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Introduction

Potential field data hold a leading role in geologic-structural applications, and
becomes even more significant when applied to extremely inaccessible zones such
as oceanic basins or non-anthropized areas. Aero-naval surveys make it possible to
cover large areas in a short time in order to define their deep crustal features, which
are otherwise not accessible by other direct methods. The analysis of magnetic field
data is particularly effective in the study of those crustal portions characterized by
lateral variations in magnetic susceptibility, and therefore magnetic analysis is often
applied in areas where sub-volcanic bodies or relic portions of oceanic nature are
located within sedimentary deposits.

The aim of this thesis is the development of a tridimensional model of the 41%¢
parallel zone departing from potential field data. The name 415! parallel indicates a
geographic zone lying along N41°of latitude, an area longitudinally defined between
the Continental Campanian Margin (Gulf of Naples and Ischia and Procida islands)
and the northeastern portion of the island of Sardinia.

From a geological point of view, the 41% parallel is a complicated area con-
taining a number of geological structures: submerged volcanic bodies such as the
Vercelli and Cassinis seamounts, emerged edifices associated with the Pliocenic-
Quaternary volcanism of the Central Tyrrhenian sea (Palmarola, Zenone, Ponza,
Ischia and Procida) and several deep fault structures such as the E-W Ponza fault.
It is still not clearly understood how the structural setting of the 415! parallel zone
was formed and developed, partly due to the fact that is an inaccessible area and
its main geophysical evidence are represented by magnetic data.

Observation of the magnetic anomalous field shows an alignment of several
magnetic anomalies along the N41°latitude lying on the main structural evidences
of the area, which is in apparent conflict with the bathymetric data and related
information. I therefore attempt to gain more detail from the magnetic data in

order to provide a quantitative analysis giving further insight into the 415 parallel
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zone.

The magnetic data used for our 3D magnetic model is taken from the dataset of
the Aeromagnetic Anomaly Map of Ttaly (Caratori Tontini et al., 2004). The original
magnetic dataset includes the total intensity field of Italy and its surrounding seas
acquired partly during the aeromagnetic surveys performed by Agip (now Eni-Spa)
between 1971 and 1980 and partly during new surveys in the years 2001-2002 (Eni,
Exploration & Production Division - Igmar, La Spezia). A cesium-magnetometer
was used to record the magnetic data uniformly, after which the raw data was
reprocessed to produce an updated magnetic anomaly map which contains a wealth
of useful information in good agreement with the sea-level map of Chiappini et al.
(2002).

In the first chapter of this thesis I describe the overall geological and structural
features of the Tyrrhenian sea but I also analyse the 415! parallel zone commencing
from the data available in current literature. The second chapter evaluates the
Bouguer gravity field of the Tyrrhenian Sea by using two methodologies in order to
select an optimal Bouguer reduction density. This section includes details of the use
of a free-air gravimetric satellite data set of the Tyrrhenian sea to plot an isostatic
level map of the central Tyrrhenian area.

In the third chapter the properties of the geomagnetic field and its representa-
tion are described with particular attention to the time and spatial dependencies of
the field. The fourth section goes on to give details of the raw magnetic data used
for the quantitative elaboration and to describe the characteristics of the anomaly
field of the study area. The fifth chapter explains how the properties of the magnetic
signal were studied by applying a statistical analysis of the power spectrum (Spector
and Grant, 1970) and a Continuous Wavelet Transform. Following on from these
analyses, in the sixth chapter I introduce the concept of the magnetic basement
and the relationship between magnetic signal and temperature. Departing from the
regional heat-flow data (Della Vedova et al., 2001) of the Central Tyrrhenian area,

a Curie [sotherm surface model was produced defining the maximum depth of the
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magnetic-thermal basement. The boundaries of the magnetic sources (top and bot-
tom) represent the base-line for the subsequent quantitative analysis steps, in which
a 2D inversion algorithm was used to obtain an apparent susceptibility map. The
seventh chapter illustrates how this algorithm was applied to the magnetic evidence
of the 41% parallel zone and to the Selli Line region, and how this procedure suggests
a distribution of magnetization that connects the 415! parallel zone with structural
elements of the Southern Tyrrhenian Sea such as the Magnaghi Basin and the Selli
Line fault system. In practical terms the results obtained from the apparent mag-
netization maps were used as a basis for a 3D inversion of magnetic data which was
to provide information on the vertical distribution of the sources.

The eighth chapter, which represents a key part of the thesis, describes the in-
verse problem in the potential field analysis introducing a new 3D algorithm capable
of evaluating the depth to the bottom of the source. Next, this algorithm was ap-
plied to the real magnetic dataset of the 41%¢ and Selli Line regions, plotting models
which show the shape, location in depth and direction of development of the mag-
netic generating sources and thus suggesting the geometric relationships between the
different sources themselves, this information being important for evaluation of the
crustal setting of the study area. Finally, in the last chapter I interpret the results
of the inversion process to assess the relationship between the 41%¢ parallel and the
Selli Line region. This proves how the magnetic models of these two regions were
successfully processed to provide a chronological reconstruction of the geodynamic

evolution of the Central Tyrrhenian Sea.
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Introduzione

I dati di potenziale rivestono un ruolo molto importante nello studio geologico-
strutturale di un’area. Il loro utilizzo diventa ancora pit importante se applicato
a zone estremamente inaccessibili come bacini oceanici o aree poco antropizzate.
Utilizzando vettori di acquisizione di tipo aereo e/o navale é possibile coprire grandi
aree in poco tempo e definire cosi le caratteristiche strutturali medio-profonde di aree
poco esplorabili con altri metodiche di indagine di tipo diretto. L’analisi dei dati
di campo magnetico si rivela estremamente importante laddove esiste un assetto
geologico strutturale caratterizzato da variazioni laterali di suscettivita magnetica
dovuto alla presenza di corpi vulcanici o a porzioni relitte crosta oceanica.

Lo scopo di questa tesi ¢ quello di costruire un modello tridimensionale del
comprensorio geografico del 41° parallelo partendo da dati di potenziale. Con il
termine 41° parallelo si indica una fascia geografica allineata lungo latitudine N41°
e longitudinalmente compresa tra il margine continentale campano (Golfo di Napoli,
Ischia e Procida)e la zona nord orientale della Sardegna.

Da un punto di vista geologico il 41° parallelo rappresenta una zona estrema-
mente complicata. Lungo tale fascia geografica sono localizzate strutture geologiche
di varia natura: edifici vulcanici sommersi (Etruschi, Vercelli e Cassinis Seamount),
evidenze emerse del vulcanismo Pliocenico-Quaternario dell’area Centro Tirrenica
come Palmarola, Zenone, Ponza, Ischia e Procida, nonché sistemi di faglie pro-
fonde come quella localizzata a Nord del Golfo di Napoli. La formazione di questo
particolare allineamento non € ancora chiara ed é oggetto di dibattito in letteratura.
L’evidenza di un allineamento di strutture lungo il 41° parallelo é osservabile pref-
erenzialmente da dati magnetici. Il campo di anomalia magnetica mostra una dis-
tribuzione preferenziale E-W di anomalie in corrispondenza della latitudine N 1,
tali evidenze magnetiche sono impostate in corrispondenza dei corpi magmatici, sia
emersi che sommersi che lungo le zone di faglia. I dati di batimetria e gli altri dati

geofisici non evidenziano tale caratteristica. Proprio per questo motivo ho scelto



di utilizzare 1 dati magnetici per analizzare in modo quantitativo le caratteristiche
crostali di quest’area.

I dati magnetici utilizzati in questa tesi derivano da un dataset pit grande,
comprendente i dati di tutta 'Italia e dal quale é stata recentemente realizzata la
Mappa Aeromagnetica d’Italia (Caratori Tontini et al., 2004). 1l dataset originario
e costituito da dati di campo magnatico totale relativo alla penisola italia e alle zone
marine limitrofe. Questi dati sono stati acquisiti da Agip (ora Eni Spa) mediante
diversi rilievi aerei effettuati in una prima fase tra il 1971 e il 1980 e successiva-
mente integrati da nuovi acquisizioni avvenute tra il 2001-2002 (Eni, Exploration &
Production Division in collaborazione di IGmar, La Spezia). Grazie ad una fitta cop-
ertura dell’area é stato possibile ottenere una omogenea acquisizione, inoltre ’utilizzo
di un magnetometro al cesio ha fornito dati di grande qualita. Il reprocessing dei
dati cosi acquisiti ha fornito una dettagliata mappa di anomalia magnetica in buon
accordo con la gia nota Carta di Anomalia Magnetica acquisita a livello del mare di
Chiappini et al. (2002).

Nel primo capitolo di questa tesi ho introdotto, in via generale, le caratteristiche
geologico-geofisiche dell’area tirrenica e dell’area del 41° parallelo partendo dalle
principali informazioni di bibliografia esistente. Nel secondo capitolo ho ricostruito il
campo di anomalia di Bouguer partendo da dati di gravita in aria libera da satellite.
1l valore ottimale della densita di riduzione di Bouguer per [’area in analisi € stato
simato combinando un approccio frattale alla correlazione tra Bouguer e batimetria.
Nel terzo e quarto capitolo vengono descritte le principali caratteristiche del campo
magnetico terrestre del campo anomalo e successivamente vengono analizzati i dati
di anomalia magnetica relativi alla zona del Mar Tirreno. Il contenuto principale
del quinto capitolo & rappresentato dall’analisi informativa del segnale magnetico
associato alle strutture crostali medio-profonde dell’area. Lo studio statistico degli
spettri di potenza fornisce informazioni sulla distribuzione in profondita delle sor-
genti di anomalia (Spector and Grant, 1970). Inoltre per una relazione quantitativa

segnale magnetico-posizione geografica della sorgente, il campo magnetico é stato
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analizzato mediante la Trasformata Continua di Wavelet. Nel sesto capitolo viene
introdotto il concetto di basamento magnetico mediante la costruzione di un modello
termico. Partendo da dati di flusso di calore regionale dell’area Centro Tirrenica
ho wvalutato la profondita della superficie isoterma di Curie definendo cosi un limite
inferiore della porzione crostale magnetizzata. Una volta identificata la porzione di
crosta magneticamente valutabile ho applicato un algoritmo d’inversione bidimen-
stonale per valuare la distribuzione della suscettivita magnetica. Questa analisi é
applicata alle evidenze magnetiche del 41° parallelo ed a quelle delle zone limitrofe
come l’area della Linea Selli e del bacino del Magnaghi. Le mappe di magnetiz-
zazione apparente di queste due aree sono riportate, commentate ed interpretate nel
settimo capitolo L’ottavo capitolo rappresenta una parte molto importante della tes,
i quanto, viene descritto un nuovo algoritmo d’inversione tridimensionale per 1
dati di potenziale. Tale algoritmo é strutturato in due parti, una prima dove si puo
stimare preventivamente il limite inferiore della sorgente (chiusura verso il basso) e
una seconda dove si ricostruice matematicamente la sorgente nelle sue 3 dimesioni. 1
modelli tridimensionali ottenuti applicando questo algoritmo sono molto informativi
in quanto, evidenziano la forma, dimensione, profondita e modalita di crecita nelle
tre dimensioni delle sorgenti di anomalia. Nel nono capitolo ho applicato questa pro-
cedura d’inversione sia all’area del 41° parallelo che alle strutture abissali del Mar
Tirreno Meridonale. Nell’ultimo capitolo si racchiude la parte d’interpretazione dei
modelli dinversione ottenuti precedentemente in modo da definire [’assetto geologico
strutturale del’area. In questo contesto ho wvalutato le possibili relazioni esistenti
tra Dallineamento del 41° parallelo e la Line Selli. Dallo studio dei modelli mag-
netici ottenuti dall’inversione relativi a queste due zone é nato un possibile modello

interpretativo della evoluzione geodinamica del Tirreno centrale.



1 The Tyrrhenian area

This chapter describes the main geological and geophysical characteristics of
the Tyrrhenian sea area, with particular attention to those features which distinguish
the Southern Tyrrhenian basin from its Northern counterpart.

The differing structural settings of these two Tyrrhenian domains are due to
the uneven rate of stretching which occurred in the European continental crust
(Patacca et al., 1990; Royden, 1988; Malinverno and Ryan, 1986).

Since the lineament of the 41 parallel is located at the boundaries of these
two Tyrrhenian domains, evaluation of the geological and geophysical features of the
Tyrrhenian sea provides key data for interpretation of the nature and development
of the 415! parallel. To this aim, a detailed description is provided of the magmatic
features, deep crustal setting, shallow heat flow distribution and Bouguer anomaly
field of the Tyrrhenian sea, followed by analysis of the geologic-structural setting of
the 41°¢ parallel zone in the light of the major theories concerning its nature and

evolution.

1.1 The geodynamic setting

The Tyrrhenian sea, a Tortonian-Pleistocenic back-arc basin of triangular
shape, is the easternmost basin of the Western Mediterranean sea. One result of the
geodynamic evolution of the Mediterranean area was the opening of the Tyrrhenian
as partial consequence of an extensional tectonic starting in the Provencal and Va-
lencia and progressively moving to Algeria and the Tyrrhenian Basin (Doglioni et
al., 1991, 1999, 2004; Patacca et al., 1990 ). An eastward migration of the subduc-
tion system in the Central Mediterranean Sea between the Oligocene and Present
was associated with stretching of the continental crust with a basin formation. The
Tyrrhenian Sea is thus an abyssal basin formed by flexural withdrawal of the sub-
duction (Patacca et al., 1990; Royden, 1988; Malinverno and Ryan, 1986). In this

area the compression setting generated by a westward subduction movement of the
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Africa Plate under the European continental plate came to an end during the Early
Tortonian, at which time the strong eastward migration of the subduction system
was superimposed over the compressional movement. The link between evolution
of the back-arc rift and movement of the Apennine subduction is supported by a
coeval evolution of the two processes and the eastward migration itself: the largest
opening of the Southern Tyrrhenian Sea occurred at a point corresponding to with
the maximum subduction depth of the Calabrian slab where the oceanic lithosphere
is involved (Catalano et al., 2001; Doglioni et al., 2004). It may also be suggested
that the eastward migration of the subduction system is connected to an underlying
mantle flow pushing eastward against the subduction plate (Doglioni et al., 1999;
Gueguen et al., 1997).

During the Tortonian-Quaternary the rate and direction of the opening of the
Tyrrhenian sea was not continuous, as is shown by the presence of features such as
uneven distribution of magmatic episodes (submerged volcanic edifices) connected
to the rifting phase and to the chronological variation of the opening process. In
the Tyrrhenian area the eastward migration and consequently the opening process
commenced in a W-E direction in the Tortonian: while the southeastern part of
the basin was affected by an opening process in a SE direction (Pliocene) (Fig.1),
the rifting process evolved separately in the Northern Tyrrhenian portion with a
different opening rate. Specifically, the average rate of the Northern Tyrrhenian Sea
is 1.5-2 cm/y (Facenna et al., 1997) in contrast to the 5-6 cm/y of the Southern
domain (Patacca et al., 1990), this difference being caused by the nature of the
subducting lithosphere, which is continental in the Adriatic Sea and oceanic and
heavier in the Ionian area (Doglioni et al., 2004).

The Northern Tyrrhenian is a roughly triangular sea extending between 41°N
and beyond 42°30°N (fig. 1.1). The tectonic-structural setting of this area is charac-
terized by several rotated crustal blocks with low-angle extensional faults associated
with high-angle faults such as the Basin and Range Provinces (Marani and Gam-

beri, 2004). In this area the extension and crustal thinning are related to a system
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Figure 1.1: Reconstruction of the main geologic/structural evidences of the Tyrrhenian Sea

of crustal shear zones and a chronological movement of magmatism from Corsica
(older events) to the Apennine (younger events) (Serri et al., 1993; Facenna et al.,
1997). The western portion of this domain (Corsica basin)contains 15-20 Ma old
syn-rift deposits whereas in the Apennine sector the deposits are estimated to be 2
Ma old and the normal faults are still active (Bartole, 1995; Marani and Gamberi,
2004). The eastward migration of the subduction system caused an eastward shift of
the extensional basin and of volcanism, this movement being of smaller proportions
due to a lower rate of migration, an extension of approximately 25 km having been

calculated for this area (Doglioni et al., 2004). Bathymetric data of the northern
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Tyrrhenian Sea show its oldest basin running N-S with a younger NNW-SSE system
of structural highs (Facenna et al., 1997).

The Southern Tyrrhenian is characterized by a peculiar structural setting due
to the higher rate of eastward migration of the subduction system. Morphologically,
this domain is a deep abyssal basin floored with a new oceanic crust. In the Southern
Tyrrhenian Basin, the syn-rift deposits are 10-12 Ma old in the Sardinia Basin
and approximately 5 Ma in the Vavilov Basin (Kastens et al., 1988; Sartori et
al., 1990; Facenna et al., 1997). The initial rifting episodes first occurred in the
Upper Tortonian and were coeval on both the Calabrian and Sardinian Margins.
The evolution of the rifting progressed in an E-SE direction with stretching of the
continental crust and successive magmatic activity.

The accretion of the new oceanic crust is the result of two main episodes, the
first of which occurred at a location corresponding to the current position of the
Vavilov basin and the second in the Marsili area. The accretion of new oceanic
crust in the Vavilov basin is estimated to be between 4.5 and 2.6 Ma old (ODP
650) while the Marsili basin (ODP 651) is dated at approximately 1.8-2.0 Ma (Kas-
tens et al.,1988; Serri et al., 2001; Sartori, 2001). The abyssal southern Tyrrhenian
Sea, which includes these two sub-basins, is bordered by several structural evidences
such as the Central Fault and the Pontine-Palinuro continental slope region. The
Central Fault, also known as the Selli Line, is a normal fault system dipping in a
SE direction, which divides the active extensional basin from the passive Sardinia
Margin. This fault system extends NW-SE between the Magnaghi region and the
Cornaglia Terrace, the latter being a Late Miocene system of N-S grabens (Van Djik
and Scheeper, 1995) considered as the eastern portion of the Sardinia margin. The
Selli Line, bathymetrically a deep escarpment of 800-1000 meters, is considered the
real Northwestern border of the southern Tyrrhenian sea, whose NE margin instead
is bordered by the Pontine-Palinuro continental slope. This region is considered as
an active margin province of the Tyrrhenian system (Marani and Gamberi, 2004).

In this area, the continental slope extends in a NNW-SSE direction defined by a
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normal fault system. This morphologic structure is a west-dipping master fault
stretching for 80 km with an increasing throw southwards from 400 to 1 km (Marani
and Gamberi, 2004). Musacchio et al.(1990) have interpreted this fault system as
a transtensive system with leftward movement. Finally, the Southern Tyrrhenian
basin is bordered by a major strike-slip fault on the northward margin of Sicily run-
ning E-W (Rosembaum and Lister, 2004), along which are located several magmatic

structures such as Ustica and the Alcione and Anchise Seamounts (Savelli, 2002).

1.2 The distribution of magmatism

The most significant magmatic activity in the Tyrrhenian Sea area occurred be-
tween the Early Oligocene and the Quaternary, during which the several magmatic
episodes are related to different geodynamic processes. The Tyrrhenian domain
is characterized by subduction-related magmatism products (calc-alkaline affinity),
intraplate alkaline magmatism and MORB type basalts (Serri, 1993; Serri et al.,
2001; Savelli, 2002 and references therein). Data on the time-space distribution of
the calc-alkaline subduction-related magmatism makes it possible to recreate the
movement of the subduction system. The calc-alkaline magmatism occurrences be-
come younger from the western Tyrrhenian margin to the Eastern side as a result
of the eastward migration of the subduction system.

The evidence of Oligo-Miocene calc-alkaline magmatism is visible in the Sar-
dinia and Corsica regions. During this period (32-13 Ma, Serri et al., 2001 or 30-15
Ma as proposed by Savelli, 2002), basalt, basaltic andesites, HK-andesites and ign-
imbritic rhyolites were erupted into the area (Savelli, 2002 and references therein).
The petrogenesis of these products is connected to a northwestward oceanic subduc-
tion below Sardinia (Serri et al., 2001). In southwestern Corsica arc-magmatism de-
veloped during the Burdigalian (17 Ma.)(Serri et al., 2001) while the subsequent calc-
alkaline magmatism phase (13-7 Ma)is highlighted by several N-S striking magmatic

centers located in the North Tyrrhenian Sea such as the island of Montecristo and



1 THE TYRRHENIAN AREA 6

the Vercelli Seamount (Serri et al., 1993; Rosembaum and Lister, 2004). The Vercelli
Smt is a granitic intrusion set into the shallow stretched crust of the North Tyrrhe-
nian dated 7.5 Ma old (Barberi et al., 1978; Savelli, 1988). This intrusion could be
associated with the change from compressional to extensional geodynamics of the
Tyrrhenian basin (Barberi et al., 1978). The subduction-related magmatism activ-
ity continued during the Messinian, migrating from the Sardinia-Corsica area to the
Apennine margin. This magmatic phase also includes the monzogranite-granodiorite
of Mount Capanne on the Island of Elba and the andesite-dacitic effusion of Capraia
Island (Serri et al., 1993; Savelli, 2002). Commencing in the Messinian, an eastward
movement of the subduction system took place in the southern Tyrrhenian sea and
stopped in the northern portion. The high rate of eastward extension in this area
has been estimated at 5-6 cm/yr (Patacca et al., 1990; Doglioni, 1991; Facenna
et al., 1997)and the fast extension led to considerable stretching of the continental
crust and subsequently accretion of new oceanic crust.

The Southern Tyrrhenian is divided into two main sub-basins: the Vavilov and
the Marsili. The Vavilov basin is characterized by two submerged volcanic edifices
with MORB/OIB composition (Serri et al., 2001), the Magnaghi and the Vavilov
Smts, both of which show similar NNE-SSW structural trends. The Magnaghi,
whose age has been estimated at 2.7-3.0 Ma (Sartori et al., 2004), is located westward
of the Selli line fault system, and its drilled lava samples(ODP 654) are alkaline-
weakly alkaline basalts with a MORB/OIB chemism (Robin et al., 1987; Savelli,
1988; Serri et al., 2001). The Vavilov Seamount extends in a N-S direction for a
distance of 30 km, with its bottom lying at a depth of 3600 m b.s.l. Formation of
this seamount occurred at a later stage following oceanization of the Vavilov basin
at approximately 2.4-3.0 Ma (Kastens et al., 1987). The Vavilov is asymmetric in
shape, its western flank having a steeper gradient than the eastern side probably
due to a flank collapse or main fault (Marani and Gamberi, 2004), and its lava is
mainly alkaline basalt (ODP-drilling site 650).

The southeastern oceanic sub-basin of the Tyrrhenian Sea, the Marsili, is
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formed by a basalt crust associated with an extension running axially E-SE and
dated < 2Ma (Kastens et al., 1990). The Marsili basement has a transitional MORB-
type basalt composition (ODP-drilling site 650) (Serri et al., 2001). From the center
of this basin rises the Marsili seamount, a large structure extending for 50 km NNE-
SSW and rising to a height of 3500 m from the bottom of the basin. In terms of age
it is estimated that the Marsili basin was formed between 1.87-1.67 Ma (Kastens
et a., 1988), while the lava of the upper portion of the volcano is dated around
0.1-0.2 Ma (K/Ar chronological data)(Selli e al., 1977). Evaluation of the magnetic
pattern suggests that the seamount was created between 0.78 and 0.1 Ma (Crones
C1-Brunes, normal polarity), while the negative magnetization of the external por-
tion of the volcano appears to be indicative of a Olduvai-Late Matuyama age (Savelli
and Schroeder, 1991; Schroeder et al., 1993). These features point to a fast accretion
(lasting 0.78 Ma) of the Marsili edifice (Marani,2004; Nicolosi et al., 2006).

Quaternary magmatism of the southern Tyrrhenian Sea is represented by the
Aeolian arc, a volcanic island arc caused by subduction of the Ionian plate under
the continental European plate and, along with the Aegean arc, the only active is-
land arc in the Mediterranean Sea. The Aeolian arc consists of seven islands and
several seamounts in which magmatic activity commenced around 1.3-1 Ma in the
Sisifo seamount and Filicudi island (Serri et al., 2001) and subsequently spread to
the eastern portion of the arc, where volcanism is still active. The composition of
erupted materials from approx 0.8 Ma to the present is dominated by shoshonitic and
calc-alkaline /High-K calc-alkaline chemism, and in the active sector of the emerged
arc it is possible to observe an evolution of products from calc-alkaline/High-K
calc-alkaline (older series) to shoshonitic (younger series)(Serri et al., 2001). The
petrogenetic nature of Aeolian arc basalt is attributed to MORB/OIB sources con-
taminated by dehydration of the subducted oceanic crust and by the subduction of
sediment (Ellam et al., 1988; Serri, 1990; Francalanci et al., 1993; Francalanci and
Manetti, 1994).
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1.3 The thermal regime

The distribution of the shallow heat flow may indicate a variation in the phys-
ical features of a deep crustal portion. Generally speaking, the thermal pattern is
closely connected with the tectonic-geodynamic setting and in fact the Tyrrhenian
Sea shows a thermal setting compatible with the extension process which developed
as the basin opened. The different rate of extension in the northern and southern
Tyrrhenian areas is also demonstrated by the pattern of the surface heat flow field.

A number of studies into the heat flow of the Italian-Tyrrhenian region have
been carried out over the last ten years, producing various regional maps (Mongelli
and Zito, 1994; Cataldi et al., 1995; Della Vedova et al., 1995; Della Vedova et al.,
2001), the latter being the most recent.

As a general rule the on-shore portions of the Italian Peninsula give an average
shallow heat flow reading around 120-150 mW/m?, which is lower than the average
value of the entire Tyrrhenian Sea (200-230 mW/m?). This thermal pattern is
shown in figure 1.2 (redrawn after Della Vedova et al., 2001). As can be seen from
Fig. 1.2, in the northern Tyrrhenian domain the heat flow values range from 80 to
120 mW/m? and tend to be evenly distributed. The highest values are recorded
in the Tuscan-Latium archipelago, the geothermical setting of the local volcanic
district. The northern Tyrrhenian domain is separated from the southern area by
an E-W lineament along the 41¢ parallel, which exhibits lower heat flow values
(approx 80mW/m?), suggesting that this lineament also represents a zone of thermal
differentiation between the northern and southern domains.

The heat flow field of the Southern Tyrrhenian basin is instead characterized by
high values (max 250mW/m?, located in the Marsili area) with a non-homogeneous
pattern. The shallow heat flow distribution of this area is affected by the deep
meteoric water infiltration (see Vavilov basin) and by thermal convective systems
(Aeolian arc, Marsili basin) (Della Vedova et al., 2001). Yet another factors influ-

encing this area, in addition to the usual radiogenic contribution are the mantle
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Figure 1.2: Map of surface heat flow, modified after Della Vedova et al.(2001)

component and the effect of asthenospheric intrusion. From a thermal point of
view, the local extension of the crust and the successive intrusion of asthenospheric
material is considerable, as shown in a thermal model of the southern Tyrrhenian
basin (Zito et al., 2003), which estimates that the high heat flow values of the two
sub-basins, Vavilov and Marsili, are respectively associated with the asthenospheric

intrusions at depths of 11.2 and 10 km.

1.4 Moho isobaths and lithosphere thickness

An in-depth analysis of the distribution of seismic wave velocities is a im-

portant tool for the study of the deep-seated features of the upper and lower crust.



1 THE TYRRHENIAN AREA 10

Seismic waves are generated artificially by dynamite shoots onshore and with air gun
arrays in offshore areas. This explorative method is generally useful to determine
the distribution and properties of the deep crust structures, especially when reflec-
tion and refraction seismic methodologies are applied to obtain a better image of
the low crust features such as the main discontinuity zone and location of undefined
bodies. A seismic prospection is obtained by localizing the seismic reflection and
interpreting the results. To give an example, a transparent zone in the seismic sec-
tion may indicate the presence of intrusive bodies while in the lower crust an abrupt
termination of seismic reflectors may indicate the location of a crustal-mantle dis-
continuity (Mohorovich) reflection. Where there is a Moho-discontinuity the p-wave
velocities decrease, an effect caused by a change in the petrographic properties of
the crust (Nicolich, 2001). A number of reconstructions of Mohorovich discontinuity
distribution have been carried out in recent decades (Locardi and Nicolich, 1988;
Nicolich and Dal Piaz, 1992; Nicolich, 1989, 2001), and the latest map of Moho
isobaths of the Ionian and Tyrrhenian area was plotted by Scarascia et al.(1994).
Figure 1.3 gives a map of the Moho isobaths of the Tyrrhenian Sea, redrawn after
Nicolich (2001).

In the Italian Peninsula the crust is of continental nature, in contrast with the
Pliocenic oceanic crust of the southern Tyrrhenian Sea and the Ionian area, which
is believed to have a Mesozoic oceanic crust (Catalano et al., 2001). Seismically,
the Tyrrhenian Sea is divided by the 41%¢ parallel zone into two main structural
domains (Spadini and Wezel, 1995), which are also associated with two distinct
mantle domes: the Tuscany archipelago and the southern Tyrrhenian sea (Nicolich,
2001). The Moho isobath map highlights features linked with the rift processes of
the continental crust, with the southern Tyrrhenian showing evidence of vertical
evolution of mantle swell and, in addition, a differentiating mantle from West to
East (Locardi and Nicolich, 1988)

Characterization of the lithosphere-asthenosphere transition is based on deep

seismic sounding data and analysis of surface wave dispersion (Panza et al.1980 ;
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Figure 1.3: Map of the Moho-isobaths of the Italy region, after Nicolich (2001)

Calcagnile and Panza, 1980; Panza et al., 2003). I refer to a map of the lithosphere
thickness of Italy and its surrounding seas compiled by Panza and Suhadolc (1990).
By distribution of the average sub-Moho shear-wave velocities (1), the Tyrrhenian
Sea area is divided in two domains, the southern basin and the Tuscan area (Panza
et al., 1982; Suhadolc and Panza,1987; Della Vedova et al., 1991). The northern
Tyrrhenian portion, near the Tuscan archipelago, is characterized by V,=4.2-4.35
Km/s associated with a continental lithosphere thickness of approx 60-70 km in an
area which does not have a high-velocity lid (Calcagnile and Panza, 1980; Panza

et al., 1980; Suhadolc and Panza, 1987; Della Vedova et al., 1991). The other
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lithospheric domain, which includes the central and southern Tyrrhenian sea, shows
a lithosphere thickness of approx 30 km which is compatible with a young oceanic
basin system (Della Vedova et al., 1991). The limit between the northern and
southern domains is located slight southward of the 41 parallel. In this area the
Moho is 7-10 km with V;=4.1 Km/s. A low-velocity layerV;=3.0 Km/s is located
under the Moho-discontinuity, where a partial melting process is active (Bottiga and
Steinmetz, 1979). The asthenosphere domain, under the low-velocity lid, shows an

average shear wave velocity of approx 4.1-4.3 Km/s (Panza et al., 2003).

1.5 Bouguer anomaly field

The gravimetric field data is related to density variation of the crustal portion.
A Bouguer anomaly map is plotted after free-air correction of the raw gravimetric
data and subsequently the Bouguer reduction. The positive and negative Bouguer
anomalies are associated with zones with densities higher or lower than the Bouguer
reference density (usually p = 2.67g/cm?). Positive Bouguer anomalies are usually
found where there is a gravimetric contribution of high density structures such as
mantle intrusions (p > ppouguer)-

Since 1960 a number of Bouguer anomaly maps of the Italian peninsula and
surrounding sea have been plotted (Ballarin, 1963; Mongelli et al.,1975; Servizio Ge-
ologico Nazionale, 1989). A recent revision (1992) of the gravimetric data of Italy
by CNR (the National Research Council) produced a 1:500000 map of the Italian
region. Figure 1.4 gives this Bouguer anomaly map of Italy and the Tyrrhenian Sea.
The Tyrrhenian Sea is dominated by a high gravity anomaly field with an increase
from North to South: while the Bouguer anomaly field of the Northern Tyrrhenian
Sea is positive, the readings are considerably lower than in the Southern area. The
different gravity patterns of the Tyrrhenian Sea may be related to the differing rates
of extension which occurred as the Tyrrhenian opened. Maximum positive values of

gravimetric anomaly are located over the oceanic sub-basins, Vavilov (+250 mGal)
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and Marsili (+225-240 mGal). The two Tyrrhenian domains can be separated by
observation of the shape and distribution of the anomaly field. In the Southern
basin the gravimetric positive shows a shape similar to the bathymetric morphology
of the basin and the anomalies run NE-SW like the Selli-line structure (Northwest-
ern border of the basin), while northwards of 41" parallel the gravity pattern is
characterized by N-S oriented anomalies.

Chapter 2 contains a detailed study of the Bouguer anomaly of the Tyrrhenian

area with implications on its isostatic setting.

1.6 The 41% parallel area

The 41" parallel represents the separation point between the Northern and
Southern Tyrrhenian basin. Across this particular zone, the thermal regime, the
lithosphere properties and the chemism of the magmatism change their behaviour.

In literature the 41% parallel is well known for its magnetic patterns. Along
this latitude, a pronounced lineament of magnetic anomalies is located between the
Sardinia Margin and the Campanian area. The magnetic lineament is connected
with structures of different geologic nature such as intrusive-submerged bodies, vol-
canic islands and a fault system. Moreover, several magnetic evidences are not
correlated with shallow bathymetric structures.

The magnetic lineament can therefore be considered as an expression of a deep
boundary between the two Tyrrhenian domains characterized by two distinct mag-
netic provinces. In the Northern Tyrrhenian domain the magnetic anomaly field is
mainly associated with a low-frequency contribution in which the high-wavelength
field represents the spectral contribution of the magnetic basement, where locally
high-frequency magnetic evidences are shown. Southward of the 41% parallel zone
the magnetic pattern is dominated by a high frequency signal where it is possi-
ble to observe the highest magnetic anomaly values of the entire Tyrrhenian area.

These high-frequency magnetic evidences are associated with several shallow crustal
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structures of the southern Tyrrhenian basin, and the high-frequency anomalies are
superimposed over a low-frequency field that clearly takes the shape of the Vavilov
and Marsili oceanic sub-basins.

From a geological point of view, the 415! parallel is characterized by a linea-
ment of several structures of differing geologic nature stretching for a distance of
approx 300 km connecting the Campanian coastal area to the northwestern margin
of Sardinia. In the Western sector of this line (near the Sardinia Margin) there are
small magmatic evidences such as the Vercelli granitic intrusion dated around 7.5-7
Ma (Barberi et al., 1978) and small Pleistocenic sub-volcanic bodies with tholeiitic
chemism (Bigi et al., 1989) while Quaternary magmatic structures such as Ponza,
Palmarola and Zenone outcrop at its eastern edge. The Plio-Pleistocenic genesis
of these volcanic islands is linked with a subduction-related magmatism, with a
particularly differing magmatic affinity with Ponza due to their different magmatic
sources. The Pleistocenic rhyolites of Palmarola have a chemism linked to a OIB-
type magmatic source, which may derive from an up-welling of deep material due
to a extension during Tyrrhenian Sea opening (Cadoux et al., 2005). According to
this new data the Pontine area represents the transitional zone between subduction-
related magmatism and the opening process. The easternmost portion of the 415
parallel, the Campanian margin, is characterized by emerged volcanic edifices of
Quaternary magmatism such as Ischia and Procida, and by a deep vertical fault ex-
tending for 40 km E-W in the Gulf of Gaeta. Morphologically, the 41%¢ parallel does
not show evidence of E-W fault features such as high escarpment and block dislo-
cation. The western portion of the alignment shows several N-S trending structural
highs associated with the morphology of the northern Tyrrhenian basin. The conti-
nental Campanian margin is divided from the abyssal oceanic basin of the Vavilov
by a NW-SE escarpment located in the central-eastern portion of the 415 parallel
zone. In this area, several bathymetric structures change their displacement from
E-W to NE-SW as if affected by an anti-clockwise rotation. The evidence of anti-

clockwise rotated sources has been evaluated by Fedi (1990) through observation of
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the changes in the magnetic anomaly pattern which suggests that these bathymetric
structures are relict portions of the European crust which have been tectonically
dislocated. Analysis of Crop Section M-29B leads to the conclusion that the crustal
portion is the frontal thrust system of the Sardinia-Corsica block emplaced during
the Balearic stage of anti-clockwise rotation (Finetti, 2003) in which the crustal
blocks shifted SW during the Miocenic extension of the Tyrrhenian Sea. The al-
locthonous block instead consists of a lower and upper crust of European fragment
(Calabrides) and in the upper portion of ligurides units and Plio-Quaternary sedi-
ments. Finally, in the eastern section the thrust block system is superimposed on
the Apennine fragment (Mesozoic platform) (Finetti, 2003).

The 41%¢ parallel is a complicated structural-geologic area where the effects of
different geodynamic processes are combined. Evaluation of the geophysical features
of the 415 parallel allows us to assess the role of this particular lineament on the
forming process of the Tyrrhenian area. While it is accepted that the 41% parallel
is the transitional zone between two crustal (lithospheric) domains, the evolution of
this lineament and its role on the Tyrrhenian opening process is still being debated
and much is yet unpublished. A number of authors have developed different hypothe-
ses concerning this area (Savelli and Wezel, 1979; Lavecchia, 1988; Boccaletti et al.,
1990; Patacca et al., 1990; Serri et al., 1990; Spadini and Wezel, 1994; Rosembaum
and Lister, 2004). Lavecchia (1990) and Boccaletti et al., (1990) interpreted the 415
parallel as a E-W left lateral mega-shear zone induced by asymmetrical extension
of the Tyrrhenian Sea. Spadini and Wezel (1994) instead connected the magnetic
and free-air gravity lineament of the 41! parallel with the opening of Tyrrhenian
basin and with Quaternary inversion tectonics due to intraplate compression. Favali
et al.(1993a,b)connected the presumed discontinuity of the Central Tyrrhenian Sea
at the E-W Fault system of the Tremiti archipelago considering a common complex
deformation belt which has involved the Adriatic Sea, the Latium-Abruzzi Platform
and Central Tyrrhenian Sea. Other authors have interpreted the 41 parallel as a

lithospheric discontinuity. Patacca et al. (1990) highlighted that the 415" parallel di-
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vides two areas with different lithospheric retreats and therefore this alignment must
be considered a major lithospheric discontinuity. Serri (1990) also considered this
discontinuity of a lithospheric nature dividing two distinct mantle domains in which
above the 41°¢ parallel the magma sources are derived from upper crustal rocks or
anatectic melts while in the southern Tyrrhenian area the genesis of the magma is
dominated by MORB/OIB sources and locally by a transitional MORB/OIB-type
mantle wedge. Serri asserts This magmatism requires two separate, compositionally
different subducted slabs: 1) an old oceanic lithosphere in the southern Tyrrhenian
sea; 2) a continental lithosphere active in the northwestern portion. A more recent
examination of the Tyrrhenian opening process by Rosembaum and Lister (2004)
suggests that the roll back of the Ionian slab is constrained by two major disconti-
nuities, the 415" parallel in the north and the North Sicily Fault in the south. They
maintain that the shape of the southern Tyrrhenian basin and the rate of extension
is dominated by the presence of the 41 parallel zone.

Although the 415 parallel is correlated to the opening of the Tyrrhenian Sea,
its deep crustal setting is not known. An assessment of the magnetic character of
the alignment and its surrounding areas such as the Selli Line and Magnaghi-Vavilov
basins will provide further insight into its crustal features. This study examines the
geometric relationships between the magnetic sources and the tectonic structure of
the central-southern Tyrrhenian sea, thus unveiling the nature of the 415! parallel

zone.
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2 The isostatic setting of the Tyrrhenian Sea - 41°
parallel zone

In this chapter the isostatic setting of the Tyrrhenian Sea is evaluated through
analysis of free-air gravity satellite data. The gravity features of the Tyrrhenian sea
and its isostatic compensation setting were extracted by study and processing of the
larger free-air gravity satellite data set of the Mediterranean Sea region. Satellite
data obtained from Geosat and ERS-1 missions were used to compile a Bouguer
gravity map of the Tyrrhenian Sea, after which a complete Bouguer correction was
performed using Parker’s method (1972) as a tool enabling an exact evaluation
of the gravity contribution from a topographic model of the land. The optimal
Bouguer density value for the reduction of the free-gravity data was estimated by two
methods: study of the data-set’s power spectral density and, secondly, analysis of the
correlation between the topography and the Bouguer anomaly by spatial cross plots.
Both these methods give the same optimal density of 2350 kg/m?. Having compiled
the Bouguer anomaly map, I then studied the isostatic setting of the Tyrrhenian Sea
and drew up a probability map of the Tyrrhenian area where the isostatic effect is
believed to play a dominant role. This approach indicates that the Tyrrhenian area
is divided by the 41%¢ parallel zone into two domains with different isostatic settings
in that the area above the 41%¢ parallel shows an isostatic compensation whereas the

southern portion shows an incomplete isostatic equilibrium.

2.1 Introduction

Geophysical observations from satellite data are of major significance when
studying large-scale areas of the Earth’s surface such as the Mediterranean Sea,
which contains in turn the geological sub-domains of the Provencal-Balearic basin
and the Tyrrhenian Sea. A large-scale geophysical study of the Mediterranean Sea

provides valuable information for the analysis of the geological features of its sub-
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regions. Previous literature concerning the Mediterranean Sea consists of a single
work, Makris et al. (1998), compiled from ship-borne data acquired between 1965
and 1972, by the Italian Osservatorio Geofisico Sperimentale (OGS) and on-shore
data from the Department of Geodesy and Geophysics of Cambridge University
gathered in 1973 and 1974 and plotted on the basis of the 1967 normal gravity
formula and a standard Bouguer density value of 2670 kg/m?>.

Our new Bouguer anomaly map of the Tyrrhenian Sea was compiled departing
from the significant volume of the new free-air gravity satellite data of the Mediter-
ranean Sea. For this purpose only the sub-dataset of the Tyrrhenian Sea was used in
order to compile a complete Bouguer reduction using a detail bathymetric dataset
of the region being studied. The data referred to was provided by the U.S. Navy,
U.S. Department of Defence Naval Oceanographic Office web site ! and was gridded
at 1 minute cell for the Mediterranean Sea, including the Black Sea and Adriatic
Sea.

The free-air gravity dataset of the Mediterranean area instead was downloaded
from the web site of the Geological Data Center - Scripps Institution of Oceanogra-
phy - California 2. This data came from the GEOSAT and ERS-1 missions (Sandwell
and Smith, 1997), with a sampling period of 1 minute. The advantages of satellite
gravity data, in particular in the wavelength range > 24 km, have been well docu-
mented by Fairhead and Odegar (2002), confirming that they are in good agreement
with the spectral resolution of the bathymetric data. Figures 2.1 and 2.2 show the
morpho-topographical setting and the free-air gravity anomalies of the Tyrrhenian
Sea, respectively. Since the anomalies of on-shore areas can not be evaluated from
satellite data, the gravimetric study is limited to the marine areas only.

The Bouguer reduction was performed after a necessary interpolation of the
gravity and bathymetric data into a common grid with a resolution of 2 minutes by

using cubic splines. The free-air gravity satellite data belongs to an area extending

Yhttp : | Jwww.mel.avo.navy.mil /data/ DBDBV/dbdbv_de f .html
Zhttp : [ [topex.ucsd.edu/WWW _html/mar_grav/html
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Figure 2.1: Morpho-Bathymetry map of the Tyrrhenian Sea

from 38°N to 45°N in Latitude and from 8°to 18°in Longitude. For evaluating the
intrinsic features of this data I applied two Bouguer density optimization methods,
obtaining a value of 2350 kg/m?, the same reduction density as that used to compile
the CNR 1992 map of the Bouguer Anomaly of Italy and its surrounding seas based
on average surface density and statistical observation. The optimal Bouguer density
is identified as an extreme point that minimizes some quadratic function built from
gravity data, diverging symmetrically from this minimum, independently of its sign.
Subsequently, the area of interest is narrowed to the isostatic setting of the Tyrrhe-
nian region with several considerations on the two Tyrrhenian sub-domains divided

by the 415! parallel zone.



2 THE ISOSTATIC SETTING OF TYRRHENIAN SEA 21

. 8" 10° 12° 14° 16° 18° 1174
< T EE 1 B82.6
68.4
59.7
53.2
»3 - g 48.4
»
ol -4
¥ 26.8
24.2 =4
214
. | 19.0 .
N . 16.5 |
< 14.2—]
123
10.2——]
a 8.2
| 1= 62—
= 42—
23]
03—
g AT
N - 38—
SB : 60—
B2
0.8
o 3.5 ——]
o Q
” .
c W
%" : &
mGal
100 o 100
8 10 12 14 16 18 o

g

WS 84

Figure 2.2: Free-Air anomaly map of the Tyrrhenian Sea

2.2 Evaluation of the optimal Bouguer density

The evaluation of the complete Bouguer anomaly was based on the topo-
graphic correction alone, departing from the free-air gravimetric anomaly. A com-
plete Bouguer correction requires a method capable of running a detailed Digital
Elevation Model (DEM) of the area under observation, without splitting the proce-
dure into simple slab correction and then applying the terrain corrections. In a large
area such as the Tyrrhenian Sea, it is preferable to use an analytic procedure able to
evaluate the exact topographic contribution in each point of the data-grid, in terms
of both processing times and automatization of the procedure. Our procedure of
choice was Parker’s method (1972), as being particularly suitable for large areas for

two reasons: it acts in the Fourier domain, where most data processing is usually
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performed, and it converges rapidly on condition that the vertical origin is chosen at
an average topographic level (Parker, 1977). The Bouguer correction is calculated
with the following equation:

AG(k) = 2myelkl i (=IkD"

n=1

Flp(Ze(r)" = 2y (r)")], (2.1)

n!

where

e AG(K)is the anomaly generated by a density contrast p(r) in the Fourier

domain;

k is the wave-vector with spatial frequencies k, and ky; |k| = (/kZ + k2

Zy is the data observation level

v =6.673 x 10" m3kgts 2 is the Newton gravitational constant

e Z,(r) is the sea level, rescaled in proportion to the average depth Z,,

e Z,(r) is the bathymetric level, rescaled in proportion to the average depth Z,,

p is the Bouguer density value used for the reduction

F indicates the 2D Fourier operator

n is the expansion order, our analysis was stopped for N =5

In marine areas the Bouguer density value is calculated as the difference be-
tween the seawater density (p, = 1030kg/m?) and the ideal Bouguer density value
(target of the optimization method):

P =Py~ Pu (2.2)

In practical terms the measured topographic effect of the water is replaced with a

slab of thickness given by the bathymetric depth characterized by the same density as
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the lower crust. The Bouguer gravity G}, is thus obtained from the free-air anomaly

G ¢, as follows:

Gy(r) = F ' [Go(k) — AG(K)], (2.3)

which is the Fourier co-transformation of the anomaly. The entire Bouguer reduc-
tion is subjected to the chosen reduction density p,. The most universally accepted
common value is p, = 2600K g/m? which represents the average density obtained
with different geological models (Hayford and Bowie, 1912). In particular, as shown
by Hinze (2003), the density of p, = 2670K g/m? is strongly correlated to the rhe-
ologic feature of the crystalline crustal portion with a granitic composition. It is
clear that the density value is not correlated to the several and different litholo-
gies of the upper crust portions and in this context the value p, = 2670Kg/m? is
considered a reasonable compromise for the gravity models of the lower and middle
crust. The Bouguer anomalies are affected by a strong topographic contamination,
which is probably stronger in the case of the continental data sets. The Bouguer-
Topography correlation has been studied by several authors: Thorarinsson and Mag-
nusson (1990) and later Chapin (1996) introduced the concept of scaling analysis to
reduce the short-wavelength correlation between topography and Bouguer anomaly.
Their conclusions on minimizing this correlation followed on from the pioneering
work of Nettleton (1939), whose conclusions however did not take into account the
large-wavelength inverse correlation effects typical of an isostasy process. Since these
two methodologies are however based on the same concept, i.e the reduction of the
short-wavelength effects of topography into a gravity dataset, both are useful for
the study of the optimal Bouguer density. It is interesting to note that application
of both approaches to a large dataset of the Mediterranean Sea produced the same

results.
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2.2.1 The fractal analysis

The topographic surfaces show chaotic behaviour which is well explained in terms
of scaling noise (Mandelbrot, 1967), a term by which the topography is assumed to
be scale-invariant, i.e self-affining in different spatial cases. Generally, the scaling
features of a particular phenomenon can be evaluated by a study of power spectrum
density (in logarithmic scale). Fractal behaviour of the particular phenomenon is
highlighted by a linear trend of the power spectrum. The energy of signal decay
to the various wavelength with a power-law that is connected to the fractal dimen-
sion of the phenomenon. The dimension (D) of a scaling surface can be evaluated
by studying the radial power spectrum (azimuthal average calculated over the 2D

renumber phase) with the equation:

p=2""F (2.4)

where (3 is the slope of the linear trend that fits the decay of the radial spectrum.
Figure 2.3 shows the linear behaviour of the radial power spectrum of Mediterranean
topography, in which the fractal dimension is D = 2.77 + 0.06.

The potential field data also shows scaling behaviour as demonstrated by pre-
vious works (Gregotski et al., 1991; Pilkington and Todoeschuck, 1993; Maus and
Dimri, 1994). The fact that the Bouguer reduction is strongly affected by topography
can be observed in the Bouguer anomaly field where the shape of the anomaly is the
same as that of the topographic trend. Such similarity is the key to isostasy for the
large-wavelength anomalies characterized by negative correlation: a good Bouguer
reduction does not show any correlation to topography. The key factor that con-
trols this behaviour is the Bouguer density and an ideal Bouguer density should
reduce the positive correlation only for the high-frequency anomalies. Departing
from this principle Thorarinsson and Magnusson (1990) evaluated a procedure that
minimized the roughness of the Bouguer anomaly surface by varying the reduction

density. During a study into the gravity field of two regions of Iceland, the authors
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Figure 2.3: Radial power spectrum of the topography data for the Tyrrhenian dataset, Log/Log

scale

evaluated the fractal dimension with a variogram analysis of the gravity surface ob-
taining an average density different from 2670K g/m? which was then minimized by
the reduction of the short-wavelength effects of topography. Subsequently, Chapin
(1996) investigated Bouguer density based on the fractal dimension given by radial
power spectrum in the Fourier dimension in a study in which he evaluated a sim-
ple Bouguer correction (slab-correction), while neglecting the terrain correction. In
this work Chapin evaluated the difference between the linear decay of the fractal
dimension with density and the trend observed without minimization. Thorarinsson
and Magnusson (1990) had previously studied the fractal behaviour of density and
produced a U-shaped curve of the fractal trend. The different results of these two
works are due to the terrain correction, in that the topography contribution shows
a strongly scaling contamination which affects the high-frequency gravity field. In
this sense, an analysis of the scaling exponent vs the Bouguer density reduction
may be obtained through a prior complete Bouguer correction. For the Tyrrhe-
nian Sea the complete Bouguer correction is obtained by a DEM of the topography

with the Parker equation, and in this case the scaling analysis vs different Bouguer
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tered at 2350kg/m?>

density shows a parabolic trend with a minimum centered to a density value of
2350kg/m?(fig. 2.4).

The above result is obtained by an analysis of a range of wavelengths between
45 and 105 km where the Radial Power spectrum trend is linear and stable. This
wavelength band is connected to an intermediate depth source less influenced by
crustal-mantle discontinuity. In the large-wavelength part, the horizontal trend of
the radial power spectrum is associated with non-scaling features as if due to isostatic

compensation.

2.2.2 Bouguer-Bathymetry correlation

Since the topography effect can be observed as a scaling contamination of the gravity
field mainly in the short-wavelength band, it can be reduced by using the cross-plots
of the Bouguer anomaly vs the topography at differing densities.

In the hypothesis of a perfectly rigid crustal support, this correlation would
appear stochastic with a null slope. The contribution of isostasy to the gravity data
is highlighted by a negative correlation with topography, an effect which is more
evident in the large-wavelength bands. Figure 2.5 shows the topography vs Bouguer



2 THE ISOSTATIC SETTING OF TYRRHENIAN SEA 27

cross-plots calculated at various densities and after a high-pass filter A < 125km.
The cross-plots highlight two distinct groups of data: a first cloud of data (A) that
shows a negative correlation presumably associated with an isostatic compensation

mechanism, while the second cloud (B) shows a horizontal trend.
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Figure 2.5: Cross-plot of the correlation between Bouguer anomaly and the bathymetry for
various reduction densities. Two least squares fits have been performed, the optimal value is

2350kg/m? (plot with red points)

This leads us to conclude that if the correlation with topography is to be
reduced, it pertains only to the significant data sub-set B. A minimization of the
correlation would produce an under-estimation of the optimal Bouguer density with
a flattening of the large-wavelength gravity anomalies, an approach usually employed
when studying small regions believed to be crustal supported, and whose result is
usually different from the value of the Bouguer density obtained with the scaling

approach (Thorarinsson and Magnusson, 1990). This problem may be solved with
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a simultaneous least-squares fit of the data by using two linear trends. The linear

relationship for the correlation Bathymetry vs Bouguer is:

y = muz, (2.5)

where y is the Bouguer anomaly, = is the bathymetry value and m is the slope of the
cross-plot, which if ideally uncorrelated should be null. For different Bouguer density
values the slope of the cross-plot changes with varying m = m, if the euclidean
distance of the point (x,y) from the linear trend A is lower than the distance from
the linear trend B; and m = mp otherwise. By a iterative procedure m, and mp
values are re-calculated for each iteration, so that the final result is the best estimate
of both coefficients. During the simultaneous fit, for each iteractive phase, the errors
of fitting between the real data and the fitting line are calculated. The process is
interrupted when the misfit-error is smaller than a pre-fixed tollerance (defined by
the user). The table 2.1 give the standard deviation values for the four least-squares
fitting processes of the dataset B of figure 2.5.

In the case in question, the horizontal distribution for the B-cloud (null slope)
was obtained when the optimal Bouguer density value was 2350kg/m?, a value in
good agreement with the density value obtained using the scaling approach. Both
the methodologies give the same value of optimal Bouguer density, being based on
the same principle of minimizing the short-wavelength topographic effect on the
gravity data. In the cross-plots analysis I isolated a sub-set of Bouguer data that
shows a strong negative correlation with the topography and which is correlated with
a large isostatic mechanism. An evaluation of the spatial distribution of this dataset
may be of relevance for a regional study of the isostatic setting of the Tyrrhenian

Sea.

2.3 Discussion of the results

The scaling approach and the cross-plot analysis highlighted a particular value
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Iteration n. density 2200 density 2400 density 2600 density 2600

1 6.9726 7.7911 8.4672 8.5734
2 6.6968 7.3909 7.7106 8.0888
3 6.2053 6.6671 7.2134 7.6112
4 5.7104 6.2519 6.7947 7.403
5 5.3543 6.0308 6.6264 7.224
6 5.1909 5.8657 6.4769 7.0817
7 5.0595 5.7068 6.3572 6.8487
8 4.7689 5.3742 5.9564 6.5052
9 4.7254 5.3399 5.9371 6.4881
10 4.7213 5.3003 5.8845 6.4471
11 4.7213 5.3003 5.8735 6.4345
12 4.7213 5.3003 5.8735 6.4345

Table 1: List of standard deviation values during the fitting process for the dataset B

of optimal density for the Bouguer reduction of the Tyrrhenian gravimetric dataset.
Departing from this information, a revised Bouguer gravity map was plotted using
a density of p, = 2350km/m? and for which the Bouguer anomalies were low-pass
filtered using a cut-off wavelength obtained through power spectrum density: see
figure 2.6. While the resulting map provides useful information on the regional
variation of the gravity field, it is unable to throw light on the isostatic setting of
the Tyrrhenian area.

This map shows a large positive anomaly centered in the South Tyrrhenian
basin, in which the amplitude of the anomaly signal decreases from the Southern
portion of the basin down to negative values in the zone above the 41! parallel. The
shape of the positive anomaly (see contour distribution) in the southern Tyrrhenian
portion agrees with the shape of the basin. Around the 41! parallel lies the zero-level
of the anomalies, and this level shows a E-W trend like the crustal structures located
over the 41% parallel. Northward of this line, the Bouguer anomalies show a negative
trend with local positives centered on structural highs of the Northern Tyrrhenian

basin. These differences confirm the N-S variation of the crustal-lithosphere system
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Figure 2.6: Bouguer anomaly map of the Tyrrhenian Sea obtained using the optimal reduction

density of 2350kg/m?

of the Tyrrhenian, since the variations in the Bouguer anomaly field can be correlated
with a considerable difference in crustal rheologic behaviour between the southern
and northern portions. A further profile of the deep crustal setting of an area is
obtained by evaluation of the isostatic residual anomaly (Simpson et al., 1986), for
example using the method of Karner and Watts (1983). Applying this approach to
the Tyrrhenian area, the crustal features may be evaluated by plotting an isostatic
setting map. The previous cross-plot analysis highlighted two distinct data sub-sets
related to a different correlation between topography vs Bouguer. The first group
of data, called A, is believed to derive from regions where the isostatic mechanism
is still active, and spatial distribution of this data may be useful for a computation
of the isostatic pattern of this region. The actual data distribution was done with a

box-counting method in which the Tyrrhenian region was divided into a set of smaller
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Figure 2.7: Map of the isostatic level of the Tyrrhenian Sea as obtained by the box-counting
method applied to the data where isostatic effects are supposed to be active. The counting has
been rescaled into an arbitrary range between 0 (minimum probability of isostatic mechanism)and

1 (maximum probability of isostatic mechanism)

boxes. Using an interactive procedure we calculated the number of points on dataset
A that fall within each box, and subsequently normalized the total number to a range
between 0 and 1 to give a better representation of the isostatic setting. The map
in figure 2.7 shows the spatial distribution of this parameter for the Tyrrhenian Sea
area, thus giving more information on the deep setting of the Tyrrhenian sea, and
on the role of the 415 parallel zone as the boundary between two distinct crustal-
lithosphere domains.

The Tyrrhenian region presents low isostatic level values. The low isostatic
levels of the Southern portion would confirm that the isostasy is still active, and

this behaviour is dominant in the deep basin areas such as Magnaghi-Vavilov and
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Marsili. In the Northern Tyrrhenian area instead, northward of the 415! parallel zone
the isostatic level are higher (0.25-0.55), which supports the theory that there is also
an isostatic division between the two Tyrrhenian domains: the northern portion,
where the compensation mechanism is ended, and the southern part in which the
isostasy process is evident. The boundary between these two domains shows a E-W
trend along the 41°¢ parallel zone, although in the western area the changing point
of the isostatic level turns NE-SW in the same direction as the structural element
of the Selli Line, a fact which may indicate that these structural lineaments bond
two deep lithospheric domains. A further consideration lies in the fact that the
Northern Tyrrhenian basin is the older portion where the continental crust is less
thinned. In this portion, the process of eastward migration of the subduction system
occurred during the Late Oligocene at a low velocity rate (1.5-2 cm/yr) (Facenna
et al., 1997). This migration ended in the middle Miocene on the Corsica margin
and in the Early Pliocene on the Apennines sector. The Southern Tyrrhenian, on
the other hand, is a relative young back-arc basin characterized by several episodes
of extensional tectonics and volcanism associated with a SE flexural migration of
the subduction system (Royden, 1988; Malinverno and Ryan, 1986) suggesting a
thin crustal thickness. These features are confirmed by maximum heat flow values
(Della Vedova et al., 2001) and a shallow Moho depth of approx 10 km (Sartori et al.,
2004). The isostatic level map would appear to confirm the existence of an up-welling
mantle at the base of the crust as suggested by Hoernle et al. (1995), on the grounds
that the source of this low isostatic level is the upper part of the mantle (Seber et
al., 2001). The incomplete isostatic compensation of the Southern Tyrrhenian Sea
is confirmed by a dense distribution of the hypocenters of deep seismicity located
around the Aeolian arc and the abyssal basin where volcanic activity still occurs

(Vannucci et al., 2004) suggesting a non-equilibrium of the crust-mantle interface.
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3 The geomagnetic field

This chapter deals with the peculiarities of the geomagnetic field and its rep-
resentation, with particular attention to the mathematical notation of the field to
better understand and interpret its spatial variations. The time-dependence of the
magnetic field is studied departing from its raw measurement and go on to calcu-
late the magnetic anomaly field as the subtraction between the reference field and
the real data. Since the anomalous contributions strongly related to the structural
setting of the upper-middle crust, accurate evaluation of the shape and magnitude

of the anomalies can provide important information on the nature of the sources.

3.1 Representation of the geomagnetic field

At any point of the Earth’s surface, the geomagnetic field can be described
by a total intensity vector F, the magnitude of which is usually expressed in nT
(SI-1075 gauss). In literature it is commonly accepted that the geomagnetic field
consists of three parts: the main field, external field and variations of the main field,
where interestingly the external field represents only 1% of the total intensity. This
component originates outside the earth and appears to be associated with electric
currents in the ionized layer of the outer atmosphere. In a first approximation the
geomagnetic field can be derived from a geocentric dipole with a magnetization of
8x10?2Am? inclined approx 11°from the Earth’s rotational axis (Telford, 1990). The
magnitude value of F varies from 30000 nT in the equatorial zone to 65000 nT in the
polar areas. The total intensity vector (F) can be decomposed into two components
H and Z, which represent the projections of F on the horizontal and vertical planes
respectively. The angle between the direction of the geographic north and H is
called declination D, whereas inclination I is the angle between F and H (fig. 3.1).

The relationship between these elements is the following:

FP=H*+7°=H*+Y*+ 2? (3.1)
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Geographic North

Magnetic North

Figure 3.1: Components of the Earth’s magnetic field

H = Fcosl Z = Fsinl tanl = (3.2)

X = HcosD Y = HsinD tanD = (3.3)

]~ N

As illustrated in figure 3.1 the Z-vertical component of F is positive downwards,
H is always positive, while X and Y are considered positive Northward and Eastward.
In this reference frame, when the F-vector dips downwards in northern latitudes it
is called positive pole, whereas in the southern hemisphere it is referred to as the
negative pole.

A first mathematical representation of the geomagnetic field was created in
the early 1800’s by Gauss using a spherical harmonic analysis. The analytic form of
the field departs from one of Maxwell’s equations.

In a space without discontinuities, magnetic induction has no divergence and

the related field (b) is conservative:
V:b=0, (3.4)
the field can be also derived from a potential ¢:

b=-V-6¢. (3.5)
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The potential ¢ satisfies the Laplace equation:

v2¢ = 0, (3.6)

where V? is the Laplacian operator. The solution of this equation can be calculated

in a spherical coordinates system with the origin located in the center of the Earth.
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0= co-latitude, A=longitude; r=radius. the potential ¢ is given by :
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where a is the Earth’s radius , r is the distance of a generic point from the center,
n and m are positive numbers with m < n called degree and order of the Schmidt
Polynomius P"(#). Laplace’s equation 3.8 contains two contributions to the geo-
magnetic field: the external components of the Earth and the internal contribution
to volume. In equation 3.8 these two components are represented by the Gauss

. m, i m 1
Coefﬁ(}lents gn ext/int , hn ext/int

. The internal contribution is generated by a deep
field linked to a geodynamo mechanism and by a crustal field generated by the high
magnetized rocks of the crust. The external field is a small portion of the main ge-
omagnetic field (1%), thus its components may be assumed as negligible. Equation

3.8 may be re-written for the internal contribution as follows:

d=a- i i (%)mrl P(0) (g cosmA + h" sinm) . (3.9)

n=1 m=0
In general, equation 3.9 is truncated at order 10, obtaining the main field con-
nected to the nucleus of the earth. In geomagnetic prospection, the deep magnetic

contribution is usually subtracted from the total field for evaluation of the crustal
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magnetic sources. The nuclear contribution is obtained with a set of Gauss coef-
ficients abbreviated as IGRF (International Geomagnetic Reference Field), which
is periodically calculated by the International Association of Geomagnetism and
Aeronomy (IAGA) (Cain et al., 1968; Langel, 1991). The choice of a distinct ref-
erence field is dictated by the spatial dimension of the study area. In the case of
a regional study the anomaly field should be calculated by subtracting the IGRF,
while for smaller areas it can be obtained by removing the local reference field using

a local plane, trend or polynomius.

3.2 Time variation of the geomagnetic field

Since the geomagnetic field is affected by spatial and time dependence, in-
terpretation of the anomaly field is based on the connection between anomaly and
its local position of the source, hence the time-variation of the geomagnetic field
should be eliminated in order to obtain a precise spatial-dependent crustal field.
Each time that we measure the geomagnetic field, the data recorded is affected by a
time-variation of one of two main groups: internal variations and external variations.
The first, known as “secular variation ”, is a field fluctuation linked with the Earth’s
interior phenomena such as the change of the [ and D angles of the F-vector. To
the external group belongs the short-time variation of the field (less than 10 years)

(Telford et al., 1990). A number of effects are listed below:
1. A cycle of 11 years’ duration associated with sunspot activity

2. Solar diurnal variation with a period of 24 hours and an intensity of 30-40 n'T,

varying with latitude and season

3. Lunar diurnal variation with a period of 25 hours and a range of 2-3 nT, this

effect being caused by moon-ionosphere interaction

4. Magnetic storms are transient disturbances with a period ranging from a few

minutes (bays) to several days. The intensity of these storms can be greater
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than 1000 nT at most latitudes and even larger in polar regions, where they

are associated with the aurora.

Excluding magnetic storms, in which the amplitude of disturbance is such that
magnetic prospecting may be impracticable, the time dependence of the Geomag-
netic field can be measured and then subtracted by using a magnetometer known as
a base-station located in a fixed position. The base station must be installed near
the survey area when the crustal-magnetic signature is low (well away from any mag-
netic source). This magnetometer samples the field every 0.1-1 sec and records the
time-variation of the total intensity field . The magnetic data recorded by the base
station is subtracted from the real raw magnetic data to obtain the spatial contri-
bution of the geomagnetic field, thus providing the crustal magnetic contribution of
the area studied. Data recorded at different times is interpolated to obtain the same
number of observations of the measurement set. In off-shore magnetic surveys, when
the effective time variation is unknown, accurate time-reduction may be impeded by
unsuitable location of the base-station in that the magnetic observatory is usually
installed on the coast near the survey area. Since this type of error is relevant in a
high definition magnetic survey, the necessary time-reduction must be resolved by
using a differential measurement system (Jones, 1999; Marcotte et al., 1992) or FFT
filtering of the F-vector magnitude (Faggioni and Caratori Tontini, 2003). The pro-
cedure (called, time-track) is based on an acquisition of the geomagnetic field along
the same route at two different times. A marine survey produces a four-channel
time data-set |[Time (sec), Latitude A\, Longitude ¢, geomagnetic field amplitude (
nT)|, vector F is defined as F' = F(t,z,y). Alternatively F is acquired from the
nearest observatory F(t). By evaluating vector F(\,¢) in the Fourier domain, the

time dependence can be eliminated by a subtraction between the F} acquired at
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time t; and the F, related to time t:

FFT1(5,) = FFT1(pns,) — F1(s,) (3.10)
FFT2(5,) = FFT2(ps,) — F2(s,) (3.11)
AF(yy) = FFT1(45) — FFT2(4.), (3.12)

where FFT1(gxz,),FFT2(px4,) are the geomagnetic fields acquired along the track
at times 1 and 2; F1(;,) and F2(y,) are the magnetograms at times 1 and 2. This
procedure introduces a greater approximation, but ensures time phase control for
the geomagnetic signal with a smoothing action to eliminate the higher frequency

noise (Faggioni and Caratori Tontini, 2003).

3.3 The magnetic anomaly field

The geomagnetic field is given by a convolution of different contribution such
as the internal field, the external variation and the crustal components. The crustal
component of the field is evaluated by subtracting the deepest contribution £}y and
the time-dependence F; from the total intensity of the magnetic field of as described
by the following equation:

AF =F — F,.; — F,. (3.13)

Starting from equation 3.13, it is possible to estimate that the magnetic
anomaly is caused by the upper portion of the Earth alone, with a spatial depen-
dence. In these terms, magnetization of the crustal rocks represents the main cause
of the anomaly field. The magnetic crustal layer is delimited in the lower portion by
the Curie isotherm surface, in that the ferromagnetic minerals (Magnetite s.s and
s.l) of the basic-ultra basic rocks change their magnetic behaviour over the Curie
Point (580°). According to their magnetic properties all materials can be classified

into three main groups : diamagnetic, paramagnetic and ferromagnetic.

1. Diamagnetism. A diamagnetic rock has a negative magnetic susceptibility.

The intensity of the magnetization induced by the geomagnetic field is in
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Rock Type Susceptibility range Average Rock Type Susceptibility range Average
sedimentary Igneous
Dolomite 0-75 10 Granite 0-4000 200
Limestone 2-280 25 Rhyolite 20-3000
Sandstones 0-1660 30 Dolerite 100-3000 1400
Shale 5-1480 50 Augite 2700-3600
Metamorphic Diabase 80-13000 4500
Amphibolite 60 60 Porphyry 20-16700 5000
Schist 25-240 120 Gabbro 80-7200 6000
Gneiss 10-2000 Basalts 20-14500 6000
Serpentine 250-1400 Peridotite 7600-15600 13000
Slate 0-3000 500 Andesite 13500 13500

Table 2: Table of the magnetic susceptibility of various rocks

the opposite direction to the field. The negative charges are oriented in the
opposite direction to the induced field. The most common diamagnetic earth

materials are graphite, gypsum, marble, quartz and salt (Telford et al., 1990).

. Paramagnetism. All rock-minerals which are not diamagnetic are paramag-
netic. A paramagnetic rock exhibits zero or positive magnetic susceptibility
(K positive) where each atom has a net magnetic moment in a zero external

field. Paramagnetic elements are Al, Mn, Pt, Th, U, Nb, Ca.

. Ferromagnetism. A ferromagnetic material has several magnetic domains
which may be aligned along and in the opposite direction to the induced field,
but the magnetic moment is positive. Ferromagnetic rock has an intrinsic
magnetization with a low amplitude: when this rock is placed in an external

magnetic field its susceptibility increases. The most common ferromagnetic

minerals are Magnetite, [lmenite and Maghetite.

Tables 1 and 2 below give magnetic susceptibility values for the main types of

rocks and minerals.

The magnetic anomalies are generated by a portion of highly-magnetized rocks,

called magnetic sources, beneath a lower magnetization layer. The vectorial anoma-
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Mineral Type Susceptibility range Average Mineral Type Susceptibility range Average

Graphite -8 Siderite 100-310

Quartz -1 Pyrite 4-420 130
Salt -1 Limonite 240
Gypsum -1 Hematite 40-3000 550
Calcite -0.6 Chromite 240-9600 600
Chalcopyrite 32 Pyrrhotite 10%- 5 x10° 125000
IImenite 2.5 x10%- 3 x10° 1.5 x10°  Magnetite 105- 1.6 x 10° 5 x10°

Table 3: Table of the magnetic susceptibility of various minerals

lous field F,, shows an amplitude smaller than the total field F(F,, < 10%F) and
the same direction as F. The magnetic anomalous field has a dipolar shape and the
anomaly shows a positive and a negative lobe. The ratio between the positive and
negative lobes is a function of the latitude as a result of the change in inclination
I. The rotation of the azimuth formed by the maximum positive and the minimum
negative is due to the declination factor. Synthetic anomalies of a set of prismatic
cells have been calculated by varying the inclination of the induced field (varying the
latitude) (fig 3.2). At equatorial latitudes (I = 0°) the anomaly is negative while at
our latitude (I = 55° —60°) the anomaly is dipolar with both lobes having the same
amplitude. In the polar regions, where vector F is vertical, the shape of the anomaly
is mono-polar. The dipolar behaviour of the magnetic anomaly is a crucial point
in the interpretative process. Obviously, the local distribution of an anomaly is not
perfectly centered over the source generating it, therefore to obtain a direct rela-
tionship between anomaly and generating source it is necessary first of all to change
the shape of the anomaly from dipolar to pseudo-polar by calculating the anomaly
with a vertical vector of the main as in the polar field. This transformation, called
reduction to the pole, removes one level of complexity from the interpretative phase
because it shifts the anomalies laterally into a position over their respective sources

(Gunn, 1975; Blackely, 1995). The Fourier domain form of this transformation is
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Figure 3.2: Synthetic anomalies calculated at different values of inclination and declination of

the geomagnetic field; the generating source is represented by a unique prismatic body
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given by

k2 4k,
(i cos I cos Dk, + i cos I sin Dk +sin I\ /k2 4+ k2)?’

Rk, ky) = (3.14)

where k, and k£, are the wave-numbers along X and Y direction, I and D are Inclina-
tion and Declination of the induced field, respectively. This procedure is unreliable
when applied to low-latitude areas (equatorial zones), since the result of the trans-
formation can appear as a short-wavelength artifact elongated in the direction of the
declination. At non-equatorial latitudes, conversely, reduction to the pole represents

a valid tool for direct interpretation of the magnetic anomaly field.
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4 Description of the magnetic data

This chapter describes the magnetic data of the 41%'parallel zone extracted
from the larger database of the Italian peninsula and surrounding seas. The phases
of acquisition, processing and development of the new Aeromagnetic Anomaly Map
of Ttaly (Caratori Tontini et al., 2004; Eni E &P division) are described in the first
portion of this chapter while the later parts deal with the manner in which the
raw magnetic data of the Central Tyrrhenian sea was processed by computing its
anomaly field and the associated reduction to the pole. As a result this chapter
represents the starting point for the entire quantitative analysis of the magnetic

features of the 41%¢ parallel zone.

4.1 The Aeromagnetic Anomaly Map of Italy

A new aeromagnetic map of Italy and its surrounding seas was recently plotted
by Caratori Tontini et al. (2004). The magnetic dataset used for this map is a sum of
the total intensity field data acquired partly by AGIP (Direzione Esplorazione Idro-
carburi) between 1971 and 1980 and ENI SpA (Exploration & Production Division)
during the years 2001-2002. The previous magnetic cartography of Italy consisted
of the aeromagnetic map compiled by AGIP and SGN (1994) and the shaded relief
magnetic map at sea level by Chiappini et al. (2000) obtained by using the marine
dataset acquired by OGS (Osservatorio Geofisico Sperimentale-Trieste Italy), com-
bined with the on-land dataset of the repeat station network (Caratori Tontini et al.,
2004). The old Agip aeromagnetic map was produced for specific industrial-mining
use and the raw data was processed using particular methods such as the choice
of the geomagnetic reference field. The result of this approach was an anomaly
map affected by a linear trend aligned NNW-SSE with an average amplitude of
0.5 nT/Km, a particular effect which may represent an obstacle to structural inter-
pretative studies. Having been developed instead for scientific purposes, the new

aeromagnetic map of Italy is a precious tool for a structural/geologic study of the



4 DESCRIPTION OF THE MAGNETIC DATA 44

e

et ettt
| oottty
B XIS

Figure 4.1: Lay-out of the 41 aeromagnetic surveys

[talian peninsula.

The magnetic dataset of the 2004 map consists of 36 databases derived from
a number of micro-surveys carried out by Agip during the years 1971-80, combined
with five new surveys done in 2001-2002 by Eni and the Consorzio Universitario
della Spezia covering the Ancona off-shore, Molise off-shore, NE Calabria on/off-
shore, Sicily on-shore and lastly the off-shore portion of Southern Sicily. Between
them the old and new surveys covered a total area of 783576 km?, albeit using
different techniques. The flight planning of the 1971-1980 surveys is characterized
by a parallel line spaced every 5-10 km and control tie line every 10-15 km, with
variable line-spacing according to the different areas covered, and magnetic field data
taken every 0.05-0.25 km. The five 2001-2002 surveys give an average parallel line
spacing of 2-5 km and 5-10 km for the tie-line, with a sampling step of 0.05 km. The
total 41 surveys were performed with a high-resolution (0.01 nT) optically pumped
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cesium magnetometer, and each single survey was time-reduced using a local base-
station. The flight altitude varied between 1500 and 4000 meters (4800-13000 feet)
passing from the Tyrrhenian sea to the Alpine region. Figure 4.1 shows the 41 survey
areas with the tracks of the parallel lines and control tie lines. To obtain the residual
aeromagnetic anomaly map the raw-data of each database was re-projected to the
geomagnetic epoch using the IGRF-1979 reference field. The magnetic anomaly
map was then processed with statistical leveling and micro-leveling to avoid errors
of intersection and line path effects. Each reading was projected to the common
altitude of 2500 m by using an upward /downward BTM projection in the frequency
domain (Faggioni et al., 2001). The BTM procedure uses the vertical gradient of
the magnetic signal, differentiated for the frequency bands, to project the signal at

the same reference altitude using the following equation:

AF5T (¢, \)

AFPE(p \) = AFPE (6 N)4+0.5-d(p, \) - KBH . —— 277
(e, A) (¢, M) (¢, M) AR (6 0)]

(4.1)

where ¢, \ are the geographical coordinates; AF™" is the low/high frequency BTM
projected anomaly; AF“" (4, \) is the low/high frequency anomaly; K™ is the
low /high vertical gradient; |[AFLH (4 )\)|is the maximum value of the anomaly field.

Application of this procedure ensures that the 41 magnetic databases are integrated

into a single dataset of the aeromagnetic anomaly map of Italy (Fig. 4.2).

4.2 Magnetic data of the 41° parallel

The 415 parallel covers a large area connecting the Campanian coast with
northwest Sardinia. To ensure an accurate description of the magnetic pattern of
this East-West-running area, the magnetic analysis is focused on area larger than
that directly involved. In practical terms, the area studied is constrained latitudi-
nally between 39°30 and 42°00 and longitudinally from 16°00 to 9°00. The mag-
netic anomaly map of the Central Tyrrhenian Sea is formed by the integration of

seven Italian dataset micro-surveys: Southern Tyrrhenian Sea (n. 80-81), Northern
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Figure 4.2: Aeromagnetic Anomaly Map of Italy, contour-line every 25 nT, from Caratori Tontini

et al.(2004), magnetic data acquired by Agip-Eni
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Tyrrhenian Sea (n. 72), Sardinia region (n. 83-85), Campanian-Calabrian coast and
a portion of the Southern Apennine (n. 76) and Puglia Region (n. 77)(Fig. 4.3).

The result of this integration is given in figure 4.4.
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Figure 4.3: Geometry of the seven micro-surveys of the Central Tyrrhenian area

If T observe the frequency contribution of the anomaly field, the Central Tyrrhe-
nian Sea is split into different magnetic domains. The 415! parallel is an E-W mag-
netic lineament where several high-value anomalies connect the continental area of
the Gulf of Naples with the magnetic evidences of the NW Sardinia basement. This
lineament may be considered a boundary between two different magnetic regimes:
the North Tyrrhenian domain shows a main component of low frequency, whereas
the Southern Tyrrhenian Sea is dominated by high-frequency anomalies. In the
Southern Tyrrhenian domain, the magnetic pattern is due to the presence of a
shallow oceanic crust along with a high density of volcanic edifices. The magnetic
anomalies are strongly correlated to the submerged structure of the area in that the
two main oceanic basins, Vavilov and Marsili, show a distribution of anomalies com-

patible with their morphology. Additionally, these two abyssal basins are separated
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Figure 4.5: Tectonic-structural features superimposed to the anomaly map of the Central Tyrrhe-

nian Sea

by a thick crustal channel known as the Issel bridge, which is characterized by a

low-amplitude magnetic signature (Fig. 4.5). The oceanic-related magnetic pattern

starts at a point corresponding to a main system of normal faults extending NE-

SW, named the Central Faults-Selli Line, a structure which may be considered as

the changing point of the extension in the Southern Tyrrhenian Sea. The magnetic

anomalies of the 41° are linked partly to buried generating sources and partly to

effusive edifices of Plio-Quaternary magmatism, and at the westernmost portion of

this lineament there are three separate anomalies with amplitudes ranging from 30

to 100 nT (Fig 4.6 box A) without bathymetric evidence.



4 DESCRIPTION OF THE MAGNETIC DATA 50

. 2 . . . o
oo 150" 200 abbo 1300 iaso 400" qas0 Hbo  1sso 1e00  1es0 p 500
4001
P — g T 350
Fe] 1] 300,
250,
5 Ai".‘g
8 s 125
3 g
g s
0
30
25
. 200"
s gg b
Ll =1
0.
-5,
10,
I 154
8 gﬁ 2!
g a0,
4 0
75|
, B
150,
kx 8 0
& 300
1100 1150 1200 12850 1300 1350 1400 1450 1500 1580 1600 1650 -
10 tE 12 130 Ers 15° nT

Figure 4.6: Anomaly field of the 41°¢parallel zone, the black boxes define different magnetic

evidences

10745 4240 11 1260 "1 1% 1280 "3 4300 1" %4320 1% 4340 ¥ 15360 1730 T2 10—
o " : : ! : { : : . &I 10
a0. -
§ 85, 06—
ol =
. 766 g'g_
5 73. o3 —
T s & 03—
g §1 S o
£ ]
< 83 0.1
52. 0'1 —
49, .
5. 01—
i 0.0
- 3 00
T ad 3 0.1
= e 01188
E 25, 01
27, 0.2
18 02
14, 0.2
8 1. 03
. & 4 03
o pa B8 0%
-2. 4
a NS 5 05
= =] -9.4 05
128 :
= -16.3 06
. £
- el 3
g 2% 0.8
E T 5, i
. . | ] . |y asl 19
1240 1260 1280 1300 1320 1340 1360 2 36 :
11° 11" 15 11" 30" 11" 45 12° 12" 15 12° 30 nT km
Rl o 10 20
e e e —

Figure 4.7: Reduced to-the-pole anomaly map of the western portion of figure 4.6; the trans-
formed anomaly field is superimposed on the shaded relief bathymetry map (ISMAR-CNR data)



4 DESCRIPTION OF THE MAGNETIC DATA 51

The reduced-to-the-pole anomalies (Inclination 1=56.8°and declination D=-
1.14°) of these three evidences are located in small basins, separated by a N-S
trending structural high (Fig 4.7). The relationship between the anomaly field and
bathymetry may be indicative of the depth of the magnetized bodies, and these
anomalies can be associated with granitic/granodioritic intrusions of Tortonian age
such as the Vercelli Smt (Barberi et al., 1978). In the central-eastern portion (Fig
4.6) of the 41" zone the magnetic anomaly field is caused by high-magnetization
rock of calc-alkaline volcanism such as the Pontine Islands (Pliocene-Pleistocene
age, Cadoux et al., 2005) and Ischia and Procida islands (Pleistocene). In this area,
the magnetic anomaly field has a higher intensity (max 250-300 nT) due to a con-
tribution of sources such as the Campanian district. The 415 parallel lineament
shows a non-homogeneous magnetic pattern caused by the different shapes, depths
and nature of its sources while the E-W distribution of the sources corresponds to
a chronology of the magmatic events linked to the Tortonian-Pleistocene evolution

of the Tyrrhenian Sea.
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5 Analysis of the Magnetic Signal

This chapter addresses the properties of the magnetic anomaly field and anal-
ysis of its signal. The frequency behaviour of the magnetic anomaly is obtained by
applying the Fast Fourier Transform to the signal data. Subsequently a spectral
analysis is focused on the magnetic data of the 41%¢ parallel zone, with a statistical
study of the power spectra and application of the Continuous Wavelet transform.
Both these methodologies are useful for a qualitative interpretation of the magnetic

structure of the 415 parallel zone, which confirms its role as magnetic boundary.

5.1 The spectral analysis

The aim of magnetic prospection is to obtain the physical parameters of the
generating source of the magnetic signal such as geometric features, depth and sus-
ceptibility values. The evaluation of each of these parameters requires a suitable
method of analysis, and for example spectral analysis provides information about
the features of the magnetic signal in the frequency domain such as its differentiating
frequency band associated with the vertical distribution of the generating sources.
Since the intrinsic characteristics of the magnetic field are not visible from a simple
function that works in the spatial domain, the procedure begins with the magnetic

signal represented as a series of functions:
n
k=1

where @, is a generic function and C} represents the expansion factor. Represen-
tation of the magnetic signal in the frequency domain is obtained by applying a
Fourier Series. A function F(z) which is continuous in the interval =+ < z < £

and periodic with period X may be expanded into a Fourier series:

f(z) =ap+ Z(an COS Wp X + by, Sin w, ), (5.2)

n=1
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where a, and b, are the expansion coefficients (Kanasewich, 1977). The amplitude

spectrum of any given frequency components is calculated by

F,=+\/d + 2. (5.3)

The phase spectrum is

by
®,, = arctan —. (5.4)
an

In the case of a function which has aperiodic behaviour with a variation con-

fined to a finite-length
/ f(z)dz < oo. (5.5)

Fourier Transform can be represented thus:

F(k) = / " )e e, (5.6)

K is called wave-number and has units of inverse distance. The relationship between

wave-number and wavelength is given by

k= (5.7)

Since the Fourier transform is a complex function with a real and an imaginary

part, it can also be written as
F(k) = |F(k)|e”™, (5.8)
where
[F (k)| = [(ReF (k) + (TmF (k))*],
O(k) = arctan ImF (k)

ReF (k)
|F(k)| and © are the amplitude and phase spectrums, respectively. The total energy

of the function is given by

E = /_Oo |F(k)|*dx, (5.9)

o0
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where |F(k)|* is called Power Spectrum. The inverse formula of the Fourier

transform is

fla) = = / P, (5.10)

:% .

The Fourier transform can be extended in a function of two variables (x,y) as

Flhoby) = [~ [ p(geitbertndnay, (5.11)

The Fourier Transform has the property of convolution: if an H(x) is obtained
as an integral product of two functions L(z) and G(z), F(H) is calculated as a
product between F(L) and F(G). Indeed, the deconvolution property is also valid
for the inverse Fourier Transform. Working in the frequency domain, the integral

operation can be transformed into a simple product.

Real function
F (x)

TTTTT'TTTTT

—2Ax —AX In A X 2A x t

Box-car function Sampled Function

[ T T» A
=

- X

c (x)
B — - — - — - — s — s — s — s — s — - — - - 1

«————— Lenght of the istion profile X I

Figure 5.1: Explanation of the process of digitalization of an analogic real function

During a magnetic prospection the geomagnetic field is recorded with a con-
stant (analogic real function) sampling step obtaining as output a discrete sequence
of data F'(z,y). A single profile of acquisition consists of a finite number of samples
spaced at a common distance, known as a sampling step. Analytically, the sampled
function C(x) derives from the deconvolution of three functions: the real function

f(x), the infinite Dirac-Comb function D(x) and the box-car B(x).

C(z) = f(z) - D(x) - B(x). (5.12)
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The infinite Dirac-Comb function consists of a finite series of Dirac delta functions
spaced at the sampling step. The Dirac delta function is 1 on the point sampled,
and zero at all other point. The box-car, also known as a rectangular window,
is a function with infinity extension that is 1 along the recording profile and zero
otherwise (fig. 5.1). The sampling procedure of the magnetic field is an operation

of digitization and truncation. The highest frequency evaluable in a power spec-

_L

557 Where 0T is the sampling

trum, called Nyquist frequency, is calculated as f,, =
step. This relationship exists because it is necessary to have at least two samples
to detect any frequency component. Working in a discrete sampling interval it is
impossible to evaluate frequencies above the Nyquist frequency. In the case of a
signal with frequencies higher than f,,, their power will be reflected back into the
power spectrum over the principal range. In this case the global power spectrum is
aliased or affected by aliasing noise, an effect which may be reduced by filtering out
the frequencies higher than f,,. The Fourier series can be fast computed by using
an algorithm called Fast Fourier transform-FFT (Cooley and Turkey, 1965; Good,
1958), which drastically reduces calculation time and which is the most commonly
applied routine in geophysical software. In the case of a discrete Fourier series of
N data, the Fourier transform is a N? process, which can be calculated in N log, N

with a considerable reduction of CPU Time. The FF'T algorithm has been uniformly

applied in all the Fourier transformation processes related to this study.

5.2 Spectral study of the 41 parallel

Spectral analysis of the magnetic signal provides different frequency-band con-
tributions linked to distinct depths-band of the associated sources. The power spec-
tral density shows how the magnetic signal power decays as frequency increases,
hence the shape and trend of the power spectrum is directly related to the differ-
ent frequency contributions. A statistical study of the power spectrum suggests

that the passage from low-frequency to high-frequency sources generates a change



5 ANALYSIS OF THE MAGNETIC SIGNAL 56

of slope on the spectrum (Spector and Grant, 1970) and the wavelength where this
effect occurs is called the cut-off wavelength. Considering the case of the area being
studied, the statistical analysis of the power spectra may highlight the different fre-
quency features between the North and Southern Tyrrhenian Sea. This study was
performed by dividing the areas above and below the 415 parallel zone into a set
of sub-regions. The global dataset of of the Central Tyrrhenian area was therefore
divided into two matrices: the Northern and Southern Tyrrhenian sea matrices,
two large areas showing an anomaly field with a lateral variation of their frequency
contributions. In these cases the spectral study takes into consideration frequency
contributions uncorrelated with the real magnetic pattern of the area. The regions
were therefore divided into a number of sub-matrices spaced 30’x30" and for each of
which the power-spectrum was computed. This procedure is shown in the following

illustration (fig. 5.2):

|Sub-matrix A| |PWS-matrix Al
North Matrix |Sub-Matrix B| |PWS-Matrix B| .
— | |Sub-Matrix C] [PWS-Matrix C| [—>| | PWS N41%|
|Sub-matrix D| |PWS-matrix D|
|Cental Tyrrhenian Matrix| [ EET
|Sub-matrix 1] [PWS-matrix 1|
) |Sub-Matrix 2| |PWS-Matrix 2| ;
| [South Matrix| |Sub-Matrix 3| |PWS-Matrix 3| | PWS S41°|
|Sub-matrix 4| |PWS-matrix 4|

Figure 5.2: Block diagram of the power spectrum study

Evaluation of the slope change of the power spectrum of each sub area (fig.
5.3) provided several cut-off wavelength values (table 5.1), which were averaged
separately for the Northern and Southern areas. The region above the 415 parallel
zone is characterized by A = 7lkm (fig 5.4), while the southern Tyrrhenian Sea
has a A = 57km (fig 5.5). This result confirms the leading role of the 41%" in the

magnetic pattern of the Central Tyrrhenian area, as a magnetic lineament dividing
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Figure 5.5: Power spectrum of the Southern Tyrrhenian area, cut-off wavelength A = 57km

Northern Tyrrhenian Area

Southern Tyrrhenian Area

Longitude Latitude value | Longitude Latitude wvalue
10.58.35.0  42.06.25.6 77.00 | 14.24.48.3  39.25.05.1 47.00
11.35.28.8  41.37.47.2 74.00 | 11.52.38.4  39.43.25.1 49.00
11.09.20.4 41.18.52.3 67.00 | 13.54.24.7 39.35.23.7 50.00
12.25.59.8  41.27.14.4 73.00 | 12.41.03.1  40.04.07.7 54.00
11.48.11.0 41.06.23.2  66.00 | 14.37.48.2 40.14.44.5 56.00
12.08.36.2  41.15.29.2 71.00 | 13.10.23.5  39.36.50.5 56.00
13.57.06.7  41.01.12.1 65.00 |12.23.31.1  39.15.16.5 57.00
12.56.23.5  40.59.49.8 69.00 | 13.44.57.8  40.17.31.8 60.00
12.13.41.1  41.39.28.9 74.00 | 11.08.48.8  39.54.21.9 62.00
10.57.38.8 41.47.07.8 75.00 | 11.09.22.6 40.28.40.4 63.00
11.48.05.5  41.57.53.4 70.00 | 10.41.06.0  39.22.17.6 64.00

Table 4: List of the cut-off wavelength values for the sub-regions of the Tyrrhenian

Sea
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the two domains characterized by different frequency contributions.

The area north of the 41%¢ is characterized by deep sources with a superim-
position of scattered and shallower evidences, while the area to the south shows a
high-frequency contribution associated with the several magmatic/magnetic sources

located over a shallow oceanic basement.

5.3 Wavelet analysis of the 41° lineament

The power spectrum study described above has suggested information about
the magnetic patterns of the central Tyrrhenian area, including the fact that the
frequency contribution changes in correspondence with the 415 parallel. Spectral
analysis is less resolutive for a 2D (X-Y surface) distribution of the magnetic anomaly
field in that while this methodology may provide information about the change of
magnetic pattern it is unable to determine the correct location of the boundary.
To this aim, I proceeded to study the magnetic properties of the 41%¢ by using
the Wavelet transform, a procedure which provides spectral variation related to its
geographical position. The result of this approach is a function W defined by both
spatial distribution (s) and scale (&), since scale £ can represent the main wavelength
of the signal at the position s. For each 1D function f(z) € L?(R) the 1D-Wavelet
transform is defined by the following formula (Daubechies, 1992; Foufoula Georgiou

and Kumar, 1994)
- —r—bh

W (a,b) = %/_OO F ()T

In the discrete case, the associated transformation uses a discrete value of the

dx. (5.13)

parameters a and b. The most common solution is represented by a dyadic grid
with @ = 2™ and b = a - n with a, b € ZxZ (Fedi and Quarta, 1998). The Discrete

Wavelet Transform is given by

W(a,b) = /00 f(2)V,, dx, (5.14)
with

Upn(z) = Q—m/2\px_7

2m
2: = 2 /227 My — ). (5.15)
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The mother Wavelet function ¥ has two main properties: compact support,
for a correct localization in space, and a zero-mean (Farge, 1992). In the first order,
the choice of this function is connected to the type of transformation. The Discrete
wavelet transform is feasible only by using an orthogonal basis, whereas the Contin-
uous Wavelet Transform requires a non-orthogonal wavelet function (Torrence and
Compo, 1998). An orthogonal base function provides a power spectrum that con-
tains discrete blocks of wavelet power. This result is due to a number of convolutions
at each scale proportional to the width of the wavelet basis on that scale. Conversely,
the non-orthogonal wavelet function analysis is redundant on a large scale. This last
group is useful for an aperiodic and non-homogeneous dataset (Farge, 1992; Torrence
and Compo, 1998). In the case of our study area, the magnetic signal was analyzed
in the Wavelet domain on a non-orthogonal basis. In particular, the wavelet mother
chosen is the real DOG (Derivative of a Gaussian) function considered capable of
isolating peaks and/or discontinuities (Torrence and Compo, 1998).

Consequently the Central Tyrrhenian area was studied using a 1D Wavelet
transform. The magnetic anomaly field was sampled by 43 N-S profiles spaced
approx 10 km apart with a sampling step of 0.5 km along each profile (Fig.5.6).
The data was then transformed in a 1-64 scale range of with a DOG order 2. The
profile was divided into n-sections (n = 2°), with the maximum scale 64 representing
(n = 2°).

The result of the 1D wavelet transformation is a power spectrum also called
scalogram, a 2D diagram giving function W values on differing scales in that ge-
ographical position. In this case, the wavelet analysis was performed with using
a Matlab Toolbox. Each scalogram of the magnetic anomaly field of the Central
Tyrrhenian sea shows a minimum of the spectrum at every scale. The minimum
is localized at a km-coordinate of 4530-4545 representing the projected position of
the 415 parallel (Fig. 5.7). This scalogram behaviour can be interpreted as the
N-S variation of the magnetic signal connected with the local position of a mag-

netic boundary. For each profile, the minimum wavelet scalogram, or blue-point, is
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Figure 5.6: Distribution of the 43 profiles used for the wavelet analysis.The line-path overlaps

the aeromagnetic anomaly field

plotted (with a clear georeference) on the magnetic anomaly map, thus obtaining a
possible planar shape of the discontinuity (Fig. 5.8).

The minimum coefficients are all located along the 415 parallel above the in-
dividual magnetic evidences in a distribution pattern which appears to confirm the
presence of a magnetic boundary between the Northern and Southern Tyrrhenian
basins. Proceeding from these results, a similar analysis was performed using the
gravity data with the Bouguer anomaly of the Tyrrhenian Sea as previously de-
scribed in chapter 2. The gravity data were sampled long the same 43 profiles of
the magnetic analysis using the same sampling step. In this case the Continuous
Wavelet Transform was based on a DOG wavelet basis on a scale ranging from 1
to 128, and the resulting scalograms show minimum wavelet coefficients located at
the km-coordinate of the 415! parallel zone in the same way as in the case of the
magnetic data (Fig. 5.9). This result is indicative of a gravity/density differenti-
ation between the North and South Tyrrhenian, since it shows a decreasing trend

in the Bouguer anomaly range from the Southern basin to the Northern one. The
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Wavelet analysis has highlighted a particular gravity behavior of the Central portion
of the Tyrrhenian which is not evaluable from the Bouguer anomaly map. Indeed,
by mapping the gravity and magnetic minimum wavelet coefficients it is possible
to see a correlation between the magnetic and gravimetric boundaries (Fig. 5.10).
The wavelet analysis confirmed the presence of a magnetic boundary along the 415
parallel zone with a quantitative evaluation of its planar distribution. The same
results are obtained by applying the Wavelet analysis to the gravity data: along the
41°" there exists a density/gravity discontinuity. In the light of these results, the
415t represents the changing point of the main magnetic and gravity properties of
the Tyrrhenian area, and it may be interpreted as a crustal boundary between the

two Tyrrhenian domains.
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6 The magnetic basement

The magnetic anomaly field of the Central Tyrrhenian area shows a peculiar
distribution, with a clear boundary between two magnetic domains represented by
the 415" parallel zone. Following definition of the magnetic discontinuity’s geographic
location through the Wavelet analysis described in the previous chapter, this section
studies the depth distribution of the magnetic sources. More precisely I estimate
the upper and lower surfaces of the magnetic basement by using spectral analysis
and inverting the shallow heat flow. The resulting better definition of the magnetic
crustal portion’s shape and thickness is decisive for an inverse study of the magnetic

data.

6.1 The concept of magnetic basement

The magnetic anomaly field is a convolved signal due to the superimposition
of several contributions. In the case of a delimited area, the anomaly field may be
considered as a convolution of some anomalous contributions from all the magnetic
sources located in the magnetic crustal portion, known as magnetic basement. The
concept of magnetic basement is based on the distribution of magnetic susceptibility
and it is commonly associated with high-susceptibility crystalline crustal portions,
unlike the low-susceptibility sedimentary units which do not belong to this mag-
netic crustal portion. Distribution of the top of the magnetic basement is generally
assumed to coincide with the base of the sedimentary covers. Although from a
magnetic point of view the limit between sedimentary units and magnetic crustal
portion is not very well defined, a spectral study makes it possible to obtain a depth
range of the low-susceptibility sedimentary covers. The relationship between mag-
netic and geologic basements is also problematic, an example being the fact that
low magnetized metamorphic sequences not forming the magnetic basement may
be considered true elements of the geologic basements. As a result it is necessary

to study the vertical distribution of the magnetic basement in small clearly limited
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areas where the magnetic pattern and its deep geologic features are well defined.
The Central Tyrrhenian area shows geological features associated with the
Miocene-Quaternary geodynamic evolution of the basin. Along the 41%¢ parallel
zone lies a fault system extending from the continental Campanian Margin to the
N-E Sardinia, in an area containing several volcanic structures such as the Vercelli
Smt, Cassinis Smt. and Pontine Islands, all of which are imposed on a clear magnetic
basement. The shallower volcanic evidences are well isolated in the high-frequency
domain while the deeper magnetic portion is less clearly defined. In this case, the
top of the basement was defined by a iterative study of the power spectrum (Spector
and Grant, 1970), whereas the bottom surface was computed by inverting the heat

flow data.

6.2 The top of the magnetic basement

Although a spectral study of the magnetic signal gives information on the
generating source it fails to indicate a clear relationship with the geologic setting.
The high frequencies are commonly correlated with the shallower sources, whereas
the low-frequency contribution is due to the deeper magnetic bodies. The different
magnetic portions of the crust are studied in order to distinguish the different fre-
quency bands of the signal. When a spectral study is applied to a bi-dimensional
distribution of magnetic anomalies, the resulting power spectrum is called radial
average power spectrum. The direct link between the frequency band of a gener-
ating source family and its depth is obtained by a statistical study of the radial
average power spectrum (Spector and Grant, 1970). By this method it is possible
to calculate the top of the source. Spector and Grant (1970) portray the geological
body as rectangular prismatic ensembles where each ensemble is characterized by
a joint frequency distribution for the depth, width, length and magnetization. The

power spectrum of the total magnetic field generated by a single rectangular prism
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is given by Bhattacharyya (1966)(in polar frequency coordinates p,1):

_E@ﬁ%:G?Yk%””@:ﬂﬂfS%mmRﬁwRiwy (6.1)

where 11 is the magnetic permeability and k is a magnetic moment /unit depth, S,
R% and R} are given by

sin (ap cos ) sin (bp sin ¥)

S(p,v) = 6.2
(p. ) ap cos bpsing ' (62)
RZ =n%+ (lcos 9 + msin®)?, (6.3)
R% = N? + (Lcosd + Msind)?, (6.4)

where 1, m, n are direction cosines of the Geomagnetic field vector and L., M, N are
direction cosines of the magnetic moment vector K

The reduced-to-the-pole expression of equation 6.1

Bip) = (%) BC (0.an) T (07 H (7). (6.5)

where C is the azimuthal average

cmmaziﬂwywﬁﬂ@ma (6.6)

the parameters T and H are

T(p, ) = (1 —c )}y =1 [(3 B 6_%) (1 B 6_%)] (6.7)

H(p. ) = (e)') = e R S, (63

The ensemble average depth A enters only into the factor e **” for AH < 1/h.

The logarithm of this factor approximates a line whose slope is -2h. The depth

evaluation of the top of a generic prismatic ensemble is given by
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h(depth) = _%%ﬁ?(m)_

The depth evaluation with Spector and Grant model is underestimated (in the

(6.9)

case of the high frequency band) because the behaviour of the red power spectrum
follows a power law decay connected to the C-factor (Fedi et al., 1997). The plot of
log C vs Log p shows a curve that decays with a power law p°. For large sources
£ = 2.9. In these terms, the power spectrum obtained with Spector and Grant’s
model should be corrected for the factor p*? (Fedi et al., 1997).

E(p) = (%)QEQpZ'gH(p, h). (6.10)

The modified power spectrum provides a correct depth estimation, which is why this
approach is applied when estimating the top magnetic basement of the 415" parallel
zone by dividing the area of interest into several sub-regions as previously described
in chapter 5, figure 5.3. For each sub-area the radial average power spectrum was
calculated, and the slope change of each single power spectrum studied in order to
estimate the different generating source ensembles. In all cases the depth-estimation

was focused to the lowest-frequency sources.

no real data

S /
7

Plane B [8.5 Km]

Depht-direction

East-direction

Figure 6.1: Schematic example of a lack of real data between two planes
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The depth-value of the top basement was set as the center of the sub-region
and the first result of this procedure was a series of planes located at different depths,
which however created the problem of a partial overlap between two nearby planes
(fig.6.1).

The gap in values between two zones was solved by a geostatistic analysis, a
procedure which re-distributes the real data by extrapolating the depth values where
no data is available. The stochastic analysis is based on a set of regionalized variables
in a method known as multi-space kriging analysis (Cressie, 1990). The spatial
continuity degree of a regionalized variable can be explained by a variogram (semi-
variance/distance), therefore in the case of a bi-dimensional map the expression of
the 2D variogram is the following:

m—pn

1 = 2
Z(i,j) — Z(i+p,j ) 6.11
2 (m —p) (n—q) = [ (4:7) (+py+q)] ( )

v(p,q) =

where p and ¢ are the dimensions of the grid size along i — row and j — column; m
and n are the position of the point. The kriging extracts a set of optimal weights
from the variogram and estimates the value of the variable where there is no real
data. This step gives us a continuous isobath of the top of the magnetic basement

(fig 6.2). Figure 6.3 gives the top basement surface of the 415 parallel zone, where

new surface

- Plane A [6 km)]
5
s -
; \
.= \
N

3 -~
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o
(=]

East-direction

Figure 6.2: Homogeneous distribution of the real data after a kriging analysis
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the top shows a homogeneous distribution with depths ranging from 4 km to 8-10
km. Along E-W direction (41%" parallel, profile in figure 6.3) the top of the basement
is located at a depth of 6-7 km, while near to the Campanian margin the depth of the

basement increases (8-10 km). Considering a N-S profile, the top of the basement

Top magnetic basement distribution along 41° parallel

E -t
= — basemant
549 EE

126000 126000 130000 132000  1340.00 136000  1360.00 140000 142000  1440.00
Km -coordinate - East/West direction

Figure 6.3: (Map) Bidimensional depth-distribution of the top magnetic basement of the 415
parallel zone; (Profile) 1D distribution of the depth of the basement along a E-W direction (red

track in the map)

shows a decrease in depth with a minimum of 2-3 km centered on the Magnaghi-

Vavilov Basin. In this region, the magnetic crustal portion is shallower due to the
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Tortonian stretching of the crust. Around the 41 parallel lineament the depth of
the top basement surface increases, whereas above this latitude it decreases slightly
down to 5 km. The 41% parallel area may therefore be considered a local magnetic
basement along which the top of the basement is moderately deep (middle crustal
portion) suggesting the presence of a non-magnetized shallow crustal portion. The
geologic-tectonic setting of the study area is characterized by a sequence of thrusts,
where several continental blocks are superimposed on the metamorphic-crystalline

basement (Finetti et al., 2003).

6.3 The bottom of the magnetic basement

The lower portion of the magnetic basement is calculated according to the
Curie Isotherm depth distribution, by which the magnetic signature of the crust
decreases in value as the temperature increases. The Curie Point of a material
represents the thermal limit above which the magnetic properties change from para-
magnetic to diamagnetic: a temperature higher than the Curie isotherm causes the
Weiss domains to break, thus generating a random distribution of the electrons
(Telford,1990). In geology the value of the Curie isotherm is related to the main
ferromagnetic minerals of the crustal portion being studied since the magnetic sig-
nature of a rock is generally due to its Magnetite FeFey(O, content.

The basic-ultrabasic crustal portions contain ferromagnetic minerals such as
Ulvospinel (FeyTi0,), Magnesium-Ferrites (M gFe,0,) and Spinel s.1
(Mg, Fe)(Al, Fe,Cr),0,). Table 6.1 lists the Curie temperature of relevant min-
erals. If we evaluate the paragenesis of the upper crustal portion, we see that the
most widespread ferromagnetic mineral is magnetite s.s, while the other oxides can
be considered as secondary minerals. Using this information, the thermal model
was computed inverting the surface heat flow data with a fixed temperature value
T = Tcurie = 580°. In a steady thermal condition, the heat flow is influenced by

two main factors: asthenospheric and radiogenic contributions. The first reflects
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crustal heating due to a convective movement inside the asthenosphere, while the
second is a result of the radioactive decaying of radiogenic elements inside the crust
which produces a form of heating defined radiogenic. This model was developed in
a steady thermal state on a heat flow dataset derived from the cited Heat Flow Map
of Italy and Surrounding Seas (Della Vedova et al. 2001)(fig. 6.4). This surface heat
flow distribution is the result of integration and re-processing of data acquired over
the last 20 years and the global HF database integrates the measurements of the
sedimentary basins (Della Vedova and Pellis, 1980; 1988), rift zone (Della Vedova
et al., 1984; 1988; 1993; Della Vedova and Pellis, 1986; Hutchinson, 1986; Burrus
and Foucher, 1986; Kastens et al., 1987), mountain bells (Rybach and Jaffé, 1976;
Rybach et al., 1977; Pasquale, 1985) and the cratonic areas (Loddo et al., 1982).
As a result of these measurements, we now have several HF maps of Italy and its
surrounding seas (Mongelli et al., 1991; Cataldi et al., 1995) and the current HF
database of Italy incorporates data from more than 500 shallow wells (300 m) drilled
for geothermal prospecting (Bellani et al., 1994), 150 geothermal wells (3000-4000 m
deep) located in Tuscany and Latium, approx 1850 hydrocarbon exploration wells
(7000 m deep) scattered all over Italy and finally 700 marine HF measurements
(Della Vedova et al., 1995).

Departing from the surface heat flow data, the Curie isotherm distribution
was evaluated according to the thermal gradient (temperature vs depth) using as
constraints crustal thickness (from Nicolich and Dal Piaz, 1992; Nicolich, 2001)
and V), distribution (Panza el at., 2003). The p-wave velocity distribution suggests
different rheologic features within the crust and this factor is useful to infer the
thermal conductivity. In the Central Tyrrhenian area the p-wave velocities range
from 4.5 to 4.8 km/s (Panza et al., 2003) and the expected thermal conductivity is
K,. = 29W/mK (Pasquale et al., 1990). The radiogenic component of heat flow

depends on Ag as coefficient of radiogenic heat production:

(6.12)

—Z+ Z
A(z) = Agexp <Q> ,

C
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Mineral Magnetic behaviour T°Curie
[Imenite anti-ferromagnetic -205°
Chromite  Ferromagnetic -185°
Magnetite  Ferromagnetic D75°
Ulvospinel  anti-ferromagnetic -153°

Hematite anti-ferromagnetic-ferromagnetic  675°
Pyrrhotite = Ferromagnetic 320°
Maghemite Ferromagnetic 675°-750°

Table 5: Curie Point of the main minerals forming the upper crustal portion (from

Carmichel 1989)

where Z and Z; are the upper and lower crust boundaries and C is the vertical limit

of the radiogenic source (8 km from Zito et al., 2003) The radiogenic contribution

Qraq 1s given by
Z

Qrag = | A.dZ. (6.13)

Zo

The thermal gradient is obtained by this differential equation

d 7
g = —Ayexp <7> ; (6.14)
Qz) = K;I—Z. (6.15)

The final relation between temperature and depth is

7 A CZ A C? -
@ — ¢ + 0¥ (l—expTZ),

2 =T+%-~ % *x.

(6.16)

where Tj is the temperature at depth 7y, Qg is the surface heat flow value and K, .is
the thermal conductivity. Equation 6.18 expresses the thermal state as a function
of depth. The thermal gradient is studied for different values of surface heat flow
by using an iterative procedure (fig.6.5). Departing from a fixed temperature value,

equation 6.18 is solved using T'(z) = 580°(Curie point of magnetite) calculating the
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Figure 6.4: Surface heat flow distribution of the Tyrrhenian region redrawn from Della Vedova
et al. (2001)

Z(Teurie) depth of the Curie isotherm. This procedure was applied to each heat
flow data point to obtain a 2D Curie point depth distribution referred to as Curie

isotherm surface (fig.6.6).
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Figure 6.5: Thermal gradient evaluated at different Heat flow values

The Curie isotherm distribution shows good agreement with the Moho dis-
continuity Map (Nicolich, 2001). The bottom of the magnetic basement is located
above the Moho limit ranging from 30 km (Sardinia region) to 7-8 km (South-
ern Tyrrhenian sea). In the study area, the Curie-depth ranges from 7 to 27 km.
The higher depth values are localized in the continental zone between Tuscany and
Latium, where there is a large geothermal field. The two Tyrrhenian basins (North
and South) are characterized by low HF values and by a shallow Curie isotherm
depth (7-9 km). From the thermal point of view the 41" parallel zone shows a
peculiarity: along this parallel the magnetic basement becomes deeper(17-18 km)
than the Northern and Southern Tyrrhenian sea. This feature may be evidence of a
thermal boundary between the two Tyrrhenian domains, and a similar discontinuity
is also supported by the seismic data. According to Nicolich (2001) the northern

and southern Tyrrhenian domains are characterized by two different mantle domains
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Figure 6.6: Map of Curie isotherm of the 415 parallel zone

and the 41! parallel represents a mantle boundary zone confirming the presence of a
lithospheric discontinuity (Lavecchia, 1988; Patacca,1990). Figure 6.7 illustrates the
geometric crustal features of the 41%¢ parallel zone. The depth-distribution of the
basement follows the Moho-discontinuity trend with local high/low evidences due
to thermal anomalies. Both the top and bottom surfaces increase in depth at the
415 parallel latitude, which highlights a differentiation from the general magnetic
setting. The definition of magnetic basement geometry represents a constraint for a

quantitative analysis of the crustal setting of the 415¢ parallel.
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7 The apparent magnetization maps

The bidimensional distribution of magnetized sources can be evaluated by dif-
ferent inversion techniques, one of which is mono-layer inversion. This procedure
considers a common layer where all the magnetic sources producing a 2D magneti-
zation distribution are located, and the final result is an apparent magnetization of
the study area. The aim of this method is to highlight the geometric relationship
of the several magnetic sources in order to provide an integrated study correlating
the magnetic evidences with the geologic-structural setting of the area. To this
aim, I performed a bidimensional inversion of the magnetic anomaly field of the
41°parallel, in which the mono-layer inversion was constrained to a specific crustal
portion where the bottom surface is represented by the magnetic basement. The
procedure was applied to both the 415! parallel and to the Magnaghi-Selli line region,
and the recovered model highlights a connection between the two areas represented

by a common NW-SE magnetization trend.

7.1 The mono-layer inversion process

The aim of an inversion process is to obtain geometrical information on a
source departing from a set of measured data. A magnetic anomaly can be modeled
through an infinite set of sources with different dimensions and depth positions.
The ambiguity of solutions is called the problem of non-uniquenessfor the inversion
process, and one solution to this problem may be to assume a uniform magnetiza-
tion of the source or that the body is infinitely extended in one direction. A second
approach may be to define the geometric set of solution determining the maximum
depth of any realistic source. Although these assumptions may reduce the number
of permissible solutions the fact remains that the solution is still non-unique. Start-
ing from this point the inverse technique is a good method for interpretation of the
potential field but it may be unusable without a priori information on the source.

The choice of the inversion method is based on the information one wishes to obtain,
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in that a general model that takes into consideration the vertical and planar distri-
bution of the sources is non-feasible. It is possible to define a bidimensional model
able to evaluate the magnetization on a X-Y plane but without vertical resolution.
A 3D inversion process instead defines a depth position of the source but with a de-
limited lateral distribution of the sources. This chapter describes how we produced
an apparent magnetization map using a 2D inversion algorithm. In general terms,
the 2D model was computed starting from the information regarding the magnetic
pattern of the study area including depth of the magnetic basement and the spectral
features of the anomaly field (link between source and frequency bands). Assuming
a uniform distribution of magnetization inside the sources ensemble, for each area of
interest the shallowest source was isolated from the deepest by a preventive spectral
analysis. The maximum depth (Zy ) of the high frequency sources was defined by
applying Spector and Grant method (corrected by Fedi et al, 1997) to the power
spectrum. The high-frequency sources lie between the bathymetric surface and a
plane located at Zypr depth. The low-frequency sources instead are confined be-
tween the Zppr plane and the bottom surface of the magnetic basement. The two
crustal domains were then divided into a prismatic set, through which their magne-
tization can be determined by a linear approach, since the relationship connecting
the observed magnetic anomaly field AF with the magnetization m of each single

prism is linear
J

where the summation over index j expands the observed datum indexed as i at
the superimposition of the contribution given by each prism. The magnetic field

generated by a prismatic body derives from Bhattacharyya (1964)

o 1
K(r)y=— | VV——— -m = p¢T xH 7.2
(1) =12 [ Vo m = T, (7.9
where 19 is the magnetic permeability, Hy is the induced field, y is the susceptibility
and T is a geometric factor for a cuboid structure. The T factor is explained in detail

in appendix A.
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Figure 7.1: Bathymetry map of the Tyrrhenian Sea, the two black boxes define the studied area

of the 2D inversion

The inversion procedure consists of a discretization of the crustal volume in
a set of prismatic structures. We defined a prismatic cell mesh with a defined grid
cell size compatible to the number of real data (for a CPU time computation), in
which the mesh should be larger than the area of the anomaly studied. I used a
Matlab routine (appendix B) to calculate the magnetic anomaly field generated by
the prismatic set, and subsequently compared the recovered anomaly field with the
real measured anomaly. The magnetization value is obtained through minimization

of the sensitivity matrix M, using a minimum quadratic norm.
1 2
§|Ms'x_MT|27 (73)

with
M, -x = M,, (7.4)

where Mj is the sensitivity matrix, M, is the data matrix, x is the magnetization.
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In the algorithm one can define the upper and lower magnetization values using a
vector [, and Uy, L, < x < U, introducing the positivity of solution (I, = 0). This
inversion process was applied to different areas: the Selli Line- Magnaghi region
(box 1 of fig. 7.1) and the northwest Campanian margin along the 41%" parallel (box
2 of fig. 7.1), and for each area a different prismatic model was used for the crustal

portion being studied.

7.2 The apparent magnetization map of 41 parallel zone
7.2.1 A geologic framework

The 2D inversion process was applied to the central Tyrrhenian zone, an area longitu-
dinally extending E-W from the Continental Campanian Margin 14°30'to 10°30'and
in N-S direction from 41°30'to 40°00'(fig. 7.2). This zone is characterized by the

Figure 7.2: Map of total intensity anomaly field of Tyrrhenian Sea, the red box delimited the

area object of inversion study
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depressional structure of the Campanian margin, volcanic emerged bodies of the
Pontine islands and the structural evidences of the Selli line. The Continental
Campanian margin may be interpreted as a depressed morpho- structure extend-
ing NE-SW and bordered by NE-SW and SE-NW fault systems, and its structural
setting is related to the Miocene-Pliocenic deformative phase (Bruno et al., 2000).
Starting from the Miocene to Pliocene, the Campanian margin was deformed by
a compressive movement which also generated strike-slip fault systems extending
ENE-WSW (Hyppolite et al., 1994). Evidence of an extensional tectonic is given
by several NW-SE normal faults dated late Pleistocene. On the Latium-Campanian
margin, instead, the subsidence phase commenced during the Pliocene; this defor-
mative action migrated in a SE direction during the Pleistocene with deposition of
sedimentary units (Ippolito, 1973). In the offshore area are located several volcanic
bodies such as Ischia and Procida islands, which are associated with the Quaternary
volcanism of the Campanian region. Around the central-eastern portion of the 415
parallel is located the Pontine archipelago, a group of islands which derive from
Pliocene-Pleistocene volcanism, and whose products possess a chemism related to
different magmatic sources. The presence of OIB-type rock and calc-alkaline prod-
ucts suggests the action of different geodynamic processes due to the fact that the
subduction phase was complicated by an extensional movement (Cadoux et al.,
2005). In its westward portion the study area is characterized by the Vercelli Smt, a
Tortonian granodioritic complex. The 415! area shows a complex structural setting
generated by a multiphase evolution with superimposition of deformative events.
In morphological terms this region shows a pattern dominated by the Campanian
escarpment where the bathymetric level drastically decreases by 2000 meters. A
number of morpho-bathymetric structures change their main displacement from E-
W (near the Campanian coast) to NE-SW (central Tyrrhenian Sea) compatible with
an anticlockwise rotation (fig. 7.3), and this feature agrees with a magnetization

trend that connects the 41% parallel zone to the Selli line region.
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Figure 7.3: 3D surface of bathymetry of the Central Tyrrhenian area

7.2.2 The inversion model

The magnetic anomaly field shows a pattern related to the local submerged struc-
ture of the area, in which the volcanic edifices and intrusive complexes generate a
high frequency magnetic signal, and this spectral contribution is superimposed on
a high wavelength component of deep origin. In this area the magnetic basement
is of considerable thickness, with a maximum depth of 20-22 km in the eastern sec-
tor. The quantitative evaluation of magnetic basement distribution was performed
considering the ensemble of generating sources without an analysis of the shallow-
est local sources linked to the smaller volcanic evidences. In the actual analysis I
also took into account the highest frequency sources. The radial power spectrum
of the magnetic anomaly field shows a pattern well defined by two main families
of magnetic sources. The slope of the spectrum changes at 0.026 Cycles/km corre-
sponding to a wavelength of A = 37km (fig. 7.4). Since this wavelength divides the

high-frequency sources domain from other deeper domains, it was from this cutoff-
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Figure 7.4: Radial Power Spectrum of the Central Tyrrhenian anomaly field, the green dashed

line indicates the cutoff-wavelength
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Figure 7.5: Low and High frequency fields of the Central Tyrrhenian anomaly pattern

wavelength value that I filtered the total intensity anomaly field of the study area
to obtain the high and low frequency fields (fig. 7.5). The mathematical operator
used for this operation was a Butterworth low-pass 8 order filter of Geosoft Oasis
Montaj suite software that allows a smooth transition between high and low fre-
quency bands. The low-frequency field shows two main directions of distribution of
the anomalies: the first in an E-W direction related to the deepest intrusive source
of the 41% parallel, while the second is a NE-SW trending anomaly which places
the eastern evidence of the 41! parallel together with the magnetic structure of the
Southern Tyrrhenian abyssal basin. The high-frequency anomalies show a scattered

distribution without a clear connection with the area’s geology. The Spector and
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Grant method (after deconvolution for %9 | Fedi et al., 1997) suggested a depth of
8 km for this source ensemble. The prismatic model used to model the shallower
sources is formed by the bathymetry surface as top and a horizontal plane located
at a depth of 8 km as bottom. The low-frequency crustal domain was modeled by
using a prismatic set defined at the top by the horizontal plane located at 8 km and
at the bottom by the Curie isotherm surface (see previous chapter) (fig. 7.6).

Bathymet\

8 km

<€ plane (8 km of depht)

|| g— Curie Isotherm surface

North‘.m East- direction

Figure 7.6: 3D vision of the prismatic model related to the high and low frequence source domains

Each prism forming the prismatic set has a square base measuring 2 x 2 km
and an unknown magnetization value: the results of the two inversion phases can
be seen in figure 7.7. For both recovered models a map of those vectors capable of
underlining the main directions of magnetization distribution was elaborated. The
vectors follow the directions given by the distribution of magnetization and a length
proportional to the value of magnetization. The apparent magnetization of the high-

frequency field shows a complex pattern of magnetic sources, with magnetization
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values varying from -0.1 to 1.2 A/m. Observing this recovered model one can see
a distribution of magnetization running NE-SW complicated by several isolated
magnetic evidences.

The low-frequency recovered model shows a clear distribution of magnetic
sources in which the magnetization values range from -0.1 to 0.6 A/m. The magneti-
zation pattern is dominated by two main directions: a first (T1) running E-W along
the 415 parallel and a second (T2) oriented NE-SW and characterized by high read-
ings (0.4-0.5 A/m). This high-magnetized trend connects the volcanic structures of
the Gulf of Naples and the submerged edifices of the Central Tyrrhenian Sea with
the Vavilov abyssal basin (fig. 7.7). The associated vector map illustrates this pat-
tern clearly, in that connection of the longest vectors (highest magnetization values)
produces the two main directions T1 and T2. These characteristics point out a mag-
netic structure able to connect the oceanic portion and the continental Campanian
margin. The NE-SW magnetized trend is compatible with the deformation which
occurred as the Southern Tyrrhenian opened. During the Pliocene an extensional
movement occurred with a main NW-SE trending direction, and the crustal stretch-
ing and distribution of the main volcanic/oceanic structures (seamounts) show a
NE-SW elongation compatible with the magnetized trend described above. In this
context it is possible to associate the NE-SW magnetized pattern with the exten-
sional phase, and the fact that the magnetization pattern involves a larger area than
the oceanized region suggests a development of the rifting process in the deep crustal

portion.

7.3 The apparent magnetization of the Selli-Magnaghi region

The Selli Line is a normal fault system located between two main crustal
domains: the Sardinia continental block and the Southern Tyrrhenian oceanic crust.
As pointed out by previous authors this fault system may be considered as the

boundary between the “northwestern rifted and southern oceanized areas’ (Van Dijk
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and Scheepers, 1995 and Finetti and Del Ben, 1986). The position, distribution
and magnetic pattern of this structural element highlight features common to the
415t parallel as analyzed in the previous subsection. Below the magnetic crustal

evidences of this area are studied using a 2D inversion approach.

7.3.1 The Selli-Magnaghi region

The Selli-Magnaghi sub-region is located westward of the Central Tyrrhenian Basin.
The quantitative analysis of the aeromagnetic data focused on the set of structural
evidences located between the western rim of the basin delimited by a tectonic
lineament known as the Selli line and the Gortani ridge bordering the western limit of

the Vavilov Basin (Fig.7.8). The formation of this oceanic portion began during the
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Figure 7.8: Bathymetry (ismar-bologna, CNR, contour line every 250 m) and main morphologic
evidences of the Tyrrhenian Sea. The box enclosed by the dashed line shows the Selli-Magnaghi

sub region subjected to the magnetic modeling; the red lines are the tracks of the seismic profiles
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initial spreading phase of the Tyrrhenian Sea (Doglioni et al, 2004), while the roll-
back in the Southern Tyrrhenian Sea started during the Late Tortonian (Malinverno
and Ryan, 1986; Patacca et al., 1990), although the period when the Selli fault
formed is not well defined. The submerged volcanic edifices of the abyssal western
domain, such as Magnaghi and Vavilov, were generated from 3.4 Ma to 2.6 Ma ago
(Robin et al., 1987; Savelli and Schreider, 1991), so if we consider a continuous
evolution of the basin along a SE trend, we conclude that the origin of the Selli-
Magnaghi sub-region started between the Messinian and the Late Pliocene.

The oceanic domain of the Magnaghi basin is separated from the Sardinia
margin by the Cornaglia terrace, which consists of a N-S trended system of grabens
originating during the Late Miocene rifting regime (Van Dijk and Scheepers, 1995).
This structure represents a shallow portion of the passive margin of Sardinia, and has
a flat morphology, with an average depth of 3000 m, in the area between the Baronie
seamount and the Selli line (Sartori et al., 2004). The Selli line, which represents the
very western border of the Central Tyrrhenian basin, consists of a NE-SW system of
SE dipping listric faults interrupted by strike-slips of post-Tortonian age (Bigi et al.,
1990). The Selli fault system dislocated large sedimentary portions of variable age
from Post-Messinian to Quaternary, and is closely connected with sub-horizontal
reflectors bounded by the Moho discontinuity level (Sartori et al., 2004). The main
volcanic edifice of the region is the Magnaghi Seamount, which runs NNE-SSW at
a depth ranging from 2800 m at its bottom to 1880 m at its top and whose lava
products sampled as ODP site 650 show an alkaline-calc-alkaline basalt affinity (Serri
et al., 2001). K/Ar dating of these samples also suggests that their age is 2.7-3.0
Ma, during the period of normal and reverse polarity C2A.1-C2A.2r as indicated
by Schreider (1993). Near the Magnaghi seamount, in addition to the submerged
volcanic structure Vavilov we find the ridge structures known as D’Ancona and
Gortani.

The Gortani ridge show a N-S trend and is located westward of the Vavilov

basin. This structural lineament is mainly characterized by igneous products of
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MORB (Middle Oceanic Ridge Basalt) affinity as shown by ODP drills (ODP site
655) (Beccaluva et al., 1990; Serri et al., 2001). K/Ar dating (Leg 107) of the
Gortani ridge shows a late origin of approx 4.3 Ma (Kastens,1988), and detailed
magnetization samples have shown that its composition is the result of superposition
of alternate positive and negative magnetized sources, compatible with magnetic
polarity variations during its genesis (Gilbert Chrone, Cochiti and Nunivak sub-
chrones) (Kastens, 1988).

The D’Ancona ridge instead is an arc-shaped structure located between the
Magnaghi basin and the western limit of the Vavilov seamount. The nature of this
structure has not yet been agreed on in literature: the most recent model proposed
by Sartori et al. (2004) hypothesizes the D’Ancona ridge as a complex element of
serpentinized mantle tectonically superimposed by thin intervals of stretched con-
tinental crust. The Selli-Magnaghi region thus shows distinct magnetic anomaly
sources, and their modeling can suggest important information about the transition

from a continental to an oceanic domain.

7.3.2 The magnetic pattern of the Selli region and its model

A clear evaluation of the magnetic properties of the Selli line requires observation of a
larger area such as the Southern Tyrrhenian Sea, since this area presents very specific
magnetic characteristics including those of the volcanic structures of the basin which
show intense magnetic anomalies sometimes exceeding 300 nT. Some characteristics
of the Tyrrhenian Sea are illustrated in the magnetic map in figure 7.9, especially the
Vavilov and Marsili oceanic basins and the western limit of the Cornaglia terrace,
which is characterized by a negative linear trend, and the Selli-Magnaghi sub-region
enclosed by the box. The magnetic data was windowed to the box, tapering the
border values with a Hanning window. Spectral analysis was performed by studying
the slopes of the radial spectrum on a semi-log scale, as done by Spector and Grant
(1970), following deconvolution of the power-law decay affecting the low-frequency

domain of the spectrum (Fedi et al., 1997, Maus and Dimri, 1994). This analysis, as



7 THE APPARENT MAGNETIZATION MAPS 91

10° 30 11° 11° 30' 12° 12° 30 13° 13° 30 14°
1200 1300 1400 1500

(/“ Tortonian listric faults

/ Normal faults

_—" Vertical, strike-slip

41°
4550

I_I Selli-Magnaghi sub-region —

= /‘J T

4500
T

40° 30'

40°

=3

SN CONDRDDNNNNNNNNNNNRRNERRREL |

38° 30'

Figure 7.9: Total-intensity anomaly map (contour lines every 25 nT) and main morphological

evidences of the Tyrrhenian Sea

shown in Figure 7.10, highlighted two distinct spectral domains separated by a cut-
off wavelength of approx 25 km. The average depth-to-top of the Spector and Grant
ensemble linked to the low-frequency field indicates a depth of 5.5 km. The inversion
process was thus differentiated according to a prismatic model (fig. 7.11) in which
we subdivided the crustal section lying beneath the magnetic anomaly field by using
a double set of vertical prisms assumed to have uniform magnetization. The upper
level is enclosed between the top corresponding to bathymetry level and the bottom
given by a constant plane at 5.5 km depth, which spectral analysis has shown to
be the average interface between deeper and shallower sources. The lower level of

prisms, which aims to recreate magnetization distribution of the deepest sources, has
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Figure 7.10: Radial power spectrum of the magnetic anomaly field of the Selli-Magnaghi sub-

region

its top at the constant level of 5.5 km and its bottom at a constant depth of 10 km
determined by the evaluation of the local depth position of the Moho discontinuity
(Sartori et al., 2004). This approach allows us to create a magnetization model of
the shallower sources by inverting the high-frequency magnetic anomaly, while the
magnetization distribution of the deepest sources is obtained by inverting the low-
frequency field. The data was filtered at the cut-off wavelength of 30 km by with a
Butterworth filter. A grid of 50 x 50 square cells sized 2 km was extracted and the
magnetization model was built by using the same number of prisms lying beneath
each cell of the data grid. The magnetization was determined by a linear approach,
since the connection between the observed recovered anomalies from the prismatic
sources had previously been defined in the equations (7.1-7.2).

In this area the Curie isotherm is not well defined because the surface heat-
flow distribution is affected by radiogenic contributions, intrusion components and
convective effects (water circulation), therefore the associated heat equation is more
complex than the equations given in chapter 6. For this reason, we chose the depth-
Moho distribution as bottom surface. Although it is probable that the top of the
upper prismatic crustal model should be corrected for the sediment thicknesses that

are almost non magnetic, we were unable to find in any literature for the Selli-
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Figure 7.11: The prismatic model of the Selli-Magnaghi sub-region

Magnaghi sub-region a dataset able to describe these contributions with a resolution
comparable with that of the bathymetric and aeromagnetic data. We however esti-
mated that their contributions are not excessively influential, since the Tyrrhenian
Sea is characterized by a regime with very thin crustal thickness and the outcrop-
ping volcanic structures are not covered with sediments. The magnetization model
however is probably under-estimated since by introducing these effects we reduce
the dimensions of the prisms, but we believe that our considerations on the shape

and geometry of the sources will in any case be justified by the model.

Deepest sources from the low-frequency field
The low-frequency domain is associated with the spectral contribution of an

ensemble of deep magnetic sources generated by the deepest geological features. By
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evaluating the slope of the average radial power spectrum it is possible to locate the
depth of the deep ensemble at approx 5.5 km. The study area is characterized by
a strong depletion in crustal thickness related to an eastward roll-back movement
following the oceanic stage. In this particular context it is possible to assert that
the low-frequency spectral contribution is connected with the ensemble of the mag-
netic sources typical of the geologic-magnetic basement. Figure 7.12 shows the low
frequency field (upper plane) and the relative apparent magnetization map (lower
plane). The higher values of low-frequency anomalies are located on the Magnaghi
structure, on the De Marchi Smt. and on the Vavilov basin. By evaluation of the
general distribution of the low-frequency field it is possible to observe that the re-
gion of the Vavilov Basin and De Marchi Smt. is characterized by common deep
magnetic features while the Magnaghi region shows a magnetic pattern which is
unlike the general setting. The low-frequency contribution was inverted and the
resulting apparent magnetization value was superimposed on the bathymetry. The
magnetization values vary from -0.2 to 3 A/m.

The Magnaghi Smt. shows a deep magnetic source characterized by strong
magnetization values (about 2.2 A/m) located under the volcanic structure. This
source has an elliptic shape 40 km longitudinally by 25 km in latitude, and the shape
of this source can be indicative of a basement structure connected to the Magnaghi
basin where the volcanic edifice is superimposed. The Western region of the Vavilov
basin shows a pattern characterized by positive magnetization with low values (0.6-
0.8 A/m) heavily dislocated. The magnetic source of the Magnaghi area and of
the Vavilov basin are connected by a similar distribution of N-S magnetization.
Concerning the link between the oceanic formation and the magnetic sources, this
magnetization pattern can suggest a common process of oceanic crust formation of
these two basins.

Similarly, the De Marchi Smt region shows a distribution of high-value mag-
netic sources (approx 1.4-1.6 A /m) striking E-W. The geometrical features of this

magnetic source pattern are closely connected with a unique tectonic setting dis-
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Figure 7.12: Low frequency field, contour every 15 nT; Apparent magnetization map of Selli-

Magnaghi sub-region

tinct from the general setting. The De Marchi Smt is bordered to the westward by
the Selli fault system, which is partially broken by several vertical faults with an
E-W direction (Bigi et al., 1990). It is possible that the magnetic sources of the De
Marchi region are dislocated by these E-W faults and that the E-W fault system
may be associated with renewed activity of E-W tectonics after the formation of the

Selli Line and during emplacement of the De Marchi Smt.

Shallowest sources from the high-frequency field

The contribution of high frequency is connected with convolution of the spec-
tral density associated with every magnetic source located above the 5 km depth
limit. The sources giving the high frequency field are all the shallower products

such as lava flow of the sin-rifting process and portions of exhumed and serpen-
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tinized mantle. The high frequency field and the relative apparent magnetization
model are shown in figure 7.13, which illustrates the non-homogeneous distribution
of magnetization with values ranging from -0.2 to 2 A/m.

The sub-volcanic structure of the Magnaghi Smt. shows two distinct magne-
tized areas located over the western and eastern sides of the volcanic edifice, with
the western part giving magnetization values of approx 0.5-0.6 A/m in contrast
with the lower magnetization of eastern side (0.1-0.2 A/m). This different magne-
tization pattern is the result of the chronology of its creation: the Eastern side of
the Magnaghi Smt was formed during a magnetic field polarity inversion (Gauss’
Epoch), and in all probability the low magnetization value is due to a convolution
of some contribution of positively and negatively magnetized lithotypes. The west-
ern face instead was formed during a positive polarity stage of the main Magnetic
field (Brunes). The high frequency model of the domain confirms the significance
of volcanic products inside the Magnaghi basin and these magnetic features can be
associated with lava flows or other effusive structures embedded in Plio-Quaternary
sediment units (Sartori et al., 2004).

The structural setting of the area has been inferred by analysing two seismic
profiles (Sartori et al., 2004) crossing E-W over the Selli Magnaghi area (profile-
tracks in figure 7.8). The cross-section of figure 7.14 (seismic profile number 1)
concerns the crustal features of the Magnaghi basin between the Selli fault and
the Gortani Ridge. The magnetic anomaly readings (high frequency domain) and
the relative magnetization values show a positive trend over the Magnaghi basin,
and these features have confirmed the existence of effusive materials characterized
by a magnetic signature which extends for kilometers. A second seismic profile
located between the Selli fault and the De Marchi Smt (40°15'latitude)(fig.15) was
analysed. The seismic section shows the existence of two lenticular seismic structures
located in a shallower position under the synrift upper Messinian sequences, which
are interpreted by Sartori et al.(2004) as volcanic intrusions. Both the magnetic

anomaly and the magnetization were sampled along the seismic trace observing a
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Figure 7.13: High frequency field, contour every 15 nT; Apparent magnetization map of Selli-
Magnaghi sub-region

general positive trend of magnetic anomaly along all the seismic sections whereas
the magnetization profile highlighted two positive peaks located over the two seismic
bodies. These features confirm the volcanic-intrusive nature of the two bodies. The
D’Ancona Ridge structure is characterized by several scattered magnetized sources
connected to the high frequency band without a deep magnetic component. Since the
lack of magnetic roots and an undefined shape of magnetic anomaly may highlight a
different crustal nature, I believe that this ridge consists of a tectonically deformed

portion of continental crust lying in a general oceanic basin.

7.4 Final model

The analysis of two distinct spectral bands has shown two distinct ensembles
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of magnetic sources. The distinct signal for each spectral band was inverted to ob-
tain two models, and the final model (fig. 7.16) was created by merging the two
distinct models. On the same topographic base, three layers were plotted where the
magnetic sources were differentiated by their depth. The first layer shows the shal-
lower magnetic sources connected to the volcanic effusion of the sin-rift stage, while
the second layer shows the deep magnetic body (depth > 5.5 km) of the magnetic-
geologic basement of the main sub-volcanic structures Magnaghi and Vavilov. The
last layer shows the magnetic evidences not associated with the structures of the
oceanic stage, since I consider these evidences as sources connected with the pre-
rift geological setting such as structures of a pre-Tortonian basement and relics of
Thetyan ophiolites (Sartori et al., 2004).

In conclusion, the Selli Line - Magnaghi region is an area where different crustal
rocks are superimposed. The results of the 2D inversion suggest a magnetized pat-
tern compatible with a crustal setting associated with the deformative structure of
the rollback movement, with the Selli Line playing an active role in this phenomenon.

The properties of the Selli region may be summarized as follows:

1. The Selli Line is a NE-SW trending normal fault system which divides two

crustal domains, the Sardinia block and the southern Tyrrhenian abyssal basin;

2. The low frequency anomaly field is dominated by the submerged volcanic ed-
ifices Magnaghi and Vavilov. From a magnetic point of view the Selli fault
system is the westward limit of the Magnaghi basin representing the starting

point of a possible oceanic crust formation;

3. The shape of the Selli faults is complicated by several E-W vertical faults of
unknown age (presumably post-Messinian). The magnetic domain associated

with these E-W structures suggests their deep distribution in depth;

4. The magnetic pattern of the D’Ancona Ridge is compatible with a continental

rotated crustal block lying in an oceanic basin. This evidence highlights a
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crustal pattern typical of an extensional portion.
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Figure 7.16: Final model of the magnetized structures of the Selli region. The layers are repre-

sentative of different geodynamic stages

The 2D inversion process evaluated the bidimensional distribution of magnetization
of the 41°¢ parallel area and the nearby Selli line region. The two zones show a dif-
ferent distribution of the total intensity anomaly field but a common low-frequency
content. The inverse model of the high-wavelength component of the 415¢ highlights
a main NE-SW direction of magnetization connecting the continental structures to

the abyssal oceanic features. Both the 41% parallel zone and the Selli Line region
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are characterized by a magnetic pattern extending E-W, a feature which may be
indicative of a common deformative movement acting at different times. With the
results of the inversions I was finally able to hypothesize a link between the two
regions generated by opening of the Tyrrhenian sea. The 41°¢ and the Selli Line re-
gion are connected by a common NE-SW magnetized pattern suggesting a common
deformative event which involved the two regions. Both these crustal structures
played an active role during Southern Tyrrhenian Sea opening. To ascertain better
geological and geophysical data both the regions will be subjected to a 3D inversion

able to evaluate the depth distribution of the sources.
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8 The 3D inversion process: methodology and syn-

thetic tests

In this chapter we describe a new algorithm for inversion of 2D surface potential
field data to create a 3D model of the physical parameters describing the source.
Although this algorithm can also be tested on gravity data, in this study it was
applied to the magnetic data in an application with which the solution of the inverse
problem is obtained by using a depth-weighting function to regularize the sensitivity
matrix. The main novelty of this method is a first-stage optimization that gives
information about the depth-to-the-bottom (dtb) of the generating source. After
completion of the inversion procedure, the algorithm was tested on some synthetic
anomalies. Much of the information in this chapter comes from a new publication:
Caratori Tontini, F., Cocchi, L., Carmisciano, C. 2006. Depth-to-the-bottom
optimization for magnetic data inversion: the magnetic structure of the Latium

volcanic region, Italy. Journal of Geophysical Research.

8.1 The DTB inversion algorithm
8.1.1 The inverse problem

The quantitative estimation of the physical parameters of the source generating an
observed potential field anomaly is an inverse problem. Functionals relating a par-
ticular distribution of magnetic susceptibility or density to the observed anomaly
are usually not analytically invertible, and furthermore, even after linearization,
the number of unknowns often exceeds the number of observations. Inverse prob-
lems of this kind are characterized by instability and non-uniqueness of the solution
(Tikhonov and Arsenin, 1977; Tarantola, 1987; Menke, 1989).

The theoretical or inherent ambiguity has been known since the Gauss’ epoch
as a trivial consequence of the Laplace equation (Blakely, 1995). Algebraic ambigu-

ity is another major concern, since we follow the frequently used procedure which
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consists of subdividing the region presumably containing the source into a set of
prismatic volume pixels (voxels). The relationship connecting the density or magne-
tization of each voxel with the observed datum is thus linear and can be represented
with a sensitivity matrix which, being always rank-deficient, has a multi-dimensional
null-space. The solution to this problem is an affined vector space, in that a partic-
ular solution can be perturbed by a vector which spans the null-space of the matrix
(also called its annihilator) without changing the resulting anomaly. A further ex-
perimental ambiguity is due to geological or experimental noise in the data, which
always affects the resolution of the model and may generate spurious sources. The
forward model may be unable to represent the source accurately. Think of a spher-
ical source meshed by prismatic voxels, there is a problem of incompatibility of the
system of equations rather than ambiguity. As a consequence of these ambiguities
and incompatibilities optimal solutions may arise at any depth, which accounts for
the widely-perceived notion that potential-field data lacks depth resolution and the
inverse models are often represented by too-shallow solutions. In order to obtain
realistic models it is necessary to introduce additional information, otherwise known
as a prioriinformation, in the statistical (Bayesian) sense, or as regularization in the
meaning defined by Tikhonov and Arsenin (1977). It is interesting how these ap-
proaches have been interpreted as different alternatives (Scales and Snieder, 1997),
vet they seem genuinely compatible under certain restrictive assumptions (Ho-Liu
et al., 1989; Yanovskaya and Ditmar, 1990; Simons et al., 2002).

There exist several approaches that deal with the problems of non-uniqueness
of potential-field inversion (Boulanger and Chouteau, 2001; Silva et al., 2001), such
as minimization of the total volume (Last and Kubik, 1983) or of the moment of
inertia (Guillen and Menichetti,1984) of the source, which allow creation of compact
models by avoiding source dispersion. Barbosa and Silva (1994) instead obtained
compactness along several axes by introducing a prior: information on axis length.
Caratori Tontini et al. (2003) developed a model based on the envelope of the source

by using a set of 3D Gaussian functions. Fedi and Rapolla (1999) studied a multi-
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layer 3D data-set, obtaining solutions at the correct depth by including the vertical
variations of the magnetic field. In their very interesting paper Li and Oldenburg
(1996) introduced a depth-weighting function to counteract the spatial decay of the
kernel function with depth, giving increasing weight to voxels at increasing depths.
Together with global smoothness constraints these authors obtained compact solu-
tions and reduced the dispersion of the source along the three spatial directions,
recovering thus a model with a minimum structure. Depth-weighting has given
meaningful results and has been successfully applied to other inversion algorithms
(Pilkington, 1997; Boulanger and Chouteau, 2001; Portniaguine and Zhdanov, 2002;
Zhdanov, 2002; Pignatelli et al., 2006), since it allows the user to obtain solutions
at the correct depths even in the case of vertically dislocated sources.

The new algorithm introduced in this chapter is based on Li and Oldenburg
(1996) study. The vertical resolution is performed using a depth-weighting of the
model norm without additional constraints in order to reduce to a minimum level
the amount of re-required a priori information. This gives rapid access to first-
order approximation solutions which can however provide important information
on the susceptibility distribution, structural trends of the source and depth dis-
tribution, especially concerning bottom characterization. Depth-weighting alone
however is unable to give a solution with a correct depth-to-the-bottom (dtb) of the
source, therefore additional information is required. As far as we know, the exact
introduction of the dtb parameter in the framework of 3D linear inversion has not
been directly investigated by previous methods, while often the depth-to-the-top is
accurately found as happens when using a standard depth-weighting distribution.
Resolving the dtb however is important not only because it may define the mag-
netic basement, but also because it permits the definition of an appropriate mesh
for inversion with the minimum vertical extension. The depth-shape distribution
was modified by combining a depth-weighting function based on a power-law decay,
with a function that allows closure of the solutions at the bottom depth. This also

demonstrates that when the Tikhonov regularization is adapted with a meaningful
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depth function, potential-field data can provide dtb information without imposing

additional constraints or requiring further a prior: information.

8.1.2 The inverse model

The organization of both data and voxels is crucial to achieve rapid regularization of
the solution with a depth-weighting function. The observations (real measured data)
were grouped in a column vector d, while the parameters that are the target of the
inversion are identified by the vector p, which consists of the magnetic susceptibility
of each voxel, within a 3D mesh-grid presumably containing the true source. The
elements of the vector p are ordered in function of increasing depths, in the direction

of the mesh layers. The linear forward model is expressed in the following equation
di = Kij “ Py, (81)

where K represents the sensitivity matrix that expresses the contribution of a single
voxel of the mesh to a particular observed datum. The column index j of Kj; indi-
cates the contribution of the j* prismatic voxel of the mesh to the i** observation,
i.e. the magnetic field generated in the spatial position of the 7 observation by the
j prismatic voxel, as if the voxel had unitary susceptibility. This matrix is evalu-
ated according to Bhattacharyya (1964), who derived analytical relationships for the
magnetic field generated by a rectangular prism, as described in chapter 6. The in-
duced magnetization was introduced into the algorithm procedure, which considers
a geomagnetic field vector with the same direction as the source magnetization, a
hypothesis which is well justified by the fact that many anomalies are generated by
sources whose magnetization is induced by the actual ambient field. Alternatively,
an average remanent magnetization direction must be properly evaluated and in-
troduced into the sensitivity matrix (Helbig,1963; Claerbout, 1976; Andersen and
Pedersen, 1979). Since the linear operator K has a multi-dimensional null-space, the
solution requires regularization (Tikhonov and Arsenin, 1977). To this aim, the very

useful set of Matlab routines developed by Hansen (1994)were adopted. The opti-
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mal solution P,,; minimizes the misfit between the observed data and the anomaly
generated by the model in a least-squares sense, with the additional constraint of

also minimizing a particular regularizing norm:
P,y = arg(min {|{K-p —d> + N*|L - p|*}), (8.2)

where L is a square matrix whose dimension equals the number of unknown pa-
rameters. The Lagrange multiplier \ is taken to represent a compromise between
data fitting and norm of the solution. Large values of A generate very compact
solutions at the expense of a large least-squares norm that indicates a poor data
fit, instead lower \ values generate solutions which, while fitting the data very well,
in many cases are far from the true model. The optimal A value is obtained by
the L-curve principle (Lawson and Hanson, 1974; Hansen and OLeary, 1993), which
is a plot of log |L - p|? versus log |K - p — d|* being L-shaped this curve has the
optimal in a distinct corner which is the point of maximum curvature. Figure 8.1b
illustrates an example of L-curve related to the inversion of synthetic anomaly (fig
8.1a), performed using n = 400 data. In proximity of the optimal A = 12.9491 the
least-squares norm x? is 420, and thus the reduced least-squares norm (x?/n) is
1.05, which indicates a good fit. These results thus allow the interpretation of the
optimal A\ value as a good balance between data fitting and norm of the solution,
giving a good result in terms of least-squares statistics. A common practice in in-
verse problems is to identify L with the identity matrix. This corresponds to finding
the minimum L? — norm solution of the linear problem. Li and Oldenburg (1996)
showed that in potential-field inversion this is unsatisfactory since the solution tends
to be clustered towards the top of the mesh, where low values of density or mag-
netization can fit the observed data very well. I designed a regularization matrix L
which generates solutions at a consistent depth. Li and Oldenburg (1996) corrected
the radial decay of the kernel by using an empirical function which simulates the

decay of the magnetic field with depth, and following their principle I assumed a
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Figure 8.1: (A)Synthetic anomaly of two prismatic bodies; (B) L-curve of inversion of the

anomaly; (C) result of the inversion process

diagonal shape for L so that
L(Z)Z] = Freg(z)éij; (83)

whered;; is the Kronecker symbol and F;., indicates the function expressing the
contribution of a horizontal layer of the mesh at depth z. The choice of F, is
crucial to perform a process of inversion. The first order approximation of the
function Fj.4(2) is

Freg ~ (84)

1.5
lz

where [, is the vertical extension of the mesh, and the depth z is measured from

the top of the mesh to the center of the layer to avoid divergences in equation 8.4.



8 THE 3D INVERSION PROCESS 108

As shown by Li and Oldenburg (1996) the choice of the depth function is empirical
and in particular the use of a greater exponent in equation 8.4 flattens the solution
excessively towards the bottom of the mesh, without preserving the vertical ratios
between depths of separate sources. Lower values of the same exponent instead

produce too-shallow results. By using equations 8.3-8.4, p can be defined as

p=L"(z)p (8.5)

which emphasizes the deep layers of the mesh given the increasing values of L~!(7)
with depth. Being diagonal and having non-zero values on the diagonal L(z) is

invertible, and equation (8.2) takes on the following form

P!, =arg(min {|K-L™"-p'—d” + [p'|"}). (8.6)

o
This result is obtained by the following steps:
min {|K-L™" . p' —d]’ + N’|p'|’} =
min {|K-L~"-p' —d]?+ N|L-L™'p'|’} =
min {|K-p —d|* + N>|L - p|*}. (8.7)

Equation 8.7 agrees with the results of Boulanger and Chouteau (2001) and Pig-
natelli et al. (2006), where the sensitivity matrix was directly corrected by multi-
plying it for a power-law function which increases with depth. I found the minimum
L? — norm solution p),, and finally the correct vector py; = L7'(2) - pl,,. Al-
though in the case of vertically dislocated sources this regularization preserves the
difference in depth, it is however insufficient, as shown by comparing figure 8.1a, in
which the magnetic anomaly is generated by a source made of two prismatic bodies
buried at different depths, with figure 8.1c where a vertical cross-section is shown
to be northward oriented with the result of the inversion compared with the true
sources. I have inverted 20 x 20 data contaminated by random Gaussian noise with

a standard deviation of 3% of the data amplitude by using a mesh of 20 x 20 x
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10 voxels centered under the anomaly. The solution obtained is far from the true
model because the chosen regularization tends to put the maximum magnetization
towards the bottom of the mesh. At this point, the regularization is corrected by
applying a factor able to close the solution at the bottom of the mesh by following
this relationship:

L7Y(2)ij = Fo0(2) - B(2) - 65, (8.8)

where function B(z) should contain the DTB information. The choice of B(z) is
based on the preservation of the power-law decay of the regularization matrix at
depths shallower than the dtb of the generating source, a property essential when
seeking the correct depth-to-the-top ratios. Below the dtb of the generating source
I should obtain instead a negligible solution. The function B(z) should thus have
a constant unitary value at shallow depths and should annihilate itself at depths
greater than the dtb of the generating source. A possible form of B(z) can be
obtained through the Fermi function (Landau and Lifsits, 1977):

1
PO = e —iar 1 &)

where z; represents the coordinate where the function halves its maximum value,
with a characteristic thickness given by Az. The parameter zq of the Fermi function
is associated with the depth to the bottom of the source. The thickness z = z/2
reduces the number of parameters, in that this choice is a good compromise between
the step-behavior of the Fermi function and its smoothness and differentiability. The
final version of the inverse regularization matrix is thus

3/2

U B el — B ol 4 1)

By analyzing the behavior with depth z of the regularization matrix L(z), expressed

in equation (8.9), concluding that the a priori probability distribution function p(p)
is drastically suppressed outside the depth range defined by the Fermi function, i.e.
for depths greater than z.
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8.1.3 Synthetic tests

In this section some inversions of synthetic anomalies was performed, having estab-
lished that the DTB parameter can be estimated in a stable way from the data. The
choice of different DTB values allows the closure the solution at different bottom
depths: larger Z, values generate deeper sources. Figure 8.2 shows the inversion
model of the field generated by a synthetic source described by a prism at a given
depth in the range Z € [300;700] m. Different inversions have been performed by

using different values of the DTB parameters. The mesh was made of 20x20x10 cu-
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Figure 8.2: Results of inversions of the synthetic model of a prism buried at depth from 300 to
700 m. The solutions have been obtained at different values of DTB
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bic voxels centered around the anomaly, with a cell size of 100 m and the data was
again contaminated with random Gaussian noise. The solution of this inversion was
placed at different depths according to the DTB values. The optimal DTB value,
which is represented by the plots where maximum magnetization values are located
inside the synthetic prism, is ideally situated around 700 m, in good agreement with
the depth-to-the-bottom of the true source. The DTB parameter is also important
in the definition of the optimal dimension of the mesh used to invert the anomaly
data. While the horizontal geometry of the mesh can be decided by analyzing the
horizontal shape of the anomaly, the vertical extension is more problematic since
an optimal choice reduces the number of layers thus increasing the numerical per-
formance of the inversion itself. A correct preliminary calculation of DTB values is
the main goal of this inversion algorithm since the real inverse procedure, and thus
the shape of the solution is based on the DTB value. I shall now describe the main

steps of the inversion procedure:
1. Evaluation of the mesh grid dimensions able to contain the source;

2. Performance of a set of fast inversions with a regularization matrix with a
Fermi function aimed at minimizing the N-norm of the solution in terms of

Zy. The optimal DTB is found as the Z; which minimizes the N-norm;

3. The final inversion is performed with the DTB obtained, which replaces Z;
in the regularization matrix. The mesh-grid at this level can be redefined,
for example by neglecting layers deeper than DTB and then increasing the
number of layers shallower than DTB by reducing the thickness of the layer.
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Figure 8.3: Results of inversions of a prism buried at different depth (400-650 m). The solutions
have been obtained by using the DTB value previously estimated by the minimization of the

N-norm

For a clearer explanation of this procedure I show the result of inversion of the
same synthetic anomalies of figure 8.2 with defined dtb values. The prismatic body
has a thickness of 300 m and its depth position ranges from 300 to 700 m. The
previous evaluation of DTB value was performed at each position of the prismatic
body to obtain a set of values of the bottom. The final result is shown in figure 8.3,
where each source calculated is located inside the prism. The next chapter describes

how this algorithm was applied to the real magnetic data of the 41°parallel zone.
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9 The 3D inversion of the 41 parallel zone

Previous chapters have explained the rationale behind of the inverse problem
and its application in a number of synthetic tests. This chapter illustrates applica-
tion of the 3D inverse algorithm to observed magnetic data in a measured dataset
while introducing a greater number of parameters in the analytic process such as
natural noise and a scattered distribution of the anomalies. In these terms, the in-
version of real data can be performed after a precise constraint of the mesh and the
number of data. The result of the inversion process is a set of horizontal slices and
X-Z and Y-Z cross sections able to define in all three dimensions the distribution of
magnetization. This 3D inversion focused on the 41%¢ parallel and Selli-Magnaghi
region and the models created of the two areas show a peculiar distribution of magne-
tization where the development of the magnetic source is influenced by their crustal

setting.

9.1 The 3D recovered models

The previous bidimensional inversion of the magnetic anomaly field has shown
a link between the E-W 41%" area and the nearby Selli-Line Magnaghi sub-region.
Since it can be seen that the two areas share a common NE-SW magnetized trend
linking the continental Campanian margin to the oceanic structure of the South-
ern Tyrrhenian sea, which suggests a deep crustal structure displaced in a NE-SW
direction, I apply the 3D inversion process to obtain a clearer picture of the deep
structures of these two areas. The aim of this study was also to evaluate the vertical
development of the generating sources and their geometric relationships. The first
model considers the magnetic lineament along the 415" parallel and subsequently the
magnetic pattern of the Selli Line region is examined. Figure 9.1 shows the areas

studied through the 3D inversion algorithm.
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Fligure 9.1: Vision of the areas object of 3D inversion

9.1.1 3D Model of the 41’ parallel

The depth-distribution model of the magnetic sources of the 41! parallel divides this
area into two distinct western and eastern sub-regions (respectively boxes A and B
in figure 8.1). The western area (Box A) is a region of 7000 km? (100 x 70 km)
extending from 40°30'to 41°15'and longitudinally from 11°00'to 12°10', characterized
by a E-W lineament consisting of three magnetic anomalies. As previously described
these magnetic anomalies are not related to the morphology, but are instead cen-
tered on a system of N-S striking structural lows. Northward of this area lies the
submerged structure of the Vercelli seamount, which is considered an intrusive body
with a grano-dioritic chemism imposed about 7.5 My ago (Tortonian),(Barberi et
al., 1978) and which shows a N-S distribution with its top located at a depth of 50

meters. The western portion of the 41%" parallel is magnetically characterized by
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a low-frequency anomaly pattern running E-W, on which are superimposed three
high-frequency anomalies with amplitudes of 75-100 n'T. Since this lineament in-
troduces similar magnetic characteristics to those of the Vercelli, I may assume
that their buried magnetic sources are also intrusive structures of the same nature,
which would suggest that these magnetic sources were emplaced during the Torto-
nian in the initial phase of the rifting process. Currently available literature does not
contain geological information regarding these evidences, therefore the 3D inverse
model would appear an important tool for the interpretation of this area. In practi-
cal terms, the 3D inverse algorithm was applied to these three anomalies as a single
ensemble (case 1) and subsequently as individual anomalies (case 2). Interestingly
the two approaches provided different information: case 1 provided an overall vision
of the deep structure pattern with an evaluation of a common geometry between the
varying sources, whereas the individual analyses gave a clear vertical development
of the sources with information about the possible rotation of the structure.

The area of interest was then modeled using a prismatic mesh of 30x30x15 cells
(X,Y and depth directions) with 700 real data items, in an overall mesh size able
to contain the three magnetic anomalies. As described in the previous section, the
inversion process uses two separately-staged algorithms: the first providing a DTB
value and the second plotting the depth distribution of the source. In the first stage
the DTB analysis gave a maximum depth value of 14 km, which is in agreement with
the local bottom distribution of the magnetic basement (16-18 km) obtained with a
thermal model (see chapter 6) and with the Moho depth (20-22 km, Nicolich, 2001).
The actual inversion phase was thus constrained by means of this DTB value, and
the result is a tridimensional distribution of the magnetization from the surface to a
plane located at a depth of 15 km. For a better definition of the model, an integrated
view of a number of horizontal slices computed at different depths, X-Z and Y-Z
cross-sections was performed. Figure 9.2 illustrates the X-Y planes at different
depths. The distribution of magnetization shows a closure at a plane of 15-16 km as

suggested by the DTB analysis. The depth distribution values differ for the three
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anomalies: the eastern and western anomalies show bottom closures at 14-15 km,
whereas the central anomaly closes at 11 km. The maximum value of magnetization
is located on the planes at 8-10 km. On the shallower planes the geometry of
the sources is closely connected to an E-W lineament. The vertical distribution of
the sources ensemble shows a common shape and a common dimension. Generally
speaking the model of a magnetic anomaly shows a magnetization that becomes
larger at deeper locations, this behaviour being caused by the weight of the low-
frequency component of the signal; in our case study however this effect was not
observed. This could suggest that the shape of the sources is bounded by a peculiar
crustal setting that has obstructed the northward and southward growth of the
sources with a preferential development E-W. I have drawn an envelope of sources
at the shallower plane which matches the source distribution of each X-Y plane
(fig. 9.3). The latitudinal development of the magnetization can be observed on
the X-Z cross-sections, which are slices spaced every 3.5 km. The different shapes
of the generating sources may be caused by the different cut of the sources by the
X-Z plane, however only those section cutting at the center provide an accurate
description of the body. The sources have an oblique pattern with an asymmetrical
development (fig. 9.5). Towards the depth to the surface it is possible to observe
a large distribution which becomes smaller. At a km-coordinate of 4530-4540 the
magnetized body decays abruptly with a point of boundary corresponding to the
415t parallel, and this behaviour is visible on different sections. The abnormal shape
of the source may be generated by a structural element capable of obstructing the
lateral growth of the source. This boundary extends along the study area with a
E-W trend and is also portrayed structurally by the X-Z sections.

The model shows magnetic bodies buried in a confined crustal portion with a
N-S dimension of 20-30 km where the presence of an E-W striking vertical boundary
is compatible with a vertical fault system or contact between two crustal blocks.

As the model of the three-anomaly ensemble is not able to throw light on the

development of each source, the three anomalies were inverted separately (Fig. 9.6).
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Figure 9.3: Particular of figure 9.2; evaluation of the shape and dimensions of the sources

The magnetization distribution agrees with the previous model in that the three
distinct sources show a bottom closure at 14-15 km. The western magnetic anomaly
model shows an unusually shaped generating source, where the magnetization closes
at a depth of 13 km. Again, the geometry of the source changes with the decrease in
depth, and at the deeper plane the magnetization pattern shows a main E-W direc-
tion (plane 6-13 km). Above this 6 km plane the body has a NE-SW direction. The
amplitude of the azimuth increases for the surface planes, this behaviour being com-
patible with a anticlockwise rotation of the magnetized structure possibly due to a
local E-W movement of the crustal domain. The change in geometry may be due to
a different stress rate along the vertical portion, creating a diversified source during

the active phase of the 41°! discontinuity. If T assume that these buried structures had
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the same evolution as the Vercelli, it is plausible to date them as Tortonian, which
means that the western portion of the 41! parallel was active during the Tortonian.

The eastern portion of the 415 (box B figure 9.1) shows a magnetic pattern
connected to high frequency anomalies generated by volcanic evidences. This area
contains emerged structures of Pliocenic-Quaternary calc-alkaline volcanism such as
the Pontine islands and islands of the Central Campanian Province (Serri et al.,
2001), and its anomaly field has a main E-W alignment with a NE-SW distribution
as secondary component, a magnetic pattern which may indicate overlapping of two
distinct contributions. For study purposes the ensemble of anomalies belonging to
box B was modeled using a mesh of 30x30x15 voxels after inverting approx 900 real
magnetic data. The DTB analysis highlighted a source closure at a depth of 21 km,
which agrees with the crustal and thermal settings of the area, while the bottom of
the magnetic basement is located at 24-25 km. Figure 9.7 shows this model. Along

the vertical direction the plotted sources change their shape, showing a scattered
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Figure 9.6: Horizontal cross-sections of the three distinct anomalies
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distribution at the shallower planes where the structure rises up. Starting from the
plane at 11 km of depth the shape of the source is dominated by two main magne-
tization trends running E-W and NE-SW. This dual magnetic pattern disappears
in the last plane (about 21 km) where the magnetization shows only an E-W trend.
The two distinct ensembles of sources are associated with two main magnetic pat-
terns with the E-W component deriving from the activity of this discontinuity and
well correlated with the magnetization of the western portion of the 415t parallel
zone. The NE-SW magnetized pattern instead may be related to superimposition
of E-W and NE-SW magnetic components. The general E-W magnetic pattern is
affected by an oblique component due to a NE-SW structural element such as the
Selli line, and observation of the displacement of the Selli Line points to a close rela-
tionship between this structural element and the NE-SW magnetized pattern. The
western portion of the 415" shows a magnetic feature closely related to two distinct
geodynamic settings: firstly the E-W movement which has generated a lineament
of magnetic sources along the parallel, and secondly a NE-SW deformation due to
the Southern Tyrrhenian Sea opening. The X-Z cross sections highlight the
compact shape of the source, thus confirming the range of depth distribution (2-

20 km) suggested by the DTB analysis (fig. 9.8). In some X-Z cross-sections, the
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source has an abnormal shape with an oblique development similar to the geometry
previously observed in the box A model. The growth of the source is stopped by a
boundary located at a well defined coordinate. In this case the geographic position
of the boundary is not centered on the 41°° but is shifted southward by 20-30 km.
As shown in Figure 9.9 this last feature may suggest a non-linear displacement along
the 415 of the vertical structural boundaries. The N-S shift of the presumed 41
discontinuity occurs in a zone with a low magnetic anomaly density. The magnetic
evidences of western 41°" domain are separated from their eastern counterparts by
a small area characterized by low-frequency contributions without shallow sources.
This area divides the two magnetic domains along the same E-W alignment, as can
be seen from a global model of the buried sources of the 41% which shows two well-
defined separate magnetic patterns (figure 9.10). The western domain is dominated
by small, isolated shallow sources (with 13-14 km maximum bottom depth), while
conversely the eastern portion is characterized by an ensemble of sources with a more
complex geometry and a bottom depth of 20-21 km. The two domains are separated
by a zone containing no sources. Observing the thermal state of the 41%° parallel,
the depth of the Curie isotherm increases between the two magnetic domains (figure
9.11), and this variation of the thermal state suggests a different crustal structure
between the western and eastern portions of the 415!, thus confirming the complex
setting of the study area. The fact that the 41° parallel divides the Northern and

Southern domains also suggests a crustal differentiation along itself.

9.1.2 3D Model of the Selli Line region

The inversion process applied to the magnetic anomaly field of the 41 parallel zone
has highlighted particular information on the crustal features of the area. In partic-
ular the model of the eastern portion of the parallel shows an abnormal magnetized
pattern connected to a source ensemble oriented NW-S, and this result indicates the
usefulness of a quantitative analysis of the magnetic source of the Selli line and its

neighboring areas. In concrete terms, the 3D inversion procedure was focused on the
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Selli and Magnaghi basin area (box C) and the northernmost portion of the Vavilov
basin (box D) (Fig. 9.1). The magnetic pattern of the Selli line and Magnaghi basin
sub-region was previously analysed through a 2D inverse algorithm which gave a
magnetization distribution strongly dominated by the structural setting of the area.
In particular the highly magnetized rocks are confined by the Selli line fault system
and by a set of E-W normal vertical faults of undefined age. The 2D model also
underlined a complex structure of the crust where the presumed oceanic crust do-
main is locally broken by tilted and rotated continental blocks. In the study area
instead the deep crustal setting is less clearly defined: the crustal-mantle disconti-
nuity rises from 25-30 km in the Sardinia region to 10 km around the Vavilov Smt
while the exact Moho depth is unknown. The only estimate available is a Moho
depth varying from 20 to 10 km as a result of the work of Sartori et al. (2004), who
studied the crustal features along a E-W profile across the Selli line. The area was
inverted with a 20x20x10 voxel mesh and 700 real data items, providing a closure
of the source at a depth of 16 km, which in fact matches the Moho distribution.
The model highlights the high magnetic component of the generating structures of
the Magnaghi basin and its seamount (fig. 8.12). The first evidence of magnetiza-
tion (lowest values) occurred at a depth of 4 km, while the horizontal cross-section
of 11 km shows the maximum magnetization value. The recovered source shows a
N-S elongated shape, and this geometry coincides with the bathymetric structure
of the Magnaghi basin. The Tortonian-Messinian opening of the Southern Tyrrhe-
nian occurred in an E-W direction thus generating N-S distensive structures. In the
northwestern area, around the De Marchi Smt. is located a E-W trending magne-
tized structure, a feature which suggests a change in magnetic pattern between the
basin and its bordering areas. I simulated a set of Y-Z cross-sections (fig. 9.13).
In an E-W direction the source of the Magnaghi basin shows a particular geometry.
Westward, the magnetization has an oblique trend with a vertical edge correspond-
ing to the Selli Line while in the opposite direction the source has a regular shape.

This behaviour confirms the active role of the Selli line in the opening of the Mag-
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naghi basin. It follows that the Selli Line may be also considered a deep crustal
boundary whose morpho-bathymetric structure represents a shallow evidence of a
deep structure involving the lower crust. Considering the Northern portion of the
model, the Magnaghi basin source has an abrupt vertical closure where a large E-W
source is displayed. This particular shape is visible in the X-Z cross-sections (figure
9.13). The Y-Z plane cutting the E-W source instead highlights a longitudinally de-
veloped source with a maximum depth of 13-15 km; this magnetic body is situated
in the Magnaghi Basin and is bordered to the westward by the Selli line. Around
the De Marchi region are imposed several normal-vertical faults as described in the
Structural Map of Italy (Bigi et al., 1989,1990), in which these E-W faults are inter-
preted as small structures that deform only the Selli Line. Conversely, the models
illustrated in figures 9.12-13 suggests an E-W trending deformation of the Selli line
and of the Magnaghi-Demarchi region due to development of a transcurrent system.
Additionally, the depth-distribution of the magnetic source highlights an activity on
the part of this fault in the deep crustal portion of the Magnaghi basin. The
result of the inversion gives a magnetic pattern of the Selli Line strongly dominated
by the shallow structural features of the upper crust. From a magnetic point of view,
this NE-SW fault system represents the real boundary between the Sardinia margin
and the Magnaghi basin and is a discontinuity which also involves the deep portions
of the crust, thus confirming an active role of the Selli line in the geodynamic process
of the Southern Tyrrhenian Sea.

The Magnaghi basin shows a N-S magnetized pattern caused by E-W crustal
stretching, although the magnetization is associated not only with the oceanic crust
but also to a lesser extent with the submerged volcanic edifice. In the northern
portion of the study area, the distribution of the sources changes its main direction
from N-S to E-W, with the point of transition located around the De Marchi Smt,
where a set of E-W vertical faults is displayed. The model created suggests a delim-
ited crustal portion of the Magnaghi domain defined by two main vertical crustal

boundaries with NE-SW and E-W directions. Finally, I shall examine the inverse
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Figure 9.14: Recovered model of the northernmost portion of the Vavilov basin, horizontal

cross-sections
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model of the Vavilov basin area, which is enclosed in box D of figure 8.1 where
the northern structures of this basin are located. The Vavilov basin is an abyssal
area of triangular shape with a maximum depth of 2500 m, believed to have been
formed as follows. The opening process of the Southern Tyrrhenian sea continued
eastward after formation of the Magnaghi basin and during the Early Pliocene (4.6-
2.3 My ago, Marani and Gamberi, 2004) crustal depletion occurred particularly in
the eastern portions with an oceanic crustal development and the opening of a new
basin. At the center of this area is located a volcanic edifice of Late Pliocenic age
(3.0 My ago, Kastens et al., 1988) known as the Vavilov Seamount, whose magnetic
pattern is dominated by high-value magnetic anomalies associated with the sub-
merged volcanic evidences of the basin (oceanic crust with relics of continental crust
blocks). The Vavilov edifice is well isolated from the nearby areas by its negative
magnetized pattern, in that this structure shows an anomaly of -300/350 nT with
a shape compatible with the topographic structure. The negative magnetization
may be attributed to the age of its formation. The building of the seamount, in
particular its northern portion, occurred during an inverse magnetic polarity chron
C2A-Gauss epoch. The anomaly field of this basin shows a NNE-SSW development
similar to the magnetic pattern of the Magnaghi basin. The Vavilov basin may be
defined as a large structure with a N-S length of approx 2.5°, whose northernmost
portion has a sharp shape confined at the lower edge by the 41¢ parallel. Since the
oceanic domain is not well defined in this portion, the inversion process was focused
in this area. The magnetic anomaly field was inverted by using a prismatic mesh
of 30x30x15 voxels and about 800 measured data items. The depth-to-the-bottom
analysis has highlighted a closure of the deep source at a depth of 15 km, a value
compatible with the depth of the Moho discontinuity values (from 10 to 15 km, Sar-
tori et al., 2004). T applied the DTB value to constrain the inversion to this depth,
thus obtaining the model shown in figure 9.14 (horizontal cross-sections).

The main magnetic source is represented by a N-S magnetized body with a

length of 50 km. In the deep planes the N-S structure is interspersed with ENE-
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Figure 9.15: Horizontal cross section (plane at 10 km od depth) superimposed to the morpho-

bathymetrical feature of the Southern Tyrrhenian Sea.

WSW trending magnetization. The main magnetic source is associated with smaller
magnetized bodies located inside the abyssal basin, therefore the related magnetic
pattern may be associated with an ambiguous relationship between the submerged
structure and the oceanic crustal formation. Superimposing a plane of the model
(cross-section of 10 km showing maximum value of magnetization) on the structural
map of the Southern Tyrrhenian Sea, it is clearly visible that the magnetic source
of the Vavilov basin is confined at the northernmost portion by an E-W vertical
undefined fault (fig.8.15). This structural element is linked to the E-W fault system
which breaks the Selli line and the Magnaghi basin, and the same E-W deformation
also has a leading role in the distribution and shapes of the magnetic sources in the
Vavilov basin, since the ENE-WSW magnetized pattern is well linked to a structural

evidence represented by a NE-SW fault system. This fault is imposed on a calc-
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alkaline volcanic structure linked to the subduction related volcanism which occurred
during the Messinian-Pliocene (Bigi et al., 1990). Along the fault direction a small
magnetized source developed with an oblique shape due to the displacement of the

structural elements.
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10 Interpretation of the results

This last chapter describes the interpretation of the results of the 3D inverse
process through analysis of the inverse models of the two main areas, the 415! parallel
and the Selli Line region. I begin by describing the structural setting of the E-W
magnetic lineament along latitude N41% and highlighting its relationship with the
Southern Tyrrhenian Sea. The second part addresses a chronological reconstruction
of the Selli Line fault system, which enables to define the overall geodynamics of the

Central Tyrrhenian area.

10.1 The structural setting of the 41%' parallel zone

The results given by the different quantitative analyses of the anomaly field
of the Central Tyrrhenian make it possible to produce a structural /geologic recon-
struction of the 415! parallel zone, an area which has so far not been studied directly
partly because it is little known and partly due to its inaccessibility. For these
reasons magnetic prospection provides a useful tool to study its crustal setting.

The 41°' parallel zone contains several magnetic anomalies which form the
well-known magnetic lineament. This feature however is only the first consideration
regarding this area, in that all the geophysical and geological data on the Central
Tyrrhenian Sea confirm the peculiar role of the 41%¢ parallel in the geodynamic evo-
lution of the entire Tyrrhenian. As described in the first chapter of this thesis, the
crustal and lithospheric setting of the Tyrrhenian is dominated by a clear division
between the northern and southern portions, and a boundary between these two
domains is represented by the 415 parallel. The statistical analysis of the power
spectrum and the wavelet analysis of the magnetic data have highlighted a clear
geographic position of this boundary, which may also be associated with the gravi-
metric data. Study of the apparent magnetization maps has suggested a distribution
of magnetic sources in a NE-SW direction which connect the easternmost portion of

the 41°¢ parallel zone with the northernmost area of the Selli-Magnaghi region. The



10 INTERPRETATION OF THE RESULTS 136

3D inversion of the magnetic evidences of the E-W lineament has provided infor-
mation on the 3D geometry of the buried sources, thus allowing a possible interpre-
tation. More specifically, figure 10.1 shows the superimposition on the bathymetric
surface of a common X-Y cross section (plane at 8 km of depth) related to differ-

ent 3D models (see previous chapter). The 3D inversion of the magnetic anomalies
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Figure 10.1: A) Magnetic anomaly field of the Central Tyrrhenian Sea; B) X-Y cross-section
of the 41°¢ parallel overlapped on the bathymetric surface with two Y-Z cross-sections (extracted

from fig. 9.4 and 9.9)

of the 41" discontinuity highlights a key point: the magnetic characteristics along
this alignment are non-homogeneous, thus demonstrating the existence of a clear

distinction between the eastern and western portions. The western domain of the
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415" lineament is characterized by three distinct magnetic anomalies which are not
apparently associated with a related morphologic structure such as submerged ed-
ifices. However this area also contains the submerged/intrusive Vercelli complex,
which is believed to be a grano-dioritic intrusion developed during the Tortonian
age (Barberi et al., 1978), therefore potentially connected to the Tortonian rifting
process which occurred in the Northern Tyrrhenian Sea. Since the Vercelli struc-
ture’s magnetic pattern is compatible with the three anomalies of the westernmost
portion of the 41% lineament, the buried sources generating the anomaly field may
be considered of an intrusive nature like that of the Vercelli. It is therefore possible
that this ensemble of sources is related to a common Tortonian geodynamic phase.

The sources associated with the three magnetic evidences show a bottom clo-
sure at a depth of 14 km, which is compatible with the basement depth obtained
through thermal studies. The modeled sources have a distinctive shape dominated
by an oblique growth trend, and along their longitudinal distribution show an abrupt
decay around the coordinate of the 415 parallel, which may be due to a structural
boundary (fig. 10.1b). Looking instead at the easternmost portion of the E-W
magnetic lineament, the distribution of the magnetic sources shows a different be-
haviour, in that maximum bottom depth at 19 km with an increase of the depth of
the magnetic basement in contrast with the western domain. The model of the east-
ern portion also highlights the superimposition of two main magnetization trends, of
which the first runs E-W and the second NE-SW| the latter thus being compatible
with the magnetic behaviour of the Selli Line region. As a result it may be deduced
that this common distribution of magnetization is due to a common deformative
event, which strengthens the hypothesis that the NE-SW magnetic pattern is further
evidence of a possible relationship between the 41 and the Southern Tyrrhenian
Sea. The inverse model of the magnetic anomalies of the eastern portion of the 41°
parallel zone has highlighted an abnormal distribution of magnetization similar to
that of the sources of the western area. The vertical distribution of magnetization

is dominated by an oblique trend, which suggests that the supposed crustal bound-
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Figure 10.2: Structural sketch of the 415 parallel.

ary is not located at the coordinate of the 41°" parallel but lies 20-30 km further
south, this southward shift presumably being caused by a superimposition of two
effects, namely (A) the E-W movement and (B) a NE-SW trending deformation due
to the Southern Tyrrhenian opening. According to this hypothesis the Selli Line
shows an active role in the geodynamic evolution of the Central Tyrrhenian Sea,
and the NE-SW fault system may be the cause of the different displacement of the
415 parallel. The E-W and NE-SW movements confirms that the 41°¢ parallel may
be divided into two domains, with the eastern domain separated from the western
by a particular crustal portion, here referred to as intermediate zone. Between the
two domains lies a zone characterized by a gap in magnetic evidences, where the
magnetic basement and Curie isotherm increase in depth and additionally which
shows different crustal features in contrast with the general setting. Observing the
geographical distribution of the structural elements of the Central Tyrrhenian Sea,
the Selli Line is located below the intermediate area (fig.10.1a). The area between
the two magnetic domains of the 415 parallel may thus be interpreted as a crustal
block which divides the E-W lineament, obstructing the northward development of
the Selli Line (fig. 10.2).

The division of the 41%* lineament into two distinct domains is also supported
by the stratigraphy data of the syn-rift sediments (Rosembaum and Lister, 2004).

Syn-rift sedimentation in the Tyrrhenian area began in the Tortonian and the dis-
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Figure 10.3: Distribution of the earliest syn-rift deposits of the Tyrrhenian Sea, from Rosembaum
and Lister (2004)

tribution of these syn-rift deposits was strongly dominated by the direction of the
extension. According to Rosembaum and Lister (2004) the Selli Line divides the
Tyrrhenian Sea into two main domains, of which that located at the western end
of the Selli is characterized by Tortonian syn-rift deposits while the second domain
is located in the eastern portion where Messinian-Pliocene syn-rift sequences have
been recovered. As clearly shown in figure 10.3 (after Rosembaum and Lister 2004),
the limit between Tortonian and Messinian-Pliocenic syn-rift deposits crosses the
41%'. The distribution of the syn-rift deposits agrees with our reconstruction: the
extensional movement changes direction and amplitude along the Selli Line, thus
also involving the 415! parallel zone. For a clear reconstruction of the geodynamics
of the Central Tyrrhenian area I shall now define the chronological evolution of the

Selli Line fault system.
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Y-Z section along Magnaghi basin

Figure 10.4: Inversion models of the Selli Line-Magnaghi region with Y-Z and X-Z cross-section
obtained from model of figure 9.13

10.2 Chronological reconstruction of the Selli Line region

The tectonic evolution of the Southern Tyrrhenian Sea is dominated by an
eastward roll-back movement of the Africa-Europa subduction system (Malinverno
and Ryan, Patacca et a., 1990, Doglioni, 1991, 1994). As described above, the
distribution of the syn-rift sediments is an important tool for analysis of the tectonic
evolution. The time-sequence of the opening process of the Southern Tyrrhenian
Sea is known but the moment in which its the extensive structures were formed
has to date not been pinpointed. Several seismic profiles have been plotted crossing
the Selli Line (Sartori et al., 2004), showing that the Selli displaces the Messinian
sedimentary units without affecting the Tortonian sequences. This behaviour is also
supported by analysis of the ODP-Leg 107 data (Kastens, 1988). On the basis of
the reconstruction of Tortonian sediment distribution by Cipollari et al.(1999), the
Selli Line may be dated as a Messinian structure. The inversion models of the
Selli Line-Magnaghi region described in the previous chapter are illustrated in figure
10.4, which gives an overall vision of the models of this area. Examination of the
overall picture leads to the following conclusions regarding the evolutive steps of the

Selli-Line and Magnaghi region.
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1. The fault system extends for 100-120 km NE-SW, dividing the Sardinian block

(Cornaglia Terrance) from the Magnaghi abyssal basin;

2. The Selli Line is limited to the north and south by two distinct E-W discon-
tinuities: the 41°" parallel zone and the North Sicily Fault (NSF, Rosembaum
and Lister, 2004);

3. Analysis of the model of the Magnaghi basin shows that the magnetic source is
delimited to the westward by a deep crustal boundary (maximum 10-12 km). If
we accept that the Magnaghi basin was formed during the Messinian-Pliocene
(Kastens, 1988; Serri et al., 2001), then chronologically the Selli Line belongs
between two defined time sequences: the Tortonian syn-rifts are located in
the western portion of the faults system whereas the magnetic source of the
Magnaghi basin (Messinian-Pliocene) developed in the eastern portion. The

Selli Line may therefore be interpreted as a Messinian-Pliocenic structure;

4. The distribution of the magnetic sources around the northernmost zone of
the Selli line follows an E-W pattern, with an E-W elongated source located
around the De Marchi region. This magnetic structure runs along an E-W ver-
tical fault (strike slip) of unknown age(Bigi et al., 1990). The E-W elongated
magnetic source is associated with the structure of the De Marchi basin (3.6-5
Ma, Sartori et al., 2004), suggesting a Pliocenic age of the E-W trending fault

that borders this source;

5. The Selli Line is broken and deformed by a sequence of younger E-W strike-
slips of Pliocenic age. Lastly, the Selli Line may be interpreted as the north-

westernmost limit of the Southern Tyrrhenian basin of Messinian age.

The E-W strike-slip system which interrupts the Selli Line may be related to a

Pliocenic re-activity of the E-W extensional movement along the 415 parallel.
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10.3 A geodynamic scenario

Interpretation of the magnetic inverse models suggests that the current
crustal /geologic setting of the Central Tyrrhenian Area is strongly correlated with
the development of two main structures, the 415 parallel and the Selli Line. A
chronological reconstruction of the NE-SW fault system and the crustal features
of the 41% parallel makes it possible to create a possible geodynamic scenario for
the Central Tyrrhenian Sea, although it is clear that my reconstruction is only
one evolutive scenario based on the model created by inverting the magnetic data.
Figure 10.5 shows the various magmatic products and the distribution of the main

structural elements.

(0.4 - 0.1 Ma)

lagnaghi Smt. W avil 8 r Smt
Late Pliocene ate Mliocene
%
E M

Figure 10.5: Map showing the distribution of the main magmatic events of the Central Tyrrhe-
nian Sea (from Bigi et al., 1990 and Serri et al., 2001)

1. STAGE - In the Southern Tyrrhenian Sea an extensional tectonic connected to
an eastward flexural movement of the subduction system commenced during

the Tortonian. The Europa-Africa roll-back followed a preferential direction
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due to two main discontinuities: the 41°% parallel and the North Sicily Fault.
During the Tortonian phase the extensional movement occurred in the west-
ernmost portion of Central Tyrrhenian Sea (fig. 10.6a), and the formation of
the buried intrusive structures of the western portion of the 41 lineament
is correlated with this evolution stage. A continuous eastward movement of
the extension may have generated the E-W elongated shape of the magnetic
sources of this area and indeed the anticlockwise rotation of the source suggests

a left movement along the 41°' discontinuity.

2. STAGE - The E-W extension along the 415 parallel zone was still active dur-
ing the Messinian. After emplacement of the intrusive bodies in the western
portion of the 415 parallel, the eastward movement drifted into the central
portion of the lineament, an area in which there is a distinctive crustal block
elongated for 40-50 km, characterized by a considerable thickness with a deep
magnetic basement (figs. 10.1, 10.2). This block interrupts the E-W deforma-
tion and generates a gap of intrusive/effusive structures along the 415 parallel
zone (fig 10.6b). It was during this stage that the first evidences of the Selli
Line NE-SW fault system were laid at the south of this crustal block, while
the current position of this fault system may be due to the relationship be-
tween crustal setting of this middle portion of the 41¢ parallel and the E-W

extensional movement.

3. STAGE - The Selli Line is a large structure extending for one hundred kilo-
meters and dividing two crustal blocks (Sardinia-Southern Tyrrhenian). Its
formation may be the cause of the southward shift of the crustal boundary
located on the easternmost portion of the 41 parallel (fig. 10.6¢) and in this
context I can hypothesize that during the Late Messinian-Early Pliocene a
NE-SW movement along the Selli Line generated a dislocation of the crustal
blocks located in the eastern part of the Central Tyrrhenian. This deformation

is highlighted by a NE-SW trending pattern of magnetization which connects
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the Campanian margin and the northernmost portions of the Magnaghi and

Vavilov basins.

4. STAGE - During the Pliocene the Central Tyrrhenian Sea was subjected to
an E-W extension with a new E-W deformation involving the Selli Line region
and with a number of E-W elongated strike-slips being displaced along the
Selli Line itself. The inverse model provides the age of these faults, which
are distributed along the Selli Line and around the westernmost portion of
the Magnaghi-Vavilov basins (fig. 10.6d). Their displacement suggests a close
relationship with an extensional movement localized at a nearby point such
as the 41°' parallel and coincides with the fact that during the Pliocene the
Central Tyrrhenian Sea was dominated by a re-activity of an E-W movement

affecting the 415 parallel.
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The above points describe the four main stages in the evolution of 415! discon-
tinuity. There are several Pleistocenic-Quaternary products outcropping along this
lineament (Bruno et al., 2002), but it would appear that these products were a pas-
sive result of the discontinuity since in terms of geodynamic evolution the activity
of the 41%¢ discontinuity ended in the Pliocene age.

The evolution of the Central portion of the Tyrrhenian Sea is dominated by
the existence of a discontinuity along a latitude of 41%Y. The main effects of the
extensional movement are concentrated in this area, where they form a lineament of
emerged and submerged structures. A possible lithospheric nature of the 415 discon-
tinuity is suggested by the outcropping of OIB-type rocks on Palmarola (Pliocenic
age, Cadoux et al., 2005). The Selli Line fault system may be interpreted as an
effect of the extensive tectonic along the 41°' parallel since both the shape of the
Selli Line and its geographical position are strongly correlated to the crustal features

of the discontinuity of the 41! parallel.
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Appendix: the magnetic field of a prismatic source

The magnetic field of a prismatic source has been intensively used throughout
the thesis. Since one can be interested to perform again the work and the tests of
the thesis, I will show the formula of the prismatic source field. The full calculation

can be found in Bhattacharyya (1964) here the conclusive results are reported.

X (Geopraphic North)

Y1 Y2
X2

X1

m(x'y',2) Y (East)

22

Y2 (Depth)

Figure 0.1: Geometry of the prismatic source

I define the next variables:

Uy =T — To Ry = ul +v? Ry = uj +w?
Uy = T — T Ry = ui +v) Ry = uj + wj
V1 =Y — Yo R3:U%+'U% RQZU%—FU)%
vy =Y — U1 Ry = uj +vj R0 = v} + wj
Wy =2 — 29 Rs = uj +w? Ryl =v)+w?

We =2 — 21 Rs = uj + w3 R\2 = v3 +wj



i

The relationship that connects the component of the magnetization vector

m’ = (m,;m,; m,) with the magnetic field b" = (b,; b,; b,) is given by

bz- TCE T Tmy Tq; z mCE
by | = | Tye Tyy Ty |- |y

The symmetric traceless tensor T has obviously 5 independent components
that can be obtained one from the other by an appropriate rotation of the coordinate
system. For this reason here I write only the expression for one component with

coupled indexes:

arctan (S arctan _viws
uu/w%+R2 uu/wngRl
’U2U)2 ’U21,U2
+ arctan 1721 — arctan = 21
T . ury/wi+Ry w1/ wi+Ra
o . viu3 . w33
+ arctan | —=2%— ) — arctan | —3=2—
uzy/w%-i-R:g uzy/w%-i—RA;
'02w2 v2w2
+ arctan | —&2— ) — arctan | ——=1—
L uzy/w%-i-RA; uzy/w%-i-R:g

and one with mixed ones:

In <w2+\/w§+R1> I <w2+\/w%+R2>
+ In <W2+\/wg+R4> —In <w2+\/w%+R3>

The magnetic anomaly AF' is obtaining projecting the magnetic anomalous

field onto the ambient geomagnetic field with inclination I and declination D

AF ~bzcosDcosI + bysin DcosI +b,sinT



Appendix: Matlab routines

TololoToTo oo oot oo too To oo ToToToTo o Toto oo e COMMENT o ee 1o oo to oo oo oo oo o o o o o To Jo o To o To o ToToToTofo o J o
MAIN PROGRAM MAGLAYER

Main program performing an apparent magentization map

Input data: geometry of the bottom and top of the study area, the

magnetic anomaly, inclination and declination of the magnetic field,

maximum and minimum value of magnetization

This program requires two function: magbox and dircos

ool ToToToTo o 1o 1o o oo T T To ToTo o 1o 1o o n END - COMMEINT 3% % %o %% 1o 1o o o o o T ToTo o 1o 1o o o o To Fo Fo o o o o o o o Fo o

file_in=input (’input scatter data file :’,’s’)
Mat_input_scat=load(file_in);

cell_size=input(’grid_cell_size: ’);

main_inc=input (’input inclination of main filed in degrees: ’);
main_decl=input (’input declination of main filed in degrees: ’);
mag_inc=input (’input inclination of the magnetization in degrees: ’);
mag_decl=input (’input declination of the magnetization in degrees: ’);
azim=input (’input north azimut in degrees: ’);

Mag_min=input (’input minimum value of magnetization: ’);
Mag_max=input (’input maximum value of magnetization: ’);
X_scat=Mat_input_scat(:,2);

Y_scat=Mat_input_scat(:,1);

Top_scat=Mat_input_scat(:,5);

Bot_scat=Mat_input_scat(:,6) ;

An_scat=Mat_input_scat(:,3);

High_scat=Mat_input_scat(:,4);

X_min=min(X_scat) ;

X_max=max(X_scat);

Y_min=min(Y_scat) ;

Y_max=max(Y_scat) ;

X_g=X_min:cell_size:X_max;

Y_g=Y_min:cell_size:Y_max;
[East_grid,North_grid]=meshgrid(Y_g,X_g);
An_grid=griddata(Y_scat,X_scat,An_scat,East_grid,North_grid);
An_grid(isnan(An_grid))=0;
Top_grid=griddata(Y_scat,X_scat,Top_scat,East_grid,North_grid);
Top_grid(isnan(Top_grid))=0;
Bot_grid=griddata(Y_scat,X_scat,Bot_scat,East_grid,North_grid);
Bot_grid(isnan(Bot_grid))=0;
High_grid=griddata(Y_scat,X_scat,High_scat,East_grid,North_grid);
High_grid(isnan(High_grid))=0;
[ndataeast,ndatanorth]=size(An_grid) ;



v

for j=1:ndatanorth;
MAT_x_g(:,j)=X_g’;
end
for i=1:ndataeast;
MAT_y_g(i,:)=Y_g;
end
k=0;
for i=1:ndataeast;
for j=1:ndatanorth;
if An_grid(i,j)~=0.
k=k+1;
an_dat (k)=An_grid(i,j);
X_dat (k)=MAT_x_g(i,]j);
Y_dat (k)=MAT_y_g(i,]j);
high_dat(k)=High_grid(i,j);
X1_pris(k)=MAT_x_g(i,j)-(0.5%xcell_size);
X2_pris(k)=MAT_x_g(i,j)+(0.5%xcell_size);
Y1_pris(k)=MAT_y_g(i,j)-(0.5%cell_size);
Y2_pris(k)=MAT_y_g(i,j)+(0.5%cell_size);
Z1_pris(k)=Top_grid(i,j);
Z2_pris(k)=Bot_grid(i,j);
end
end
end
n_point=k;
h = waitbar(0,’Building the magnetization matrix...’);
for i=1:n_point;
waitbar(i/n_point)
Mat_dat_par(i,:)=magbox(X_dat(i),Y_dat(i),high_dat(i),X1_pris,Y1_pris,...
Z1_pris,X2_pris,Y2_pris,Z2_pris,mag_inc,mag_decl,main_inc,...
main_decl,azim) ;
end
close(h);
v=size(an_dat) ;
nabla=zeros (v) ;
lb=nabla+Mag_min;
ub=nabla+Mag_max;

Mag_par=1lsqlin(Mat_dat_par,an_dat,[],[],[],[]1,1b,ub);
Mag_grid=griddata(Y_dat,X_dat,Mag_par,East_grid,North_grid);
contourf (East_grid,North_grid,Mag_grid)

colorbar



% output data
X_dat=X_dat’;
Y_dat=Y_dat’;
Z1_pris=-Z1_pris’;
Z2_pris=-Z2_pris’;
an_dat=an_dat’;
A=size(Mag_par’);
B=zeros (A) ;
magnet=B+Mag_par’;
C=magnet’;
out=[X_dat,Y_dat,Z1_pris,Z2_pris,an_dat,C];



Function to evaluate the magnetic field of a prismatic box with unitary
magnetization, where (x0,y0,z0) indicates the spatial position of the data
measurement and (x1,yl,z1,x2,y2,z2) are the coordinates of the corners of
the box. The direction in degrees of the inducing field and the
magnetization are indicated by (fi,fd) and (mi,md), while azim is the
azimuth of the geographic north

function anbox=magbox(x0,y0,z0,x1,y1,z1,x2,y2,2z2,mi,md,fi,fd,azim)

FUNCTION MAGBOX

[mx ,my,mz]=dircos(mi,md,azim) ;
[fx,fy,fz]=dircos(fi,fd,azim);
ul=(x0-x2) ;
u2=(x0-x1) ;
vi=(y0-y2);
v2=(y0-y1);
wl=(z0-2z2);
w2=(z0-z1) ;

ri=ul

r2=ul.
r3=u2.
r4=u2.
r5=ul.
ré6=ul.
r7=u2.
r8=u2.

ro=vi

LT2+vl .
~2+v2.

~2+v1

A2;
A2;

.72,
~2+v2.
~2+wl.
~2+w2.
~2+wl.
~2+tw2.
LT 2+wl.

~o
~o
~o
~o
~o.
~o.

r10=vl. 2+w2.72;

ril=v2."2+wl
ri2=v2."2+w2.
txx=+atan(v2.

—atan(vl.
+atan(vl.
-atan(v2.
+atan(vl.
—atan(v2.
+atan(v2.
-atan(vi.
tyy=+atan(w2.
+atan(wl.
+atan(wl.
+atan(w2.
-atan(wl.
-atan(w2.

.72;
*w2

*ul

./ (ul.
*W2.
*wl.
*wl.
*W2.
*W2.
*wl.
*wl.
*u2.
xul.
*u2.
(V2.
*u2.
xul.

/(ul.
/(ul.
/(ul.
/ (u2.
/ (u2.
/ (u2.
/ (u2.
/(v1.
/(vl.
/(v2.

/(v1.
/(v1.

*xsqrt (w2.
xsqrt (w2.
.72+r1)))
.72+r2)))

*xsqrt (wl
*xsqrt (wl

*xsqrt (w2.
xsqrt (w2.
.T2+rd4))) ...
.72+r3)));

*xsqrt (wl
*xsqrt (wl

*xsqrt (u2.
.72+r9))) ...
~2+ri1)))

.72+r12)))

*xsqrt (ul

*xsqrt (u2.

xsqrt (ul

*xsqrt (u2. e
.72+r10)))

*xsqrt (ul

~2+r2)))
~2+r1)))

~2+r3)))
~2+r4)))

~2+r10)))

~2+19)))



-atan(w2.*u2./(v2.*sqrt (u2.°2+r12)))
-atan(wl.*ul./(v2.*sqrt(ul.~2+ri11)));
tzz=-txx-tyy;
txy=+log((w2+sqrt(w2.~2+r1)) ./ (wi+sqrt(wi. 2+r1)))
-log((w2+sqrt(w2.~2+r2)) ./ (wil+sqrt(wl. ~2+r2)))
+log((w2+sqrt (w2."2+r4)) ./ (wi+sqrt(wl. 2+r4)))
-log((w2+sqrt (w2.~2+r3)) ./ (wil+sqrt(wl. 2+r3)));
tyx=txy;
txz=+log ((v2+sqrt(v2.~2+r5)) ./ (vi+sqrt (vli.~2+r5)))
-log((v2+sqrt(v2.~2+r6)) ./ (vit+sqrt(vl. ~2+r6)))
+log((v2+sqrt(v2.~2+r8)) ./ (vi+sqrt(vl.~2+r8)))
-log((v2+sqrt (v2.~2+r7)) ./ (vi+sqrt(vl. 2+r7)));
tzx=txz;
tyz=+log((u2+sqrt(u2.~2+r9)) ./ (ul+sqrt(ul.~2+r9)))
-log((u2+sqrt(u2.~2+r10)) ./ (ul+sqrt(ul. ~2+r10)))
+log((u2+sqrt(u2.~2+r12)) ./ (ul+sqrt(ul. ~2+r12)))
-log((u2+sqrt (u2.~2+r11))./(ul+sqrt(ul.~2+ri1)));
tzy=tyz;
bx=txx . *mx+txy.*my+txz.*mz;
by=tyx.*mx+tyy.*my+tyz.*mz;
bz=tzx.*mx+tzy.*my+tzz.*mz;
anbox=100. * (bx.*fx+by.*fy+bz.*fz) ;



viil

FUNCTION DIRCOS
Function to calculate the direction cosines from inclination and
declination of the magnetic field

function [a,b,c]l=dircos(incl,decl,azim)
Xincl=.017453293%*incl;
Xdecl=.017453293*decl;
Xazim=.017453293%azim;

a=cos (Xincl) *cos (Xdecl-Xazim) ;

b=cos (Xincl)*sin(Xdecl-Xazim) ;
c=sin(Xincl);



