicate the tensional, compression and null axes. Triangles pointing 

downwards are vectors in the Jower hemisphere; triangles pointing upwards are vectors on the upper 

hemisphere. The dashed line represents the locus of the deviatoric mechanism. Hatched areas around 

the L, P, T, and B axes are the projections of the confidence ellipses onto the focal sphere. The 

distance ofL from the vectors i, d , l, and l' displays the share ofV, DC and CLVD part, respectively. 
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N° ofevent Date Depth Mtot 
(1012Nm) 

V(%) CLVD(%) DC(%) M w 

l 15/3/84 2.8 0.08 0.7 12.8 86.5 1.2 
2 15/3/84 3.3 0.07 93.2 0.6 6.2 1.2 
3 16/3/84 1.3 0.16 1.8 57.2 41.0 1.4 
4 18/3/84 1.5 0.20 6.0 59.9 34.1 1.5 
5 18/3/84 3.9 0.1 o 14.5 33.5 52.0 1.3 
6 18/3/84 2.8 0.11 0.3 36.6 63.2 1.3 
7 18/3/84 3.4 0.11 2.4 32.7 64.9 1.3 
8 19/3/84 1.9 0.15 1.6 52.8 45.5 1.4 
9 19/3/84 4.0 0.16 11.1 50.4 38.5 1.4 
10 19/3/84 4.0 0.10 3.5 30.8 65.6 1.3 
12 19/3/84 2.3 0.16 39.0 36.7 24.3 1.4 
15 19/3/84 1.5 0.20 60.4 25.9 13.7 1.5 
17 20/3/84 2.8 0.15 41.0 31.1 27.7 1.4 
18 20/3/84 4.3 0.12 56.1 20.2 23.7 1.4 

Table A.2. Results of INVERS[ON 2 for events recorded at the Phlegraean Fields. Events are 

numbered according to Table A.l. Mtot: complete scalar seismic moment; V(%) percentage of 

volumetric component; CLVD(%): percentage of CLVD component; DC(%): percentage of double 

couple component; Mw: magnitude from scalar seismic moment. Reliable values ofV, CLVD, and DC 

components are in bold. 

14' 05' 14' 10' 

-------,---

40' 50' 

TYRRHENIAN SEA 

Longitude (deg) 

Figure A.l3. Map with the foca! mechanisms retrieved by INVERSION 2. 
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Figure A.14. Source time functions obtained by INVERSION 2. Numbering corresponds to that of 

T ab le l. The peak values are ali normalized to l . Only the shadowed area is reliable. 
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Figure A.lS. Examples of the results obtained by INVERSION 1. The waveform fit, the foca! 

mechanism and the source time function of events 5, and 18 (see T ab le 1) can be compared with the 

solutions obtained by INVERSI ON 2. 
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Figure A.16. (a) Triangular representation of all the moment tensor components and (b) percentages 

of DC, CL VD and V plotted versus time, as obtained by INVERSI ON 2 (numbering corresponds to 

that ofTable l); (c) Percentages ofDC, CLVD and V versus time as obtained by INVERSION l . 
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A.S COMPLETE CRUSTAL MODELS FOR THE CAMPI FLEGREI AREA 

Panza et al. (2003) bave proposed new structural models for the 

litbospbere/astbenospbere system ( elastic properties an d thickness of the crust, li d 

and astbenospbere) for cells l 0 X l 0 in tbe Calabrian Are and adjacent seas. Tbey 

obtained tbe models througb tbe non-linear inversion of local dispersion data, 

obtained from surface wave tomograpby, using as a priori and independent 

information, seismic data derived from previous studies. 

Eacb cell studied by Panza et al. (2003) is characterized by average dispersion 

curves of group velocity in tbe period range l 0-35 sec, and of pbase velocity in tbe 

peri od range of 25-100 sec. The l 0 X l o celi corresponding to tbe Neapolitan volcanic 

area is named A4 in tbe Panza et al. (2003) study. The dispersion relations for tbat 

celi are reported in table A.3. 

Celi A4 (14.5; 40.5) 

Peri od u pg c P oh 

(s) (km/s) (km/s) (km/s) (km/s) 

IO 2.36 0.20 
15 2.45 0.17 
20 2.63 0.15 

25 2.76 0.15 3.64 0.11 
30 3.06 0.16 3.69 0.09 
35 3.20 0.32 3.73 0.08 
50 3.85 0.06 

80 3.94 0.06 
100 3.98 0.06 

r.m.s. 0.12 0.055 

Table A.3. Group and phase mean velocity data with their single point errar and r.m.s., for each l 0 Xl 0 

celi, used by Panza et al. (2003). 

The average dispersion curves, representative of tbe area, bave been used by 

Panza et al. (2003) to perform tbe non-linear inversion witb the Hedgehog metbod. 
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Following this procedure, in the elastic approximation, the structure is modelled as a 

stack of N homogeneous isotropic layers, each one defined by compressional and 

shear wave velocities, thickness and density. The structure is parameterized and each 

parameter can be fixed ( during the inversi o n the parameter is bel d constant using 

independent geophysical evidence), independently (the variable parameters that can 

be well resolved by the data) or dependently (the parameter has a fixed relationship 

with an independent parameter). 

The solution (V5 versus depth) chosen for the A4 cell from the surface to the 

depth of 250 km is reported in blue in figure A.l7. As we can see, there is a low V5 

layer (as low as about 3.35 km/sec) that characterizes the uppermost mantle. Panza et 

al. (2003) found that the V5 distribution versus depth in the Campi Flegrei and 

Vesuvius area are remarkably similar to those in the Stromboli volcano area. 

We decided to merge the long period dispersion data used by Pontevivo and 

Panza (2002) for the Neapolitan volcanic area and the short period data determined 

in this study, to define three average dispersion curve, one for each region outlined in 

the previous sections (ASTRONI, GOLFO, GAURO). In Table A.4 are reported the 

dispersion relations for the three sub regions. We have used as a starting structural 

model the solution obtained by Panza et al. (2003) (in blue in Fig. A.17). 

We bave inverted for 12 parameters in each region: the uppermost layers are 

fixed according to the results of Guidarelli et al. (2002): the layers under 31km are 

fixed according to the solution obtained by Panza et al. (2003). The parameterization 

used for each ofthe three regions is in Table A.5. 

The structural models obtained are reported in Fig. A.17. In Fig. A.l7 it is 

possible to compare the structural models obtained in this study, which are plotted in 

red, (among the solutions, we selected for each region the solution corresponding to 

the mean r.m.s.; see APPENDIX B for explanation) with the one of Panza et al. 

(2003) (in blue). 

In Table A.6 we report the range of variability of the parameters h (thickness) 

and V5 for each layer ofthe chosen solution. The Phlegraean Fields are characterized 

by a thin continental crust (about 15 km thick), below which there is a mantle wedge. 
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The upper crust may contain a well-developed low velocity layer, centred at a 

depth of about l O km. Zollo et al. (2003) also found no evidence for magma bodies 

undemeath the Campi Flegrei caldera down to 4-5 krn depth. 

ASTRO NI GOLFO GAURO 
Peri od u P ~t c P oh u P a c P oh u pg c PPh 

(s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) 

0.3 0.69 0.05 0.69 0.09 l 0.87 0.08 

l 0.83 0.07 l 0.92 0.07 0.98 l 0.08 

2 0.79 0.09 0.9 1 0.08 0.93 0.07 

IO 2.36 0.20 2.36 0.20 2.43 0.12 
15 2.45 0.17 2.45 0.17 2.63 0.11 
20 2 .63 0.15 2.63 0.15 2.72 0.09 
25 2.76 0.15 3.64 0.11 2.76 0.15 3.64 0.11 2.92 0. 10 3.64 0.1 1 

30 3.06 0.16 3.69 0.09 3.06 0.16 3 .69 0.09 3.07 0.1 1 3.69 0.09 
35 3.20 0.32 3.73 0.08 3.20 0.32 3.73 0.08 3.13 0.1 6 3.73 0.08 
50 3.85 0.06 3.85 0.06 3.85 0.06 

80 3.94 0.06 3.94 0.06 3.94 0.06 
100 3.98 0.06 3.98 0.06 3.98 0.06 

r.m.s. 0.09 0.055 0.09 0.09 0.09 0.055 

Table A.4. Group and phase mean velocity data with their single point error and r.m.s., for each of the 

three regions out lined in this study (ASTRONI, GOLFO, GAURO). 
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ASTRONI GOLFO GAURO 

h Vs V p h Vs V p h Vs V p 

(km) (km/s) (km/s) (km) (km/s) (km/s) (km) (kmls) (km/s) 

0.46 0.71 1.27 0.46 0.71 1.27 0.46 0.71 1.27 
0.37 0.80 1.43 0.37 0.80 1.43 0.37 0.80 1.43 
0.30 P6 P6x1.785 0.30 P6 P6xl.85 0.30 P6 P6x1.72 
P l P7 P7x1.785 P l P7 P7xl.85 P l P7 P7xl.72 
P2 P8 P8x1.785 P2 P8 P8xl.85 P2 P8 P8xl.72 
P3 P9 P9xl .785 P3 P9 P9xl.85 P3 P9 P9x1.72 
P4 PIO P10x1.785 P4 PIO PIOxl.85 P4 PIO Pl0x1.72 
P5 P Il Pllx1.785 P5 PII Pllxl.85 P5 PII Pllxl.72 

10 Pl2 P12xl.785 10 P12 P12xl.85 lO P12 P12x1.72 

h Step Range h Step Range h Step Range 
(km) (km) (km) (km) (km) (km) (km) (km) (km) 

P! l 0.3-1.3 P l 0.5 0.3-1.3 P l l 0.3-1.3 
P2 2 0.3-4.3 P2 2 0.3-7.8 P2 2 0.3-4.3 
P3 3 l-7 P3 2 2-8 P3 3 1-7 
P4 3 4-1 o P4 .... 

.) 4-1 o P4 3 4-10 
P5 .... 

.) 4-10 P5 3 4-10 P5 3 4-10 

Vs Step Range Vs Step Range Vs Step Range 
(km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) 

P6 0.20 0.40-1.70 P6 O. IO 0.50-1.70 P6 0.15 0.50-1.70 
P7 0.50 0.80-2.30 P7 0.20 1.00-2.20 P7 0.20 0.70-2.00 
P8 0.60 2.10-4.00 P8 0.30 1.90-4.00 P8 0.40 2.10-4.00 
P9 0.50 2.80-4.40 P9 0.50 2.80-4.40 P9 0.40 2.80-4.40 

P lO 0.40 2.00-4.20 PIO 0.40 2.30-4.20 PIO 0.50 2.00-4.20 

PII 0.50 3.20-4.60 PII 0.50 3.20-4.60 PII 0.45 3.20-4.60 

P12 l 0.20 3.00-4.80 Pl2 0.20 3.00-4.80 P12 0.40 3.00-4.80 

Table A.S. Parameterization used in the non-linear inversion in this study. Grey area: h (thickness), 

v. and V P of each layer. The variable parameters are P i, with i= l , ... 5 for thickness and i= 6, ... 12 

for v •. White area: step and variability range for each parameter Pi. The inverted velocities have 

always the second decimai value equa! to O or 5. 
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ASTRONI GOLFO GAURO 
h Vs h Vs h Vs 

(km) (km/s) (km) (kmls) (km) (kmls) 

1.5 0.00 
0.46 0.71 0.41 0.64 0.34 0.79 
0.37 0.80 0.21 0.67 0.22 0.57 
0.30 0.6-0.8 0.27 0.4-0.5 0.35 0.8-1.0 

0 .3-0.8 1.1-1.6 0.3-0.8 1.6-1.8 0.3-0.4 0.7-0.9 
0.3-2.3 1.8-2.4 4.7-6.7 2.55-2.85 0.6-1.6 2.1-2.5 
4.5-7.0 3.7-4.2 3-5 3.9-4.4 6-8 3.45-3.85 
4.5-7.5 2.95-3.35 5-7.5 2.75-3.15 6-8 2.5-3.0 

7.5-10 3.2-3.7 6-8.5 3.9-4.4 6-8 3.72-4.12 

* 3.05-3.25 * 2.95-3.15 * 3.15-3.55 

105 4.50 105 4.50 105 4.50 

Table T .6. Range of variability of the parameters h (thickness) and Vs for each layer of the chosen 

solution. In the table the inverted quantities are rounded off to 0.05km/s. The chosen solution does no t 

necessarily fall in the centre of the range that can be smaller than the step used in the inversion. The 

thickness marked by * is not a truly inverted parameter, but it satisfies the condition that the total 

thickness from the free surface to the top of the fixed upper manti e is equa l t o a predefined quantity H. 

In this study H=31 km. The structure deeper that H is the same for ali the three regions an d it has been 

fixed accordingly with Panza et al. (2003). 

A.6 CONCLUSIONS 

We have performed the waveform inversion, using the structural models obtained 

with surface wave tomography, to retrieve the seismic moment tensor components 

that we compare with those obtained using a structural mode! proposed in the 

literature. The comparison reveals that the foca! depth and the orientation of the best 

double couple are robust within the confidence areas, while the source time functions 

are more sensi ti ve to the variation of the structural model used. The confidence areas 

are reduced when the new structural models are used. 
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From the reliable solutions, we find focal mechanisms with P and T axes oriented in 

agreement with the stress field orientation found in the area by other independent 

studies (De Natale et al. , 1995). The analysis of the moment tensor components 

highlights that most of the mechanisms were deviatoric ones and that the isotropic 

component increases for the events of March 19, when there is a relatively 

significant change in the seismicity rate with respect to the time interval investigated. 

The tomographic maps obtained from surface waves analysis highlight anomalies in 

three different regions around the Pozzuoli Gulf where we propose three different 

average structural models as representative of the uppermost crust of each area. 

The availability of long peri od data, in the range l O-l OOs, allowed us to complete the 

definition of the structural models for the three regions outlined in the Campi Flegrei 

area. These models show a low velocity layer, centred at a depth of about l O km. 
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Figure A.l7. The set of solutions (thin lines) obtained through the non-linear inversion of dispersion 

relations of each region. The solution chosen as representative of the region is plotted in red. The 

investigated parameters space (grey zone) and the solution proposed by Panza et al., (2003) for the 

Neapolitan volcanic area (blue line) are shown as well. 
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APPENDIXB 

ABOUT THE R.M.S. OF THE SOLUTIONS OBT AINED WITH THE 

'HEDGEHOG' METHOD 

When we consider inversion of real data using Hedgehog, the solution 

corresponding to the real structural model should be the one with the minimum 

r.m.s., for phase and group velocity, if experimental data were affected by random 

errors only. In generai, systematic errors affect the determination of phase and group 

velocity; errors in event location, errors in the determination of origin time, and non

correct interpretation of operators are the most common. The question is which one 

of the Hedgehog solutions should be preferred as representative of the real structural 

model? 

W e take as starting structural model one of those obtained inverting a given set 

of phase and group velocity data (see APPENDIX A); the phase and group velocities 

corresponding to that model are those reported in Table B.l. If we invert the data of 

Table B .l , o ne of the solutions corresponds t o the starting model, an d ha ve a null 

r.m.s. for both phase and group velocity, while the average r.m.s. is 0.018 km/s for 

phase velocity and 0.057 km/s for group velocity. 
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Peri od Phase velocity Error Group velocity Errar 
(s) (km/s) (km/s) (km/s) (km/s) 
100 4.018 0.060 
80 3.944 0.060 
50 3.825 0.060 
35 3.732 0.080 3.399 0.320 
30 3.662 0.090 3.180 0.160 
25 3.535 0.110 2.854 0.150 
20 2.572 0.150 
15 2.509 0.170 
IO 2.355 0.200 
2 0.774 0.090 
l 0.850 0.070 

0.3 0.653 0.050 

Table B.l. Phase and group velocity data used in this test. 

W e decided t o systematically perturb some of the phase an d group velocity data 

in arder ta check the effect, of possible systematic errars, an Hedgehag salutions and 

theìr r.m.s. 

W e have first perturbed by 0.02 km/s three values of the graup velocìty data, 

thase at periads 1,15, and 30 sec (0.850~0.870; 2.509~2.529; 3.180~3.200). In 

this case the salutian carrespanding ta the real structural madel has got the r.m.s. 

equal ta 0.012, while the mean r.m.s. af ali the salutions is 0.029. 

We have perfarmed ather tests with different values af the graup velocity 

perturbatian. In Table B.2 the perturbatian values used far each test are reparted. 

Starting value I test II test III test IV test 
0.850 +0.020 +0.020 +0.025 -0.020 
2.509 +0.020 -0.060 -0.050 +0.060 
3.180 +0.020 -0.075 -0.080 +0.075 

Table B.2. Values ofthe perturbations (in km/s) to the group velocity starting value used in each test 

ofthis study. 
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In each test the solution that corresponds to the real (starting) model has the 

r.m.s. not equal to zero but it assumes a value between 0.032-0.033 km/s. That value 

of r.m.s. is not equal to the minimum r.m.s. of all the solutions. 

We then decided to perturb ali the group and phase velocity data: we added 

0.033 km/s to all the group velocities and -0.020 km/s to all the phase velocities, to 

mimi c a possible systematic error in the determination of velocities (inversion I). The 

number of solutions found by Hedgehog increases with respect to the previous tests; 

for phase velocity the average r.m.s. is 0.018 km/s while the r.m.s. of the solution 

corresponding to the real structural model is 0.020 km/s; for group velocity, the 

average r.m.s. is 0.068 km/s and for the real solution the r.m.s. is 0.037 (see fig. B. l , 

(a) group velocity, (b) phase velocity). 

We increased again the perturbation (+0.050 km/s for periods above lOs) 

(inversion II). In this case the r.m.s. for the real solution tends to the mean r.m.s. for 

phase velocity and group velocity; actually, the r.m.s. for the real solution 

corresponds exactly to the mean r.m.s. in case of phase velocity (see fig. B.2, (a) 

group velocity, (b) phase velocity). 

These tests seem to assess that in presence of systematic errors m the 

experimental data, the solution of the inversion, which is less affected by them, is 

that with the mean r.m.s. The previous considerations suggest that a good criterion to 

select the solution of the Hedgehog representative of the study regio n is to choose the 

solution with the average r.m.s. 

134 



0.04 • 
• • 

• • 
0.03 • • 

cO • •• • • 
É 
..: 

• • 0.02 • • • • 
• • 
•••• • • 0.01 • • • • • • • • • • • A average r.m.s. 

o o 5 10 15 20 25 30 35 
Solutions 

Figure B.t. Average r.m.s. for inversionI; (a) group velocity; (b) phase velocity. 
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Figure B.2. Average r.m.s. for inversion II; (a) group velocity; (b) phase velocity. 
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