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Introduction

Seismic hazard assessment requires the accurate knowledge lotation, geometry and
kinematics of active faults able to generate moderagerge learthquakes.

In southern Apennines this topic is a difficult task to achieve becaiuthe youthfulness of
the active NE-oriented extensional stress regime (about 70@hgithe low extensional rates
( 1-3 mml/yr), which combine in concealing surface-faulting tratess makes challenging
the identification of active faults by geological and geomorphoshgitapping alone, and
allows to explain why most of the large Apennine historical eartesudave not been
associated with precise causative faults so far.

The Agri valley is an intramontane basin located in the apation of the southern
Apennines in the Lucania region. This area, with up to M7 earthquakethe most
seismically active sector of the central-western Meditezan region, and has been repeatedly
struck by destructive earthquakes (i.e. 1857 Me7 Basilicatthgemke, 1980 M6.9
Campania-Basilicata earthquake). Active fault systems irmatbea have been investigated by
field studies and commercial reflection profiles. Nonetheless geometry and kinematics
are not fully constrained and even the seismogenic source of the 18bZaBaearthquake is
still debated.

This work focuses on defining location, geometry and kinematiceceint and active faults
in the Val d’Agri area, by integrating passive and activensiei data with detailed geological
mapping. The integration of these different datasets providégtailed image of the upper
crustal structure allowing to constrain geometry and kinemaficecent and active faults
from seismogenic depths toward the surfabeis multidisciplinary approach represents a
powerful and necessary tool to investigate active tectonicareas of complex tectonic
history.

The data used in this work are:

1) Background seismicitythe use of dense seismic networks allows the lowering of
magnitude threshold for earthquakes detection along active fatits.is a prerequisite to
investigate source parameters, deep structure, kinematesenprday seismic activity and
deep geometry of active faults. With these motivations figlaly 2005 to July 2006 a dense
temporary network of up to 23 seismic stations was operated imxilaé sector of the
Lucanian Apennines. The seismic network covers an area of aboukaB@fcluding the

Val d’Agri basin, partially the Vallo di Diano basin and tenti Alpi (fig. 1).
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The Agri Valley temporary seismic network (red triangles) complemented by permanent stations of the
ENI (yellow triangles) and Italian National seismicnetwork (black squares). The green and orange lige
represent the two multifold wide-aperture profiles used to image the basin structure. The area

investigated through detailed geological mapping isontoured by the red rectangle. The macroseismic
epicentre of the 1857 Basilicata earthquake is alshown.

Low-magnitude seismic events are used to define the upper orekteity structure through
local earthquake tomography, and to gain original information efatlit structure at depth.
2) High-resolution crustal profilesTwo multi-fold wide-aperture seismic crustal profiles,
about 15 km long, crossing the central sector of the Agri basinaralysed to obtain a
detailed image of the shallow crustal structure of thenbdsin to about 2 km depth. This
analysis provides an unique opportunity to fill the information gap ¢batmonly exists
between the surface geologic trench data (about 3-5 m) and bgii®ielys (extrapolated to
about few hundred meters), and those obtained by seismic or seigmbotizga (depth > 2
km).

3) Geological mapping and fault kinematics dathe reconstruction of detailed geological

mapping together with fault kinematics analysis allows to coenpad verify the existence of



geometric and kinematic correspondence between the Quaternasyniapiped at the surface

and those observed by geophysical data.

In chapter 1, the tectonic evolution of the southern Apennines facwsinthe Lucanian
region and on the Val d’Agri area is briefly reviewed. As mmtarget of this study, a

particular attention is addressed to the recent Quateexéaysional deformation.

In chapter 2, hypocentral locations of the background seismicityded by the Val d’Agri
seismic network are presented. Furthermore, focal mechamitmslected events and the

seismic behaviour in term of seismic release with tmseshown.

In the third chapter, | present high-resolution tomographic imagte dkgri basin (down to
1.5 km depth) obtained by analysing two multifold wide-aperturarseisrustal profiles,
about 15 km long, crossing the central sector of the basin. Théinean-first-arrival
traveltimes inversion procedure is described and a geologicaltraictligal interpretation of

the tomographic models is discussed.

In the fourth chapter, | present the results of detailed ge@bgiapping and fault kinematics
analysis carried out along the seismic profiles (chaptern3aréas where the connection

between surface geology and geophysics is particularatritic

In chapter 5, the three-dimensional velocity structure of tHed\ari area and the relocated
seismicity are presented. The tomographic inversion of botR-twave arrival times (from
the local earthquakes) and the differen8es Pyields high resolutio’Vp andVp/Vsmodels

respectively, down to 12 km depth. The local earthquake tomograpbgdume is described

and an interpretation of the obtained velocity models is disclis

Finally, conclusive remarks about the structural setting arstheéectonics of the Val d’Agri

area are summarized.



Chapter 1
The southern Apennines and the Val d’Agri area: seismotégnic setting

Introduction

The Val d’Agri is an intramontane basin located in the axialigorbf the southern
Apennines in the Lucania region. This area, with up to M7 earthquakethe most
seismically active sector of the central-western Meditexan region, and has been repeatedly
struck by destructive earthquakes (i.e. 1857 Me7 Basilicatthgeake, 1980 M6.9
Campania-Basilicata earthquake).

The Val d’Agri area is characterized by a complex patterhroists, folds and normal faults
reflecting the superposition of two main tectonic phases: a-FMazene compression
forming E-NE verging thrusts and folds and, starting fromlyEdiddle Pleistocene, an
extensional tectonics with a NE-SW stretching axis (Mazzioél, 2000; Menardi Noguera
and Rea, 2000; among many others).

This change in the tectonic regime occurred with the developrmethe inner and axial zone
of the southern Apennines, of large extensional and transtensiatia) f@hich crosscut the
pre-existing contractional structures (Catalab@l, 1993; Cinqueet al, 1993; Hyppoliteet
al., 1994; D’Agostincet al, 2001).

As inferred by focal mechanisms of strong earthquakes and borehdteuirdata, the NE-
SW oriented extension is still active and is responsible foptasent-day crustal seismicity
of the southern Apennines (Gaspasehial, 1985; Amato and Montone, 1997, Chiarakba
al.,, 2005) (fig. 1-1). Earthquakes characterized by predominant némtihg focal
mechanisms, with NW-oriented nodal planes, occur within awaseismic belt, about 20 to
40 km wide, centred on the axis of the Apennine chain (Area&t, 1997; Selvaggi, 1998;
Galadini et al, 2000a; Valensise & Pantosti, 2001) (fig. 1-1). Quaternarynsiie is
commonly expressed by SW-dipping faults. However, in the preséstagenic belt,
coseismic faulting locally occurs on NE-dipping structures (egy.sdismogenic source for
the 1980 M6.9 Campania-Basilicata earthquake).

In the following paragraphs, the tectonic evolution of the southeemiipes focusing on the
lucanian region and on the Val d’Agri area will be briefly eswed. As main target of this
study, a particular attention will be addressed to the re€amternary extensional

deformation.



Fig. 1-1. Southern Apennines seismic belt is contred by the black dashed line (from Valensise &
Pantosti 2001); the white dashed line represents g¢hchain axis; instrumental (black dots) and histogal

(squares, scaled from Me) seismicity; focal mechasis (4.2 < M < 6.9) are derived from Harvard CMT
Catalogue (in grey) and Gaspariniet al (1985, in black). (from Maschicet al, 2005)

The Apennine chain

The Apennine thrust belt of Italy forms part of the Africa-weggmountain system in the
Alpine-Mediterranean area. The belt runs northwest to soutlieamsing the topographic
backbone of Italy and is associated with the Tyrrhenian backessio to the west and with a
foredeep, to the east, that includes part of the Po gdaim,of the Adriatic sea, the Bradano
Though onshore in southern Italy. The belt can be divided into two majsy the northern
Apennines and the southern Apennines — Calabrian arc (fig. 1-2).

The Mediterranean area evolved in the framework of convergemmimtween the Africa
and European plates since late Cretaceous (Dewey, 1989). North-south convergence
between Africa and Eurasia was dominant up to Oligocene times Bipper Tortonian, the
basin-thrust belt-foredeep system migrated eastward drivgnabity-induced sinking of the
Adriatic (continental) and lonian (oceanic) lithosphere and reluaeduction roll-back (e.g.
Malinverno and Ryan, 1986; Deweayt al, 1989; Patacca and Scandone, 1989; Doglioni,
1991; Faccennat al, 1996). The progressive propagation of the compression toward the
Apulia foreland is clearly documented by the development and evolutian s#ries of
eastward younger foredeep basins, and of small basins developed @intiepadvancing

allochtonous units (Patacca and Scandone, 2001). Mainly east to astrtirected thrusting



in the southern Apennines lasted until the Early Pleistocenmc@eet al, 1990). The
geometry of the orogenic wedge was later modified, during teist&tene, by strike-slip
tectonics developed during the final stages of continent-contindrgiaol(Catalancet al,
1993). Since the Middle Pleistocene, deformation was chamedeny NE-SW extension on
NW-SE striking high-angle normal faults. The Middle Pleistecekinematic pattern is
ongoing as documented by focal mechanisms of large earthquakes enoldbreakout data
(Gaspariniet al, 1985; Montoneet al, 2004, Pondrelliet al, 2004; 1997-2004 Harvard
QRCMT Catalogue ohttp://mednet.ingv.it/events/QRCMT/htjnl
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The Lucanian Apennines

The knowledge about the shallow and deep structure of the Lucanian Apgffigingsgta/b)
has been strongly improved during last two decades thanks twiggeamount of seismic
data acquired in the area for oil exploration (Mostardini & M&rli986; Caseret al, 1991;
Mazzoli et al, 2000; Mazzottet al, 2000; Menardi Noguera and Rea, 2000; Shéteal,
2004; Butleret al, 2004; Scroccat al, 2005). The area, in fact, hosts important oil fields
where the reservoirs are the thick carbonates of the Appikeform.

The Lucanian Apennines includes allochthonous units derived from the aéfmmnsince
Tortonian times of both carbonate platform (Apennine Platform; BEAiget al, 1972) and
pelagic basin (Lagonegro basin; Scandone, 1972) sequences of thddhdaia (Patacca and
Scandone, 1992). These units are tectonically overlain by Lower-&Mdicene turbiditic



sequences and thrust-top-basin deposists (Albidona and Gorgoglione iGosinaf the
Sicilide Nappe, originally deposited in a more internal ocedaoimain and deformed before
the opening of the Tyrrhenian basin (figg. 1-4, 1-5). These unitsoanpletely detached from
their original substratum (Adria continental crust) and transpottegther with detached
Miocene foredeep sediments, onto the foreland carbonates of thearApuiktform,
depositionally overlain by Pliocene terrigenous marine depoBitsse structures suffered
repeated thin-skinned thrust: firstly the Apenninic platform (D&ng et al, 1973) over the
previously folded Lagonegro basin deposits and secondly the stad&ekttedn over the
Apulian platform (e.g. Scandone, 1972; Cello and Mazzoli, 1999; Maetali, 2001) (fig.
1-4b).
The detachment between the allochthon and the buried Apulian unigskiedrby anélange
zone several hundred meters thick. This unit consists predomirdntiyensely deformed
and overpressured deep-water siltstone and mudstone (e.g. MezzgIR000; Borraccinét
al., 2002; Shineet al, 2004; Butleet al, 2004) (fig. 1-4).
A schematic section of the thrust stack in the arefladm(top to bottom):
Internal units: Liguride and Sicilide nappes represented by remnants of an
accretionary wedge developed during oceanic subduction on the Neotetbgain
(Ogniben, 1985; Monaco and Tortorici, 1995; Catalahal, 2004). These units are
unconformably covered by Upper Oligocene-Middle Miocene terrigenegigesices
developed both above and ahead of the accretionary prism (Albidona arod)li@oreg
Formations, Monaco and Tortorici, 1995).
Allochthonous unitsMesozoic to Paleogene in age, are made of carbonates of the
Apenninic Platform and of deep-water silicoclastic deposithefliagonegro basin.
These units are involved in the thrust belt with the Upper &fiedlysch deposits of
the foredeep phase.
Apulian Carbonate Platform6-7 km thick succession of Mesozoic and Tertiary
shallow marine carbonates. The deeper portion is made up of Upjzessic
interbedded anhydrites and dolomites comprising the Burano Formatieal d@nilthe
Apulia foreland.
Permian — Lower Triassic clastic successidrilled by two deep wells in the foreland
area at the base of the Apulia Platform (Puglia 1 anddBard; Improtaet al, 2000)
and loosely correlated to the Verrucano Group cropping out in Central Agsnni
(Bally et al, 1986).



The outcropping units are unconformably covered by Miocene-Pliocenegnemand

continental deposits and Quaternary continental deposits fillingub&rnary intramontane
basin (e.g. Val d’Agri, Vallo di Diano, Melandro-Pergola basithe Lucania sector). Fig.1-5
shows a tectonostratigraphic scheme of the southern Apennines Wstern Platform

stands for Apenninic Platform.

Compressional deformatioin the southern Apennines, the compressional deformation of the
upper allochthonous units lasted until Early Pliocene (Menardi Nagaed Rea, 2000).
During Late Pliocene-Early Pleistocene the tectonic adocrahvolved also the western
portion of the Apulian domain (Inner Apulian Platform, Cello and Maz4&®99; Menardi
Noguera and Rea, 2000). These units form antiformal stacksasap&nom the undeformed
or weakly deformed part of the Apulian platform, which crops out inApelia foreland
(Outer Apulian Platform of Menardi Noguera and Rea, 2000) (figp)1 The deep structure
of this sector of the Apennines is made problematic by the pooftuties of seismic
reflection data (e.g. CROP-04 data, Mazzettal, 2000; Scroccat al, 2005) that clearly
image the top Apulian platform reflector but do not allow a good itiefinof the internal
architecture of the belt. These uncertainties open to differdatpretation of the deep
tectonic style and of the degree of basement involvement fosélator of the Apennine chain
(e.g. thin vs thick-skinned tectonic models). A detailed discugsiathis topic can be found
in several works (e.g. Mazzdadt al, 2000; Butleret al, 2004; Shineet al, 2004; Scroccat

al., 2005 among many others).

Extensional and strike-slip deformatioAfter this episode of shortening, lasted from Upper
Miocene to Lower Pleistocene (Pataetal, 1990), the southern Apennines belt experienced
a change of the displacement field (Cinaaieal, 1993; Hyppoliteet al, 1994, Amato and
Montone, 1997). During Early Pleistocene the introduction into the Hraricthe thick
continental Adriatic lithosphere slowed the propagation of contrad¢tward the foreland
(Doglioni et al, 1994; Lucenteet al, 1999; Ferranti & Oldow, 2005). Contractional
deformation continued at the front of the chain while a mixturstoke-slip and normal
faulting occurred along the Tyrrhenian side of the chain (Ciegaé, 1993; Hyppolitest al,
1994; Monaceet al, 1998; Schiattarellat al, 1998; Catalanet al, 2004).

10
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Formation (Middle-Late Miocene) Faeto unit
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B: Hercynian low-grade metamarphic basement; P. siliciclastic deposits (Permian-Middle
Triassic); Mc:platform carbonates (Triassic-Cretaceous); E: biocalcarenites (Paleogene),
Lme: calcarenites (Early-Middle Miocene); Umc: conglomerates and calcarenites

(Late Miocene); Cr. Craco unit (Early Pliocene); Fd: foredeep deposits (Middle Pliocene
Middle Pleistocene)

Fig. 1-5. Tectonostratigraphic scheme of the southe Apennines (from Catalanoet al,, 2004)

Since the Middle Pleistocene, deformation was characterizédEB$W extension on NW-
SE striking high-angle normal faults and by a rapid and large ypiidre than 1000 m)
affecting the axial portion of the belt where active extensoalizes (Hyppoliteet al, 1994)
(fig. 1-4).

The uplift and the recent extension of the belt have been rdlatdte upwelling of the
asthenosphere in the Tyrrhenian region following the slab repea®tefanoet al, 1999).
The absence of deep seismicity in the southern Apenninessssidgigat the subduction is no
longer active. The subducted slab can only be identified by seismagraphy (Amatet al,
1993, Lucentet al, 1999; Piromallo & Morelli, 1997-2003; Chiarabéteal, 2005).
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NE-SW extension resulted in development of numerous grabens bounded &) faurits
(e.g. Mercure, Vallo di Diano, Val d’Agri, Melandro-Perapl(fig. 1-4a) and filled by
continental Middle Pleistocene sediments, and in volcaniwigctallong the Tyrrhenian
margin.

The bulk of Quaternary extension has been accommodated by SW-digplitsg which have
attained mature morphologic and structural features and, nowa@é@gate the mountain
range from intramontane basins. Most of these faults arectadp® be active (Galadiei
al., 2000). However, in the present seismogenic belt, coseiamitif) locally occurs on NE-
dipping structures (e.g. the seismogenic source for the 1980 M6.9 aGmniasilicata
earthquake) that could signal seismogenic sources developedecently (Westaway and
Jackson, 1987). Most models envisage a general tendency of thersodgennines to
collapse toward the Tyrrhenian basin. However, the Campasdidata earthquake was
generated by a northwest-trending normal fault producing down-throw afdttie-eastern

Adriatic side (e.g. Valensise and Pantosti, 2001).

The Val d’Agri basin

The high Agri valley basin is a NNW-SSE oriented intramontane basated in the axial
sector of the Lucanian Apennines (fig. 1-4). The basin is filleti Wuaternary continental
deposits laying on the allochthonous units of the southern Apennines foldhrast kelt.
These units consist of carbonates of the Apenninc Platform (Mo Melddalena Unit,
D’Argenio et al, 1975) thrust on the coeval pelagic rocks of the Lagonegro {&samdone,
1967) and their Miocene synorogenic deposits (fig. 1-6). In the soudtregmrtion of the
basin, Lower to Middle Miocene turbiditic sequences and thrust-topsileqmd the Sicilide
nappe extensively crop out.

More in detail, the carbonates of the Monti della Maddalenaawaimade of alternation of
Jurassic to Cretaceous calcarenites and calciruditesddfatan open shelf environment,
which is believed to be the marginal to slope part of the plaffawvarlying intertidal
stromatolitic dolomite of Upper Triassic age (D’Argemibal, 1975), while the Lagonegro
units consist of Triassic-Miocene carbonate, siliceous, nmarlsdliciclastic rocks. Rocks of
the Lagonegro units mainly outcrop on the eastern side of the basin apdrse tectonic
windows beneath the Monti

della Maddalena thrust-sheet along the western side.

13
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Fig. 1-6. Schematic geologic map of the Val d’Agrarea showing distribution of the Quaternary oblique
and normal faults. VDF=Vallo di Diano Fault; MMFS=M onti della Maddalena Fault System; EAFS=
Eastern Agri Fault System (from Maschioet al, 2005).

Conversely, limited outcrops of the carbonates are found east basie where the leading
edge of the thrust sheet is located (fig. 1-6).

Quaternary deposits are represented by Lower-Middle Pleigtoslepe breccias deposits
(“Galaino and Marsico breccias” Di Niro & Giano, 1995), Middle-Upp#gistocene alluvial-
lacustrine sediments (“Complesso Val d’Agri”, Di Niet al., 1992) and Upper Pleistocene-
Holocene alluvial deposits (fig. 1-6).

The genesis and evolution of the basin is linked to the activitwofrhain fault systems
bordering the valley. Its structural evolution can be summanzedwo main steps (Gianet
al., 2000). During Early-Middle Pleistocene the opening of the bassoantrolled by N120°
trending, left-lateral transtensive faults located aldregdastern border of the valley (Turco
and Malito, 1988; Cell@t al, 2000, Giancet al, 2000). The left-oblique transtension was
responsible for the accumulation, tilting and uplift of the slopedias deposits and for the
deposition of alluvial to lacustrine sediments.

Starting from Middle Pleistocene, the pre-existing structuree weactivated with a normal-
faulting kinematics and newly formed normal faults contributed ¢obtsin widening and
deepening (Gianet al, 2000; Maschiet al, 2005). During Quaternary, subsidence in the
basin was accompanied by a generalized uplift of the aré#& abhm/a (Schiattarellat al,
2003;

14



SW

o

s TWr

05

................. Bottom of continental sediments — Reflections within carbonatic bedrock

Reflections within continental sediments Faults

Fig. 1-7. Seismic reflection profiles through the 4ri basin, sections a=E and b=F are located in theap
on the left (from Barchi et al., 2007).

Boenziet al, 2004). The deformation is testified by seismic activitgl &y loose slope
deposits and paleosoils involved in faulting in the last 40 kan@@ital, 2000, D’Addezicet
al., 2006, Ferranet al, 2007).

Quaternary and active fault systems

The deep architecture of the basin and the geometry of thesyatdims in the area have been
mainly investigated by morpho-tectonic and structural studiedlo(@t al, 2000-2003;
Mazzoli et al, 2000, Maschiet al, 2005), macroseismic data (Branetoal, 1983), as well
as seismic and geoelectrical surveys (Morandi and Ceragioli, Bufacciniet al, 2002;
Colella et al, 2004). Nonetheless, the internal structure of the basin angetimaetry and
kinematics of the active fault systems bordering the ya#lee discussed and even the
seismogenic source responsible for the 1857 Basilicata earthqusti debated (Benedetti
et al, 1998; Celloet al, 2003; Maschioet al, 2005; Burrato and Valensise, 2007).
Conventional seismic reflection profiles (Barehial, 2006), acquired to image the top of the
Apulia platform at about 3 km depth, poorly image the shallow basiotste (fig. 1-7). The
sections in fig. 1-7 indicate throw of some hundreds meters ondaated along the eastern
side of the basin, and commonly do not show faults on the wesstiernFurthermore, seismic
and electrical tomographies (Morandi and Ceragioli, 2002; Cofdllal, 2004), even

furnishing important insights on the basin structure, do not provide heghuteon images of
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the faults geometry at depth. Finally, geomorphologic and strlictata are not univocally
interpretable (Benedet#it al, 1998; Giancet al, 2000; Celloet al, 2000-2003; Mazzolet
al., 2000, Maschiet al, 2005).

About the active fault systems in the basin there alié&ent hypothesis:

- Many Authors suggest the SW-dipping faults, well-exposed along thleenorflank
of the basin, as the surface expression of a local seisncogmunice (Benedetét al,
1998; Cello and Mazzoli, 1999; Celkt al, 2000-2003, Barchet al, 2007). This
fault system is known as Val d’Agri Fault System (VAFSI|I&€et al, 2000-2003) or
Eastern Agri Fault System (EAFS, Maschiaal, 2005).

- The second hypothesis proposes a NE-dipping normal fault system asypilagi
main role in controlling the recent tectonic activity in theaar€his fault system,
studied by means of structural and geomorphological data by Mastchli, (2005), is
located along the western flank of the basin (Monti della Maddafeawult System;
MMES hereinafter). Its activity probably started during Mel&leistocene with Late
Pleistocene-Holocene activity confirmed by paleoseismologieathing (D’Addezio
et al, 2006) and high-resolution shallow seismic (Improta and Bruno, 2007)

Cello et al (2000-2003), by means of remote sensing analyses, geologipgaingmaand
structural field work, accurately describe the geometry andraties of the EAFS (fig. 1-8).
This faults system has a clear geomorphic expression and is @anippsl20°N-trending
left-lateral strike-slip faults and their conjugate N30Ontlieg right-lateral transtensional
faults, and other related N90-N110 and N130-N150 trending leftdatarsstensional and
transpressional faults. At the surface, the fault systecoisposed by five main strands
showing rectilinear traces, spaced about 1 km apart, and dedowgidh mature fault-line
scarps (fig. 1-8). The total length of the fault systerma@e than 25 km; but no detailed
definition exists (Gambini, 2003). Fault kinematics analysis atdi@ main left oblique-slip
episode, with a lateral displacement in excess of 1 km (B&an2003), followed by a second
normal component event observed on the lowermost fault strands vathcdisient of about
500 m (Barchetal., 2006). The latter are thus reactivated with normal kinem@taschio
et al, 2005) and a paleosoil32 ka, Gianaet al, 2000) was faulted in response to this second

slip episode.
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Fault-array
EAFS: Eastern Agri Fault System
MMEFS: Monti della Maddalena Fault System
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Fig. 1-8. Morphostructural map of the Agri basin stowing the main quaternary fault systems.

On the basis of these evidences Calloal (2000-2003) believe this fault system as
responsible of the genesis and of the structural evolution of thia. daurthermore, they
consider the EAFS the surface expression of a seismogeargtusé that could be responsible
of the major seismicity of the area. Other authors suddeasdettiet al (1998), Michettiet
al. (2000) and Barctet al (2006) share this hypothesis.

On the other hand, other Authors (Valensise and Pantosti (2001); Machi, 2005;
Burrato and Valensise, 2007) on the basis of geomorphological and daiktdata, and
according to geometrical and kinematic affinities with thensegenic source for the 1980
M6.9 Irpinia earthquake, suggest that the NE-dipping normal fauktreydocated along the
western side of the valley, is the most probable source fdrist@rical and ongoing seismic
activity of the area (MMFS, Maschat al, 2005).

The MMFS is accurately described from a geometric and kineipaitit of view by Maschio
et al (2005). This fault system runs for about 25 km between the PemgdiaVioliterno
villages. The northern boundary is not well constrained, thus thé&bbuld run further
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northward reaching a maximum length of 35 km. The system can ledliinto two main
branches (fig. 1-8). Fault kinematic data reveal a prominentalarzamponent of slip. Late
Pleistocene and Holocene deposits are involved in faulting dhengastern branch of this
fault system (D’Addezi@t al, 2006, Improta & Bruno, 2007).

The MMFS shares several geometric and morphologic featurbstht Irpinia fault: they
have a comparable length (22-35 km for the MMFS and 38 km for thedrfanit); the
average extensional axis is 30°N-40°NE consistent with the 33&\#nological tensile axis
of the Irpinia fault (Harvard CMT Catalogue data). Finallg,the Irpinia fault, this fault
system is associated with a subtle geomorphic expression, whiaidicative of small

cumulative displacements along the faults.

Historical and instrumental seismicity

The most destructive event recorded in the Val d’Agri basithés1857 earthquake with
equivalent magnitude 7.0 and maximum intensity in the Mercallc@arSieberg (MCS) of
XI grade (Mallet, 1862; Brannet al, 1983; Boschet al, 2000). The earthquake consisted of
two shocks. The damage distribution associated indicates theallgy as the most damaged
area enclosed in the X-XI isoseismal line. Other imparkéstorical seismic events occurred
in 1651 (Me=6.5, Vallo di Diano earthquake) at the north-western etite o&kgri basin, in
1694 (Me=6.9) close to the Irpinia epicentre and in 1836 (Me=6.3) soutte ofal d’Agri
basin (fig. 1-9).

Instrumental seismicity recorded by the Italian permanenmngeisetwork (RSNC) of INGV
between 1984-2004 (Chiarabétal, 2005) shows dense cluster of earthquakes related to the
four main seismic sequences that occurred in the recent peaocely the 1980 M6.9
Campania-Basilicata earthquake, the Potenza 1990 Md=5.5 and 1991 Mhe.2996
Irpinia MI=4.9 and the 1998 Castelluccio Md=5.5, all localipeti of the study area. Most of
the large and moderate magnitude earthquakes are located bétaednl5 km depth and

display an extensional focal mechanism.
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Fig. 1-9. Seismotectonic framework of the lucanianApennines; small black dots represent the
instrumental seismicity of the last 20 years (Chiabba et al, 2005); white boxes are the historical
earthquakes from CPTI working group. Focal mechanisn solutions are from Harvard CMT catalogue
and Gasparini et al, 1985. The macroseismic epicentre of the 1857 Hesita earthquake is also shown by
a large black dot.

The 1990 and 1991 Potenza events are the only significant exceptiibis tbehaviour,
showing almost pure strike-slip mechanism and greater hypocdapt (e.g. 26 km for the
1990 event, see Azzaet al, 1993). These fault plane solutions are consistent with the
direction of regional extension for this area as resulting fromhloteebreakout data (Amato
and Montone, 1997, Cucet al, 2004). T-axes are usually NE-SW and E-W oriented.

The most significant seismic sequences occurring in the Vardlasin during last 20 years
was recorded between 3 April and 12 June 1996 and is described hyeCaic¢2004). The
sequence is localized along the south-western flank of the’Xgti basin and consists of 50
low-magnitude events, with magnitude in the range 1.8ld 3.4. Ipocentral locations

errors are as large as 2.5 km and do not allow to imagetae structure (Cucei al, 2004).

19



Chapter 2

The Agri valley seismic network

Introduction

In this chapter | present hypocentral locations of the backgroundisigysmecorded by a

dense seismic network installed in the Val d’Agri area.Heunhore, focal mechanisms of
selected events and the seismic behaviour in term ohiseislease with time are shown.

The use of a dense local seismic network allows the lowerirtgeofminimum magnitude

threshold for earthquakes detection. This is a pre-requisitavistigate seismic activity
around known active faults and possibly to define their geometry ah depl their

kinematics.

The Agri seismic experiment

During May 2005 to June 2006 a dense temporary seismic network, camippsip to 23
continuously recording stations, was operating in the axial sectbedfucanian Apennines.
The seismic network covers an area of about 1500 ikaiuding the Val d’Agri basin,
partially the Vallo di Diano basin and the Monti Alpi (fig. 2-The average receiver spacing
is about 5 km. The temporary network was complemented by seistans of both the ENI
permanent network (13 stations recording on trigger mode) andatia INational Seismic
network (fig. 2-1).

The stations were equipped with different digital acquisitiontesys (Reftek130 and
Marslite88) and three-component short and long period seismic sensonsutize3D 1s and
5s, and Nanometrics Trillium 40s). Three stations were asi@pped with strong motion
sensors. The stations were continuously recording on a flash card 2 &bampling rate of
125 Hz per channel, in order to have a good sampling for local e$etas.panels were used
to power the instruments and a GPS antenna provided the absoluatg fiamthe recording.
The stations were located preferentially on rocky outcrops and thegroand noise level
was studied in order to select sites characterized by an igiggd-$o-noise ratio. The stations
were visited once every 45 days for data collection andcgsy.

In order to extract local earthquakes from the continuously recoatadadrigger algorithm
was applied. The algorithm is based on 8te/Ltaratio (Short time average/Long time
average; Piccininet al, 2003). After performing numerous tests the following valwes f
trigger parameters were choseB8ta/Ltaratio 3; Sta2s; Lta 40s;duration 2s. A minimum

number of 4 stations was imposed to declare a trigger deimcé. The chosen setting,
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Fig. 2-1. Map showing the Agri seismic network (redriangles) and about 2000 seismic events recorded
during the experiment. Black squares are stations fothe Italian national seismic network and yellow
triangles of the ENI permanent network.

together with the very dense geometry of the seismic netwiolyeal to achieve a very low
magnitude earthquake detection (M0.19) with a small number of false events. In thirteen
months, from the continuously recorded data, about 4000 triggered evengtsexiracted,

testifying a high rate of background seismic release.

Data analysis

At first the dataset of about 4000 micro-earthquakes was andysad automatid>-wave
picking procedure in order to obtain preliminary hypocentral locationthe ensuing phase,
about 700 well-located events were selected (i.e. eventdeaffey very small hypocentral
location errors and RMS values) to verify fR@vave automatic readings and to hand-gsek

wave arrival times.

Automatic P-wave picking
In the first stage of the dataset analysis, a recentheldeed picking system called
MannekenPix(Aldersons, 2004; Di Stefanet al, 2006), capable of producing highly

accurate first arrivaP-wave picks and related polarities, was applied. In the ylaats
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MannekenPixhas been used, with successful results, to pPiskave arrivals on a large
dataset of local and regional events recorded by the ltaliamnightSeismic Network (Di
Stefanoet al, 2006). The application of this automatic procedure to the wsynmagnitude
dataset recorded by the dense Agri seismic network hags &st-meaning
The advantages of using a very accurate automatic pickingdquraeare:

- Alow time-consuming preliminary analysis of the dataset

- Highly accurate first-arrivaP-wave picks and related polarities

- Consistency in timing error assessment
MannekenPixwas calibrated on a reference dataset of about 700 wave{fmons 120
seismic events of the Agri experiment) that were acelyrétand-picked and quality-weighted
following the scheme shown in table 1. In this calibration phtse,system defines an
observation weighting scheme. When the calibration phase is dedlee picker system is
able to mimic the picking by a human analyst. Furthermore,ptiese readings have a
consistency in data error assessment. This point is of primnapprtance because the
estimated average observation error (i.e. the noise ievidle data) normally defines the
termination of the iterative inversion process of seisnoimagraphy and hypocenters
calculation (Di Stefancet al, 2006). This picking procedure is based on a single trace
approach (Allen, 1978-1982) that picks each seismogram independentlytfeomthers,
according to the great variety of waveforms observed. Thdt r@stained by the use of this
automatic picking system was very successful since mosheofabout 2000@P-phase
automatic readings are comparable to those of a good humantanalys
The application of this procedure allowed the preliminary locatf about 4000 low-
magnitude seismic events. The figure 2-1 shows 1991 seismic @emified by RMS time
residuals less than 1 s, azimuthal gap less than 200°, hypodentesiserrors less than 2 and
3 km horizontally and vertically respectively, and at leaBtwlave readings, located by using
HYPOELLIPSE code (Lahr, 1989).

Hypoellipse class Picking uncertainty (sec)
0 0-0.025
1 0.025 - 0.050
2 0.05-0.4
3 >0.4

Table 1. Weighing scheme followed for the phase rdimg on the waveforms.
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Fig. 2-2. Three-component waveforms recorded by the\gri seismic network. A) local earthquake
recorded at the AG02 station (M=2.33) b) example of multiple event (0.22<M1.28).

From the dataset analyzed by the automatic picking procedure, @bB0Ouevents were
extracted to verifyP-wave readings and to hand-piSkvave arrival times to better constrain
hypocentral locations. The selection was made according to themmegtars: RMSime

residuals less than 1 s; vertical location error less thim;2horizontal location error less

than 1 km; more thanB-wave readings.
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Fig. 2-3. Vertical component seismograms of the $8June 2005 local earthquake. P-phase first arrivals
are marked with a vertical bar.

In addiction, in order to avoid an over-sampling of limited are&®re a high number of low-
magnitude earthquakes are located, a spatial selectiorppleda

The final dataset consists of 678 seismic events (fig. 2i6) avfinal number ofP and S
readings of 9571 and 8933, respectively. This dataset hasibeérior the 1D velocity model
computation and magnitude estimation. These events are chaeattby location RMS
values less than 0.3 s, azimuthal gaps smaller than 200° dndrtt@rand vertical errors less
than 0.5 km (fig. 2-3).

1-D model selection

The influence of 1-D (one-dimensional) velocity model on earthquakéidace severe.
Therefore, it is very important to reach a global minimum inrtteelel space, avoiding to
remain trapped within secondary minima. For these reasons, thdino@esional (1D)
velocity model of the area was computed by applying a non-linearsiion technique based
on genetic algorithms (Sambridge and Gallagher, 1993;&€iah, 2006).

Genetic algorithms are a global search algorithm particukaritable to solve highly non-

linear and non-local optimization problems.
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a b

Fig. 2-4. (left) P-wave best velocity model (thick red line). Grey ties are models with misfit value below
0.1077s; (right) Wadati diagram: the computedvp/Vsratio is equal to 1.90.

Despite of other linearized iterative methods (i.e. Veteste, Ellsworth, 1977; Kisslingt
al., 1994) that require the introduction of a-priori information, throdgh definition of a
starting model, the genetic algorithms do not need any derivatwenation (Sambridge and
Drijkoningen, 1992). These global search algorithms seek in the entidel space the 1D
model which minimizes the misfit between the time spent dagnsic waves through the
candidate model, and the observed traveltimes. HYPOELLU®EE was used to perform the
forward modelling. The search technique is based on three opesatiextion, crossover and
mutation. These operators act together on the first generdtibe population (i.e. velocity
models) to produce a new population and to re-direct the solutiond®veabetter one.
Velocity values of the initial velocity models are randomignegrated while the layers
thickness was set at 3 km. The population size (i.e. numheladity models) was chosen at
300 individuals and at 300 the number of iterations. When the 70% gétiezated velocity
models has an individual global misfit (e.g. global RMS resgjul@lss than 0.1077 s, the
genetic code ends the search.

Figure 2-4a shows the best-fit Np model with the minimum misfit value (thick line) and
otherVp models having misfit values smaller than 0.1077 s (thirs)inEhe model is made of
5 layers with a 3 km thickness. Table 2 shd®wave velocity values and thickness of the
best 1D model.

The computed/p model is consistent witR-wave velocities found for rocks composing the

Apennines as defined by velocity logs and laboratory measutsifiemprotaet al, 2000).
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Layer | Depth to the layer top Velocity (km/g)
1 0-3 4.33
2 3-6 5.92
3 6-9 6.42
4 9-12 6.85
5 12-15 5.93
6 >15 7.0

Table 2. 1D Vp velocity model obtained by genetidgorithm inversion.

P-wave velocities increase up to 12 km depth with values in thgerd.33 km/s and 6.85
km/s; further below (from 12 to 15 km depth) a lowewave velocity (5.93 km/s) indicates a
velocity inversion. The velocity retrieved for the upper layeB3 km/s) can confidently
represent an average of the velocities of the heterogenecaisigavutcropping in the area
(Menardi Noguera and Rea, 20@hineret al, 2004). This velocity value is also constrained
by P-wave velocity models calculated, through first-arrivalvélitimes tomography, for the
shallow crustal structure (down to 2 km depth) of the Agri base @hapter 3 for an
exhaustive treatment).

From 3 to 9 km depth, the model shosvave velocities between 5.92 and 6.42 km/s. These
values ( 6 km/s) are compatible with tHe@wave velocities observed by seismic refraction
profiles and subsurface data, which have been associated to tbeoMegnestone of the
Apulia Carbonate Platform (Improt al, 2000).

Following the interpretation by Impro& al (2000) the highvp (6.85 km/s) found between 9
and 12 km depth, are compatible with the deeper portion of the Aplaliform consisting of
Upper Triassic dolomites and anhydrites of the Burano formation

In correspondence with the deepest layer, between 12 and 15 km depttease®f thé-
wave velocity is observedvp 5.9 km/s). This layer can be tentatively associated with
Permo-Triassic clastic deposits, equivalent to those drilleavbydeep wells in the foreland
area at the base of the Apulia Platform (Puglia 1 well aady@o 1 well) (Improtat al,
2000; Mazzoliet al, 2001; Shineet al, 2004). However, this velocity inversion is not well

constrained because of the decreasing data density bémsd#tyer.
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Fig. 2-5. Histograms showing the residuals (seconjd$orizontal and vertical formal errors (km), P- and
S-phases residuals and magnitude for the selectedtdaet.

The mearVp/Vsratio for the study area was computed by using a cumulativetiiaigram
(Lay and Wallace, 1995). The obtained value is 1.90 (figure 2-418.vRlue is higher with
respect tovp/Vsratio reported in literature for adjacent regions (V@2/svalue computed
by Frepoliet al. (2005) over a wider area of the Lucanian Apennines), but in agreemith
other seismic zones of the Apennine chain (e.g. Umbria-Masibmig zone; Chiarabba and
Amato, 2003).

The local magnitudefor 657 selected events was estimated following the formulation
originally proposed by Richter (1935, 1958) and subsequently modified anc@ddaphe
Italian area (Piccininet al, 2003; Consolet al, 2006).
Following the method originally used by Richter, M given by:

M_=LogA - LogAs- S
where A is the maximum trace amplitude in millimetres sneed from a Wood-Anderson
seismogram, Ais a distance dependent attenuation curve, and S is a stgtienddet M
adjustment.
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Assuming a parametric form for LogoAoroposed by Alsakeet al (1991) and derived by
Bakun and Joyner (1984) the formula becomes:

M= Log A +n* Log (R/Reer) + (K*(R-Ryrer)) — V(Reer)
where A is the maximum trace amplitude in millimetres meson the seismogram (i.e. the
maximum Swave amplitude), R is the epicentral distance (in kmandk are parameters
related to geometrical spreading and attenuation ofStivaves and are dependent to the
study region. Ry is the reference distance and the NgRis the reference magnitude value
corresponding to & (Piccininiet al, 2003). In our case, the two constamtsndk have been
recently calculated for the Italian area by Constlal (2006) resulting im equal to 1.11k
equal to -0.00189. R has been set equal to 100 km and M equal to 3.
The maximum trace amplitude was measured on waveforms fromoad-Whderson
instrument, obtained by subtracting the seismometer and digt@érstresponse from our
seismograms. The maximum amplitude was measured afteringotaich horizontal
seismogram to the radial and transverse components.
The magnitude for each of the horizontal seismometers isgieeia a least-squares sense to
give a M for a given station. The values of  Nbr each station are averaged to give the
magnitude. M may vary considerably from station to station, due not only ttosta
corrections but also to variability in radiation pattern.
Local magnitudes range betwe€nl9 and 2.74vhile the completeness threshold is about 0.4
(fig. 2-5). The detection of such a small magnitude eventsallawed by the very dense
station array used in the area and by the selection of siseactérized by a high signal to

noise ratio.

Space and time seismicity distribution

Fig. 2-6 shows map and vertical section views of the selectedd@@®&juakes. Seismicity is
preferentially located along the south-western flank of the bdmghlighting a NW-SE
trending zone, about 20 km long and 5 km wide, characterized bry &axge number of low-
magnitude seismic events (fig. 2-6, vertical sections 7 to HRBpwhere, the seismicity is
scarce and sparsely distributed through the entire area. Onlgntalh clusters are located
along the western and eastern side of the basin, tege¢fig. 2-6, vertical sections 3 to 6).
Seismicity distribution versus depth (histogram in fig. 2-6) ndsltes a 12 km thick
seismogenic layer, also recognizable in the two main croisise¢vertical sections 1 and 2

in fig. 2-6) comprising all the recorded seismicity.
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Fig. 2-6. Map and cross-section view of the seledté78 seismic events. The Apenninic and anti-Apenmic
vertical cross-sections (1 and 2) comprise all thearthquakes shown in map. The small cross-sectio(3, 4,
5 and 6) show hypocentral locations for events reflad to the two small clusters located along the wiesn
(sections 3 and 4) and eastern (sections 5 and &)esof the basin. The other cross-sections (7 to J1&how
hypocentral locations for the events of the main obter located along the south-western border of the
basin. The detailed location of the main Quaternanfault systems is also shown (modified from Maschiet
al., 2005).
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The histogram shows a bi-modal distribution: about 90% of the recordsmhigg is
confined within the shallow crust between 2 and 6 km depth, whilenélile contribution to
the deeper peak derives from the cluster located along therwesde of the basin with
hypocenters in the range 10-13 km depth (fig. 2-6, sections 3-4). Bhibulion underlines
the presence of a layer between 6 and 10 km depth, where $heicsetlease is almost
absent.

Most of the seismic events are located in the southern portidwe dfasin defining an area of
about 5x10 krh in plant with hypocenters located between 2 and 6 km depth 2.
sections 7 to 12). Although at a first look hypocenters seem adamgequite chaotic way,
without enlightening any fault geometry, the NE-striking crossiaest8, 10, 11 and 12
suggest the presence of a 50 to 60° NE-dipping structures thathigmitcenters to the
bottom. However, the occurrence of a large number of low-magnseideic events in this
volume suggests that seismicity occurs on small fractureadspileover the volume rather
than preferentially clustered along a fault plane.

The remaining seismic events recorded during the experimentlestered in two small
volumes (fig. 2-6, sections 3 to 6). The first one is locakewnigethe north-eastern flank of the
valley and is made of about 50 seismic events with magnitude irahge 0.19 <M 1.75
located between 4 and 6 km depth (fig. 2-6, sections 5-6). The aik&wrcmade of about 40
seismic events with Mbetween 1.02 and 2.11, is located along the western flank of the
valley. This cluster, with hypocenter locations between 10 ankii8epth, represents the
only deep seismicity recorded over the thirteen months of exper{figer2-6, sections 3-4).
The cross-sections 3 and 4 show that deep events are prefbreidiributed along a vertical
plane.

Fig. 4-7 shows the plot of the cumulative number of events viamagblack line) respect to
the number of events per day versus time (gray line). The ingsfijure allows to make
same consideration about the rate of seismic release ovetrithe Val d’Agri area the rate
of seismic release is quite high (about 3.3*H¥ents/day/krfy computed considering 2000
events recorded in 13 months over a 1508 &rea) and almost continuous in time (i.e. the
black curve in fig. 4-7 does not show any significant slopeatian).

However, some steeper segments, corresponding to an increasnuc seelease rate,

highlighted by the three shaded coloured area are recognizable.
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Fig. 2-7. (left) Cumulative number of events (blackcurve) and number of events per day (grey line) veus
time. (right) Colour coded zoom of the main clustezone.

It is possible to observe that the coloured areas corresponddocineence of the previously
described main clusters. In particular, the yellow colouresh acorresponds with the
occurrence of the deep cluster along the western border of sivevdaile the green one is
linked to the cluster located along the eastern border of the. I&sithese small clusters are
released in form of minor seismic sequences.

Finally, the broad violet dashed area highlights an increasingeo$dismic release starting
from March-April 2006 until the end of the experiment in July 200&ted to the main

cluster located in the southern portion of the basin.

Focal mechanism computation

Focal mechanisms for 108 best-located events were computed bythsiRgvave first
motion polarity method using the FPFIT code of Reasenberg and Oppenli£288) (the
computed solutions are shown in appendix A). Quality factors QF andveéd® chosen
ranging between A and B, while the minimum numbeP-ofave polarities was set to 7. QF
reflects the solution prediction misfit of the polarity datdile QP reflects the solution
uniqueness in terms of 90% confidence regions on strike, dipp&ad

Fig. 2-8 shows 48 focal mechanisms selected from the computedsli@@resentative of the
highest magnitude events. Statistical analysis of the latiesnof the nodal planes shows that
about 70 % of the focal mechanisms have a normal solution (fig. IB-@articular, about

45% are normal (rake between -60°/-120°) with about 7% of pureahewants.
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Fig. 2-8. (top) Map showing focal mechanism solutits for 48 selected seismic events. Red and greerisdo
are for events with normal and strike-slip focal mehanism, respectively. (bottom) histogram showing
rake values for the 108 computed focal mechanism&lormal and trastensional kinematics dominate,

whilst reverse components are almost absent.

About 23 % are obliqgue/normal with right or left lateral componEné remaining events are
mostly left or right lateral and only 4% have reverse kirteragsee histogram in fig. 2-8).
Most of T-axes are sub-horizontal (plunge < 40°) oriented abouttdy@&rd NE. These
solutions are in agreement with pseudo-focal mechanisms compufedlbglip inversion

from surface exposures of fault planes (Masdtial, 2005 and also fig. 6 of chapter 4) and
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with focal mechanisms of large earthquakes in the region (@uat, 2004; Montoneet al,
2004).

The focal mechanisms of the deepest cluster of events ffe@ethanisms located along the
upper left side of the map in fig. 2-8) show a dip-slip kinemafxal mechanisms for
earthquakes belonging to the main cluster, located in theesaytbrtion of the basin, show a
prevailing normal component kinematics. However, some seiesweicts located in the right

portion of the cluster show strike slip (right-laterabeinatics (fig. 2-8).

Relation between seismicity and geological structures

The relation between the recorded seismicity and the main geadlsgyuctures mapped at the
surface (fig. 2-6, Maschiet al, 2005) is not straightforward.

Most of the seismicity located along the south-western sitteedbasin is spatially associated
with the southern sector of the Monti della Maddalena faulerysThe NE-trending vertical
sections 7 to 12 in fig. 2-6 highlight that the low-magnitude seigmig limited downward
by an about 50° NE-dipping planes. In particular, in the sectioedrthquakes are aligned
along a 50° NE-dipping plane, whose projection at the surface shgasdacorrespondence
with a fault scarp in young deposits recently identified by meangeofmorphological,
geophysical and paleoseismological surveys (Monte Aquila Flaschio et al, 2005,
D’Addezio et al, 2006; Improta & Bruno, 2007). Furthermore, the earthquake hypocenters i
the vertical sections 11 and 12 in fig. 2-6 are in agreemehtothier two small strands of the
MMFS named Sarconi and Grumento fault, respectively. Thesetwstaccould confine
seismic release in the hanging wall of their fault planessaviructural analysis for these
structures indicates NW-SE striking and 55° to 65° NE-dipping faaltqd characterized by
a normal kinematics with a NE-oriented T-axes. These chasiitte are in agreement with
the focal mechanisms computed in this study (see focal meomahbcated along the lower
left side of the map in fig. 2-8). However, it is worth notihgttseismicity does not occur on
fault planes at the depth where major earthquakes enucledtee isouthern Apennines
seismic belt.

Moving toward the eastern border of the basin, the seismisitalmost absent. No
earthquakes have been recorded neither along nor around the mantefaest of the Eastern
Agri fault system located along this side of the basin (fig..ZF&ge only small cluster is
probably induced by oil extraction (fig. 2-6, sections 5 and 6).

The deep cluster of seismicity is hardly connected with a speQiiaternary or older

structure in the basin. As shown by focal mechanism solutfmeal (mechanisms located
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along the upper left side of the map in fig. 2-8) these seisveitct® seem to be related to an
about N20° sub-vertical fault plane characterized by a dip-slipriaties. The choice of this
nodal plane is suggested by the elongation of the seismic evenvemical plane (fig. 2-6,
sections 3 and 4). This deep seismicity does not show a strenghgd with the shallow
seismicity recorded along the western flank of the bastmukd be probably related to the re-

activation of inherited structures at the bottom or even beiewApulia platform.

Discussion

The background seismicity recorded during the thirteen months ofpleement (about 2000
earthquakes) testifies a high rate of seismic release mégnitude in the range -0.19 and
2.74. Most of these earthquakes concentrate in the shallow crastebe? and 6 km depth
beneath the south-western portion of the basin (fig. 2-6). Thesenbmmitude earthquakes
reflect small fractures spread in a volume whilst only allspmation enlighten fault plane
geometry at depth. The kinematics of these events showfexgurially normal component
with NE-oriented T-axes.

It is worth noting that this volume is adjacent to the most fgmt seismic sequence
occurring in the Agri basin during last 20 years, recorded betwegniBafd 12 June 1996,
described in the work of Cucei al (2004). The sequence, made up of 50 low-magnitude
events, with magnitude in the range 1.814 3.4, was localized along the south-western
side of the Val d’Agri basin. Another small swarm occdrie the same area in 2002 (19
earthquakes with magnitudeq¥2.8; Frepoliet al, 2005). The characteristics of these small
sequences are similar to those observed for the shallemis@y described in this study.
These observations suggest the presence of active NE-dippictusts located along the
south-western side of the Agri basin. However, as alreatlydstidne hypocenter distribution
do not allow to recovery the fault geometry at depth greater@han. The small cluster of
deep seismicity does not appear directly correlated to theowleall seismicity and,
consequently, it does not represent a constraint for the prolongstihe small fault planes
at greater depth. For its location this deep seismicity aplopgked to the activity of deep
structure at the base or even below the Apulia platform suggest activation of inherited
structure at the base of the Apulia platform.

Therefore, although our data can not solve the worm debate aboutsim®genic source
responsible of the 1857 event, furnish incontrovertible constrains aboptabent tectonic
activity of some segments of the MMFS improving the knowleafgihe geometry at depth

and kinematics of this fault system.

34



Chapter 3
High-resolution imaging of the Val d’Agri basin by controlled ©urce

crustal tomography

Introduction

In this chapter, | present new insights on the structural aothie of the Val d’Agri basin
focusing on the Quaternary fault systems, by analysing tworkggiution seismic crustal
profiles, about 15 km long, crossing the central sector abdlsen (fig. 3-1). In the following
chapter 4, these seismic profiles will be analysed togetitbrresults of detailed geological
mapping carried out along the seismic profiles, in areas whereonnection between surface
geology and geophysics is particular critical (fig. 3-17 aguarés in chapter 4).

Assessment of seismic hazard posed by active faults regh&eaccurate knowledge of
numerous parameters, including the location, geometry, slip raterrence interval and
kinematics of recent fault movements. Although geological fieldrveys and
paleoseismological trench studies can reveal much about thesaeepars, subsurface data
are also necessary to understand the history and three-dimergsamaétry of faults at
greater depth (see Dolan & Pratt, 1997).

As described in first chapter, active fault systems in takd¥Agri basin have been mainly
investigated by field studies and commercial reflection pmofilHowever, even when
commercial seismic reflection profiles are available,dldgta are not able to image, in detail,
the shallow structure of the basin for the following reagergs Barchet al, 2006).

First of all, the acquisition geometry and the processing sequpuled to commercial
seismic profiles are aimed at imaging deep reflectors (theotoiive Apulia Carbonate
Platform). Consequently, the resolution of the time migratedk sections does not allow the
detailed imaging of the complex depositional structures of Whsin and of small
displacement newly formed active faults. Moreover, in thrgt énvironments, on land
seismic exploration may be hampered by the combination of extagrographic variation,
highly variable surface geology, complex velocity structuresghvbften lead to poor quality
structural images. Data quality may be, indeed, stronglyceffl by diffraction/scattering
phenomena, strong multiples and static problems, which are causesinay-scale
heterogeneities and by rough topography (Mazswtél, 2000; Dell’Aversanat al, 2001).

In such geological environments, alternative acquisition and miogestrategies should be

considered.
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Fig. 3-1. Geological map of the Agri basin (from Letini et al., 1988) with the location of the two sesmic
profiles (Esit700 in blue and Esit658 in orange). dte the bending profile of the Esit658 line.

To overcome these limitations, and with the aim to enhancmisetata quality beneath the
basin, the Enterprise Oil Italiana and Eni acquired, in 1998, s®ismic lines with a non-
conventional multi-fold wide-aperture acquisition lay-out (Delbdsana, 2003)
characterized by densely spaced shots and receiversawimunm offset of 18 km.

These wide-aperture profiles allowed recording of dense refracteé turning waves, as well
as large amplitude post-critical reflected waves rgielffset, that are well suited to estimate
the large-scale velocity distribution at depth by firstwvadri or combined first-
arrival/reflection traveltimes tomography (e.g. Dell’Asanaet al, 2002). Besides providing
complementary information on the investigated structure, thecityelmodels obtained by
traveltimes tomography could be used to improve near-vertiflction data processing
(tomostatic) and to apply pre-stack depth migration (Dell’Avemsat al, 2002;
Dell’Aversana, 2003).

This dense wide-aperture dataset provides a unique opportunity io abteery detailed

image of the shallow structure of the Val d’Agri basin sidemse and clear first-arrival
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traveltimes associated to direct, turning and head-walissrved up to 6-8 km offsets, are
well suited to perform a high-resolution tomography. In addictiot® dslundancy makes the
tomographic inversion more stable.
In order to obtain two high-resolution 2B-velocity models for both lines, first arrivals
traveltimes were hand-picked on common shot record sections,esekotording to the
signal-to-noise ratio. Due to the high complexity of the invesjashallow structure,
traveltimes were inverted using a non-linear inversion procedfeetigé to image strongly
heterogeneous media.
The present chapter is organized as follow:

- description of the seismic experiment

- data processing and first-arrival traveltime reading

- non-linear tomography inversion method

- models description and resolution

The seismic survey

Seismic data used in this study were collected in 1999 by Eneepii@and Eni-Agip (ESIT
R & D project — Enhance Seismic in Thrust Belt; EU Theruia) with a non-conventional
multi-fold wide-aperture acquisition geometry along two SW-Nitkiag profiles (Esit700
and Esit658), crossing the Val d’Agri basin (fig. 3-1).

The Esit700 profile has a maximum length of 18 km extending from the-s@stiern Monti
della Maddalena toward the north-eastern M.te Caldarosa mowsyistem; it crosses the
Agri valley in correspondence of Tramutola and Villa d’Agri \gis. The Esit658 line is
located to the south of the basin and extends for a maximum length of 1% &msses
Grumento Nova village in the Agri valley. Shots are locateddifferent types of rocks
belonging to the basinal Lagonegro unit, to the carbonates ofgbenfke Platform and to
the Quaternary continental deposits of the Agri fluvialeysffig. 3-1). This complex surface
geology influences the shots efficacy and affects the seeamergy radiation.
Vertical-component 10 Hz geophones were deployed for the whole lingth levith a
constant spacing of 90 m. Conventional explosive charges (5-10 kg)shetresvery 60 m
along the profiles (fig. 3-2), in boreholes at a nominal depth oh2Uhe sampling rate was
100 Hz.
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Fig. 3-2. Receiver distribution along the Esit700t¢p) and Esit658 (bottom) seismic profiles.

The topography along the profiles is extremely rough, the maximtferatice in height is
about 600 m (fig. 3-2). Some problems related to the acquisition layeutthe irregular
spacing of the sources along little portions of the profilesn@eources in correspondence of
Tramutola village along Esit700 (fig. 3-2) and in the western goui the Esit658 line close
to Grumento Nova), and the bending trace of the Esit658 line3(fly.

First-arrival times: data processing and picking

First-arrival traveltimes were accurately hand-picked otiges arranged in Common Shot
Panel (hereinafter CSP). We selected 111 CSPs for the E$imé0@nd 99 CSPs for the
Esit658 line, according to signal-to-noise ratio and being cai@fk#ep a good coverage all
along the profiles. Every CSP section, for the Esit 700 and6kS8itine, is made of 144 and
201 seismograms, respectively.

The analysis of the Esit700 profile was limited to a maximiBrkm offset toward NE. The

reasons are a general low signal-to-noise ratio that makesldithe picking beyond few km

to the source, and because data from CSPs from such a laegedoffsot contain information

about the basin structure that is the target of this study.

38



Data quality strongly depends on the position of the source along tlile firef on the local
geologic conditions). Record sections for shots in the continental tefitisig the Agri

basin share an overall good signal to noise ratio (fig.)3-3a

Fig. 3-3. Examples of two multi-fold wide-apertureCommon Shot Panels at different offset. Data qualjt
dramatically depends on the complex surface geologyrhe sections are plotted with a normalized
amplitude and a 40 Hz low-pass filter to remove hig-frequency noise. (top) First-arrivals are clearly
visible up to 6 km offset. The rapid attenuation offirst-arrivals amplitude (shadow zone) at 6 km ofet
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testifies the presence of a complex velocity fieldbottom) CSP section for a shot located on the easn
side of the basin where crop out basinal rocks ohe Lagonegro Fm

Fig. 3-4. Example of first arrival times picking ongood quality data.
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Fig. 3-5. Example of subtle first arrival times piking at large offset.
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First-arrival are very clear up to 5-7 km offsets; ateargffsets first-arrivals are affected by a
strong, rapid attenuation in correspondence of a shadow zone. Thit tefgfies the
complexity of the velocity field (presence of a low-velocigyer) and makes the
identification of first-arrivals at larger offsets diftilt.

Conversely, CSPs for shots performed at the edge of the profilebasinal rocks of the
Lagonegro units exhibit a lower signal-to-noise ratio and veryestibgt-arrivals beyond 3-5
km offsets (figure 3-3b). In this case, large part of thensiei energy is lost to produce
ground-roll.

In order to facilitate first-arrivals identification and to eresan accurate picking in case of
poor-quality traces, signal-to-noise ratio around first-arrivads wnproved by filtering data.
The filter operator was designed based on results of frequieneyanalysis performed on
traces selected at different offsets for numerous CSPs Img ube Gabor Transform
(Dziewonskyet al, 1969) (fig. 3-6).

First-arrivals have a frequency content in the 10-40 Hz ranije awprogressive shift toward
low-frequencies for increasing offsets due to the anaelasticuation. Consequently, first-
arrivals identifications and picking for both poor-quality CSPs amgdeloffset traces were
performed after the application of a low-pass filter with a 40cbrner frequency suitable to
suppress high-frequency noise (fig. 3-5). Conversely, clear impulsst-arrivals observed
on good-quality CSPs in the small-intermediate offset randgek offsets) were picked on
raw trace (fig. 3-4).

First-arrivals identification for traces beyond 3-4 km isHartfacilitated by plotting data with
a reduction velocity of 5.5 km/s that allows to align subtledreaves refracted by a high-
velocity layer located beneath the Agri basin (fig. 3-3a

We did not use a more complicated processing sequence becauseoeérdie data high-
guality and because the application of FK filter to remove coher@ee or of Automatic
Gain Control to enhance first arrivals would have modified the feaveand consequently
worsen the reading accuracy.

More than 23500 first arrivals were hand-picked followingicking strategy which is based
on the reading of a time window,(t;) instead of a single reading with a weighting factor
(Herreroet al, 1999; Improtaet al, 2002). At the time;twe observe a change in the
waveform character, amplitude standout and in the signal colkeeseggesting the first pulse
arrival, while the time;t corresponds to the upper limit for the first pulse based on clear

arrivals of seismic waves on the trace (figg. 3-4 aj. 3
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Fig. 3-6. Frequency time analysis by Gabor transfan. First-arrivals frequency content at small (1500m)
and intermediate (5000 m) offset.

In this picking strategy the probability function inside the pickingdow t-t; is considered
constant and is not associated to a Gaussian distribution i&fatieg error around the arrival
time. This strategy is much more appropriated for a non-lingarsion strategy.

The width of the #t; window is used by the inversion procedure as a weight of the picking
guality. With this strategy we have three types of firgtal reading: traces with a very good
quality picking identified by ajtt; window equal to the sampling rate; traces with an
uncertainty weighted on thety width and traces with a very low signal-to-noise ratio where
it is possible to pick only the time. tin this case theoretical arrivals have to be smaller then
the measured,.t The advantage of this strategy is that the picking is reas&n on noisy
trace.

Impulsive first arrivals withtt; window equal to the sampling rate are usually picked up to
4000-5000 m offset. At larger offset first arrivals are ideadifby a 1-t; window of about
0.03 sec from 5-6 km to 7-8 km offset. Finally, a window with dplgssigned is for some
poor-quality seismograms for receivers with offset gre&im 8000 m.

The figure 3-7 shows the distribution of first-arrival timessus source-to-receiver distance:
the curve is characterized by strong knees that testify theerme of strong lateral and
vertical Vp velocity variations. For this reason a non-linear tomographieramn code

described in details in the following paragraphs was used.

43



Fig. 3-7. Travel time graph: the distribution of traveltimes with distance is characterized by strongnees
that testify the presence of rapid lateral and veiital velocity variations.

The non-linear tomographic technique

Due to the presence of strong vertical and lateral velwaitwations in the basin, too strong to
be detected by a classical, iterative-perturbative tomographgn-linear inversion procedure
that is specifically designed to image strongly heterogeneodsraed does not require a
reference starting model was used. Moreover, the estimatitraveltimes by asymptotic,
approximate, ray computational methods can be inaccurate due tdiffiiities in properly
taking into account the ray bounding, shadow zones and head waves gefenatioregular
refractors. Thus, a pseudo-global, non-linear approach, based orveafram@ tracing
technique has been used (Herreral, 1999; Improteet al, 2002).

The main characteristics of the method are describgifollowing sections.

Forward problem is solved with a finite-difference Eikonal solver (see Podnd Lecomte,
1991, Vidale, 1988). This method is based on Huygens’ principle, for whezly pwint on a
wave-front is considered to be a source that gives rise to armitbelar wave front. Local
discontinuity of the time gradient in the first arrival tirfield are built as intersections of
locally independent wavefronts. This method provides accurateafirgél traveltimes for
extremely severe and arbitrary shaped velocity contrastsaksodtake into account the
existence of direct, refracted and diffracted waves. Tratiagsochrones in the medium we
obtain an image of the first-arrival wave-front propagatiorsirAple type of representing the

propagation is the use of laack ray-tracingprocedure (Podvin and Lecomte, 1991): the
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principle is to start from the station and follow the maximundigrat direction of the first
arrival time function up to the shot point. The grid used in this siodghe forward problem
computation is very fine (25x25m spaced). Such a fine grid isseageto perform a very
accurate estimation of first-arrival traveltimes. Hoeg\this grid has too many nodes to be

used for the model parameterization.

Velocity model parameterizatiothe medium is parameterized by a grid of points in which
the velocity is defined. The velocity in the other points ef itodel is assigned by a 2D bi-
cubic spline interpolating function (see Lutégral, 1990). This inversion grid is coarser than
the grid used for the computation of the forward problem. If the catipoél grid was used
as inversion grid the inverse problem could become too non-linepiiring computational

time too large for an exhaustive exploration of the modedipeters space.

Inverse Problemthe inversion strategy is based on a “multiscale” approach aond-&near
optimization scheme.

The multi-scale procedure consist of a series of inversionandsat each run the number of
the model parameters is progressively increased refininghade grid. The first run is
performed without a-priori information. The following runs use tluelets from the previous
run as reference model (see scheme shown in figures 3-8 forianaamsprehension). This
approach, introduced by Luttet al (1990), allows to determine in the early stage of the
inversion procedure the large-wavelength components of the veloatielmand then
progressively to image the smaller wavelength components.

Each inversion run is solved by searching for the minimum of &deasrel,-norm defined
as the sum of the weighted square differences betweenvetisend computed traveltimes.
The inversion method adopt a hybrid scheme based on a combinatiobalfrgndom search
(Monte Carlo technique) and a local search performed by Downhipl&mnalgorithm (fig. 3-
9). This approach allows the dense exploration of the model pteesrspace and reduces the
risk to be trapped in secondary minima of the cost function Beaahien a local minimum of
the cost function is found, through the local search algorithm, a gielaath is performed
(fig. 3-9).
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Fig. 3-8. Flow scheme followed during the multi-sda inversion procedure for the Esit658 line, to adeve
the best-fit model.

At each inversion run a velocity perturbation is assigned &t eades. This parameter\()

is generally high in the early stages of the inversion proceduhen only the large

wavelength components of the model is resolved, but rapidly akexra the final stages

when the inversion procedure recovers the short wavelength compontdraswddel (fig. 3-

8).

A lower limit of 50 m/s and an upper limit of 7000 m/s were used-psori constrains in

order to avoid unrealistic high-wave velocity.

The method includes two stopping criteria: one for each inversionndiorze for the whole

inversion procedure.
Each inversion run is stopped when the value of the misfit functiomn rttevary even
after a large number of global explorations (e.g. Monte Cdglorithm) (fig. 3-9).
Anyway, even when a lot of iterations are run, we are na that the absolute
minimum of the misfit function has been reached. In order tbdureduce the risk to
obtain a model corresponding to a secondary minimum of the cogiofuneach
inversion run is repeated starting from a different startindeh(e.g. different global
search in the model parameters space with a Monte @dr#disation) (fig. 3-8).

The multi-scale procedure is stopped:
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- if the total residuatmsis comparable to the data variance

- if the value of the misfit function for successive runs habttie reduction (in
percentage with respect to the previous one)

- according to the results of amposteriori resolution test performed on the final

minimum-cost-function model, focusing on the resolution of the tarfgbe study.

Resolution

An important drawback of a non linear inversion technique is tlodutesn assessment of the
retrieved image. Meanwhile, in the classical linearizegkiision theory, this assessment is
well established by computing the resolution matrix, there iséasbtechnique to evaluate
resolution of a model resulting from a non linear inversion. Atacsolution is to perform
an a-posteriori resolution study. Resolution of the minimum cost function model foh ea
inversion run is qualitatively assessed by arpbsteriori” checkerboard resolution test (fig.
3-10).

In practice:

- a perturbation (x 100 m/s), small enough not to change the wave ghthrmedium
between shots and receivers, is added to the final model. Thebpéion has a
chessboard pattern and is defined by a bi-dimensional sinuéadéibn (fig. 3-10)

- first arrival traveltimes are then computed for theerturbated model’and a new
dataset is set up

- a new inversion is run using the new computed dataset andntidenfodel as
reference

- the obtained velocity model is subtracted to the referemakin

Thus, in case of perfect resolution (Resolution matrix = ldemtigtrix) the difference

between this new model and the reference model must giveht#sskmard perturbation
pattern in shape and amplitude. In the reality, the chessboandoagion pattern is recovered
only in the well-resolved regions of the model (fig. 3-10)slivorth noting that increasing
the number of the model parameters the resolution depth bepoogesssively smaller (see
the recovered perturbation patterns in figg. 3-12, 3-13, 3-14). Tdwonmeis that moving

deeper the model sampling decreases and consequently ther svaalidength components

of the model will be resolved only in the shallower parthefimage.
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Fig. 3-9. Example of cost-function reduction, showi local (Downhill Simplex) and global (Monte Carlg
search, for the fifth run of the Esit658 inversionprocedure. The inversion run is stopped when the rsfit
function does not change even after numerous glob®onte Carlo exploration.

First arrival time inversion

Esit 700 line

The dataset inverted includes 8287 first-arrival traveltinresrder to avoid border effects,
the model was extended 500 m south-westward and about 700 m north-eaBheambdel
is 14 km in length and 2.9 km in thickness, extending from -1.2 km t@sll7 km a.s.l.. A
grid spacing of 25x25 m has been used for traveltimes computatiowek (50 m/s) and an
upper limit (7 km/s) were used to avoid unrealifttavave velocities. The inversion process
starts with 6 parameters (3 horizontal nodes x 2 vertical nadelsgnds after 13 runs with a
final inversion of 663 model parameters (39 horizontal and 17 Viemtickes corresponding to
a node spacing of 308 x 88 m) (fig. 3-14).

The velocity perturbation for each nodes/f ranges from 1500 m/s Rinversion run) to
only 200 m/s (18 inversion run). The figure 3-8 represents an example of the<thwme
followed during the multi-scale inversion procedure to achibeedest-fit model.

Each step of the multi-scale procedure is not limited to a singkrsion run giving the
minimum cost function. For example moving from the second (6 paeesh¢o the third step
different parameterizations are tested (e.g. 5x3, 4x4, 4x3 naeaek)each inversion is
repeated with the same parameterization but starting with feredift Monte Carlo

initialization number geed.
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Finally, the same inversion is run adopting a differe¥t (e.g. the range for the velocity
perturbation that a node can experience) that for this step rbatyesen 700 m/s and 1500
m/s.

The “best model” for each inversion step is selected among several modeledany to the
cost-function value and to results of resolution tests Bg0).

Proceeding with the inversion runs the model dimension is progressadkiced, according
to the well-resolved region, in order to reduce computatitmel

Furthermore, seismic phase readings are revised taking taaradhe computed first-arrival

traveltime residuals (fig. 3-11).
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Moving toward even smaller wavelength models, the computatitrava#ltimes residuals can
highlight inconsistency in first arrivals identification suggegtsmall revision in the phase

reading.
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In the following section somebést modelsrepresentative of important steps of the multi-
scale inversion procedure will be described. Each model is shaitk the corresponding
recovered perturbation pattern and the best resolved region conguaieeellow dashed line
(figg. 3-12, 3-13, 3-14).

As first model (fig. 3-12a) the one resulting from the fourth rushiewn. The model 7x5a
(2000x580 m node spacing) has 35 parameters and represents a lalgagtiaveodel. The
resolution depth reaches 1300 m; the model shows an high verticaitwg@adient in the
axial and right portion of the model and a pronounced latgrafariation on the left side of
the profile. The model 13x9n (1076x322 m node spacing) (fig. 3-12b) istfrersixth run
and has 117 model parameters. Despite its large wavelength compoieeto the coarse
node spacing, this model shows a very clear velocity inversiahginvell-resolved region,
on the left side of the profile. The model also shows ciardl velocity variations at about 7
and 10 km distance. The best resolved region is deepli®@m.

The model 19x10a (190 model parameters; 736x215 m node spacing; run 8)1@ia) has
been cut along the depth axis, reaching 750 m b.s.l., in ordedtce computational time.
The well-resolved region is up to 950 m depth from the surface. ddelrmhows a complex
velocity field. The low-velocity body depicting the basin infdlwell imaged and also a low
Vp velocity zone in between two high-velocity zones (at about 4 kraraig). Two velocity
inversions are observed on both sides of the model; the fieselba@t about 5 km distance
and the second at about 10 km distance.

The model 28x15a (420 model parameters; 500x143 m node spacing; run 181 @M. has
a resolution depth of 850 m. Within the low-velocity shallow regiarrésponding to the
basin infill) are recognizable two bodies with differétvave velocities. The basin bottom
has an irregular shape and the substratum shows very rapahivartd lateraMp velocity
variations.

The fig. 3-14 shows the twadb&st-modelsof the last inversion steps for the multi-scale
inversion procedure. The inversion procedure was then stopped becaresothigon power
of the data does not allow to obtain more detailed information aboba#ie structure. Both
models show a very detailed picture of the Val d’Agri basitoug00 m depth.

The model 32x14a (448 model parameters, run 12, 375x107 m node spaciaggsalsition
depth of 600 m (fig. 3-14a). The basin infill is highlighted by lthe-velocity shallow zone
about 400-450 m thick. A low-velocity zone is located at about 5 krargief between two
high-velocity bodies. A very pronounced velocity variation appeaabaut 9.5 km distance,
juxtaposing the body witl'p in the range 2500-3000 m/s to a very high velocity b&fyir

51



the range 4500-5500 m/s). Below the basin, an high-gradient vedivalseparates the basin
infill from the basin substratum.

The model 39x17b (663 model parameters, run 13, 308x88 m node spadmg)aist model
and the well-resolved region is up to 500 m deep, yielding valuafdemation about the
shallow structure of the Agri basin (fig. 3-14b). The basifilexd by two different units. A
body (/p in the range 2500-3000 m/s) outcrops along the right side of the hasiaches
400 m depth in correspondence of a basin depocenter (located at &doutdistance) and is
characterized by a low-gradient velocity zone with isoveloditgs abruptly deepening
toward SW. This body is partially covered by a body Wighvelocity in the range 1250-2500
m/s characterized by a progressively westward increasectihess; it reaches about 250 m
depth at about 6 km distance outlining another basin depocenter sbiitadl the western
side of the basin; isovelocity lines are characterized hoee regular pattern. Below these
sediments a region of higfp gradient causes a rapid velocity increase and can be itésipre
as the contact between the basin infill and the pre-Quatelinagtone substratum. This
region has a very complex shape characterized by an irregfelawise topography. The
substratum is made of two bodies characterized by difféfemelocity: one has velocities in
the range between 3000 and 4500 wiféle the other one is characterized by very hHrgh
wave velocities (4500 and 6000 m/s). These bodies are arrangedyircomplex shapes
depicting very strong lateral and vertical velocity vaoas. An high-angle contact is
highlighted by the pattern of the iso-velocity lines on the easigle of the profile. Finally,
an anomalous lowP-wave velocity (2250-4000 m/s) body in between two high-velocity
bodies is imaged in correspondence of the Monticello Hill, locateth@t 4000 m distance
where carbonates of the Apennine Carbonate Platform outcrop. ter bevestigate this
velocity anomaly detailed field mapping was conducted. This telibe addressed in detail

in the following sections and in the chapter 4.
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Esit658 line

For this seismic profile 15218 first-arrival traveltimesrevenverted. The model is 15.5 km in
length and 2.9 km in thickness (from -1.2 km b.s.l. to 1.7 km)aasitl was extended 500 m
south-westward to avoid border effects. The grid used for theafdrproblem is a 25x25 m
mesh.

The inversion procedure starts with a 5 parameters model (3 hotizéhteertical nodes) and
stops, after 14 inversion steps, with a 350 parameters (25 horixaltalertical nodes) final
model (fig. 3-16). The figure 3-8 shows the multi-scale scheftexfed during this inversion
procedure to achieve the final model. The range for the welpeiturbation (V) applied for
this inversion procedure ranges between 1000 m/s and 200 m/s. As Esiti@®0 line, in the
following paragraph the most representative tomographic imaidjdse shown.

Fig. 3-15a shows the model 8x7n, obtained after 7 runs, represenkimgeavavelength
model (1937 x 414 m node spacing). The best resolved region reachels afdgjfl0 m from
the surface. A shallow low-velocity zone is imaged in theraépart of the profile depicting
the basin infill. A highVp velocity gradient is showed along the western flank of thenbas
The substratum shows two very clear velocity inversions: oloeased at a shallow depth at
about 3 km distance along the western side of the model whilbeanohe is imaged at
greater depth (-800 m b.s.l.) along the eastern sides of thd ataleout 10 km distance. A
gradual ad positive¥/p velocity gradient is observed below the basin.

The model 16x12a (fig. 3-15b) is from the run 10 and has 192 model pamui®&e x 241
m node spacing). The well-resolved region is up to 1300 m. Evtisifnodel images the
large-wavelength components the resulting tomographic image ipleanmA shallowVp
velocity region, with velocity up to 3000 m/s corresponds to the basih tmfo velocity
inversions are imaged at about 3.5 and 10 km distance.

Fig. 3-16 shows thebest modelsof the last inversion steps of the Esit658 inversion
procedure. Both models show almost the same characteriggigessing that a further step in
the multi-scale inversion procedure will be not useful to obtamoge detailed model (i.e.
data variance would be greater than the final tota). The model 21x12a (fig. 3-16a, 738 x
166 m node spacing) and the model 25x14f (fig. 3-16b, 620 x 142 m node ¥@aeingell-
resolved up to 1 km depth.

The model 25x14f shows a shallow body with velocity in the range of 1500-2750 m/s
corresponding to the basin infill; this body reaches a maximum deghooft 250 m. The
contact with the substratum has a quite regular shape. Theasuivstis constituted by

different velocity bodies. At about 3700 m distance the model.
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Along the left side of the basin (about 4 km distance) the mousyaes an abrupt velocity
increase that puts a high-velocity bodyp(between 4500 and 5250 m/s) at shallow depth.
Moving toward the central and the right portion of the model a bottlyWy velocity in the
range of 3000 and 4500 m/s and variable thickness can be followed througimtitiee
tomographic image. This body is characterized by a low-velocigignt. Below this body a

continuous region with velocity in the range 4500-5000 m/s caedogmnized.

2D velocity models interpretation

We used the available surface geologic information (Lewtiral, 1988), four exploration
wells published by Dell’Aversana (2003) and results of previousngeiand geo-electrical
surveys (Morandi and Ceragioli, 2002; Coletiaal, 2004; Barchet al, 2006) to provide a
first-hand geological and structural interpretation of the tomogeaploidels (figg. 3-17 and
3-18). For the Esit700 line, this first hand interpretation wilfdfened with results of original

mapping discussed in chapter 4.

Esit 700 line

Starting from the basin infill the body withp velocity between 2500-3000 m/s, located along
the north-eastern border of the basin, is associated with bi@oeia and fanglomerate
deposits (e.g. “Galaino and Marsico Breccias” Early-Middigigibcene; Di Niro & Giano,
1995) (fig. 3-17). These deposits reach a thickness of about 400 nrespmrdence of the
maximum depth of the basin located around 8 km of distance. Thisdaatinterpreted as a
structural low hosting a major basin depocenter. The body is thatdieg the eastern margin
of the basin and may be interpreted as reflecting fan subsidedcthiakening at a fault-
controlled mountain front, documenting SW-dipping faults (Cetlal, 2003).

The cemented breccias are covered by sediments with seistoity in the range 1250-
2500 m/s, which thickens progressively westward. These sedimenistarpreted as the
recent alluvial and fluvio-lacustrine deposits of the AgreriyAgri Complex, Middle-Late
Pleistocene; Di Niret al, 1992). These sediments reach the maximum thickness of 350 m in
correspondence of a further basin depocenter located along themwsidie of the basin
around 6.3 km distance (fig. 3-17). This thickening could reflsamt fault control by a NE-
dipping fault system along the western margin of the valley.

The contact between the Quaternary sediments and the pre-Quatarhatratum has an
irregular stepwise topography. This suggests tectonic activiting basin sedimentation,

mainly related to a marked component of extensional displacdfigerg-17).
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The pre-quaternary units correspond to two differ&m velocity bodies: the body
characterized by a very highip value (4500-6000 m/s) is interpret as carbonates of the
Apennine platform (D’Argenicet al, 1975) and the body witkip between 2750 and 4500
m/s corresponds to Mesozoic and Cenozoic cherty limestone)ardtéi and argillite of the
Lagonegro basin (Scandone, 1967). Furtherméayave velocities allows to discern
different units inside the Lagonegro basin roc¢ksvave velocities down to 3000 m/s (shown
at shallow depth along the eastern side of the profile tartis greater then 10 km) are
indicative of Galestri Formation made of argillites and kphdimestone (Scandone, 1967)
while higher velocities (up to 4500 m/s) correspond to radiolarites aagillites of Scisti
Silicei Formation. This situation is also typified along thestern side of the basin where
Lagonegro basin rocks repeatedly sits structurally above carbafdtesApennine Platform.
This interpretation is well-constrained by exploration wells (Be#rsana, 2003). The fig. 3-
17c shows a schematic geologic interpretation of the tomographgei

The strong lateral velocity variations located both on the meatel western side of the basin
suggest the presence of strong discontinuities related toes sfrNW-striking extensional
faults, parallel to the basin margin that cut both the bedrodktlze overall basin infill on
both sides of the basin.

More in details, four steeply dipping normal fault structurefgctihg the bedrock and also
Lower and Middle Pleistocene continental deposits, causing about é#@aertical throw in
the carbonate rocks of the Apennine Platform are well-recogrizdbhg the north-eastern
side of the basin (e.g. the fault system located around 9500anaksn fig. 3-17). The slope
breccias thickness is well-constrained by an exploration wedtddcin the area. These faults
cut the slope breccias and control the location of an ancient degpooa the eastern side of
the basin. These structures are well-known in literatieat{ni et al, 1988) and correspond
to the SW-dipping strike-slip (Cellet al, 2000-2003) reactivated as dip-slip Val d’Agri Fault
System (Maschicet al, 2005). As these structures offset Lower and Middle Pleistocene
continental deposits, their activity must have Middle Réeeshe or younger ages. Moreover,
¢ dating of faulted paleosoils indicate that most fault segnierite area were still active
in the last 40-20 ka (Gianet al, 2000). Thus, this fault system has to be considered active
(Machetteet al, 2000).

It is worth noting that the faults inferred by high-resolution toraphy well match the faults
traced in the available geological map (fig. 3-17). Thisiltdsghlights how high-resolution
controlled source tomography is effective to investigate shalbot zones (Holeet al,

2006) and complex geological structures (Impmtaal, 2002). This allows to confirm the
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existence of faults previously mapped as presumed because of #meceals recent
quaternary deposits clearly involved in faulting.

Along the western side, the tomographic images confirm prdyionmpped tectonic
structures (Lentinet al, 1988) such as the thrust fault related to the out-of-sequencedhrus
Lagonegro basin rocks onto carbonates of the Apennine Platform antbiimal faults
affecting carbonates of the Apennine Platform.

Furthermore, sharp lateral velocity changes suggest the peesENE-dipping normal faults
in the central and western sectors of the basin. Three magtuses are located at about 5, 6
and 7 km distance, producing a vertical total throws (<200 m) incéineonates of the
Apennine platform but also affecting the continental depositshefasin highlighting
another, and probably younger, depocenter shifted toward the western flam& bésin.
These normal-faulting structures were unknown so far.

Following earlier inferences drown by Morandi and Ceragioli (2002herbase of resistivity
and seismic tomographies, and of Mascl@b al (2005) based on geological and
geomorphological observations, it is here proposed that this depodecated along the
western side (about 6.3 km distance) is the younger depocenter lbhgimewith Middle-
Pleistocene to present-day activity while, the depoceotatéd around 8 km distance, below
the breccias deposits, could be an ancient one, with activitygolilve first stages of the basin
evolution (Early-Middle Pleistocene). This hypothesis is in ages¢nwith the present
position of the Agri river, that flows in an asymmetric piositalong the south-western limit,
bounding the Monticello Hill.

The tomographic images interpretation in correspondence of thadeltmHill and, further
west, of the Tramutola thrust is quite ambiguous and made raomglicated by the complex
geological and structural setting of the area. Therefommoee precise field survey was

needed. This topic will be addressed in the following chapter.
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Esit 658 line

Figure 3-18 shows a geological and structural interpretation sfstismic line. The basin
infill has Vp velocity in the range of 1500-2750 m/s interpreted as lacustndeabuvial
deposits of the Agri river (Middle-Late Pleistocene) tieaich the thickness of 250 m at about
8 km distance (fig. 3-18)This indicates that the basin is shallower in this southern sefctor
the valley respect to the northern sector where the thicknesheseabout 400 m in
correspondence of the eastern depocenter. This feature isonsitained by borehole data
and geo-electrical tomography (Pierdomimtial, 2002; Colelleet al, 2004). In the southern
sector of the basin the present-day position of the Agri révstili shifted toward the western
side.

The contact between Quaternary sediments and the substratum hasragylar topography.
Isovelocity lines gently deeps toward NE in the western portigcheobasin while a steeper
rising is recognizable along the eastern side.

The substratum is made of different units. The body with Mgtvelocity located at 4 km
distance has been interpreted as carbonates of the Apenninenlatfi@ropping along the
south-western margin of the basin. The region characterizeld-viigve velocity between
3000-4500 m/s, outcropping with variable thickness through the entire priodite been
associated to Sicilide units (Ogniben, 1969) including Lower tddMi Miocene sandstone
and marls (Albidona Flysch) and Middle-Late Miocene sandstone andloomerate
Gorgoglione Formation thrust-sheet top deposits. These depopitssaat the highest
tectonic units of the southern Apennines chain constituting the allochibaappes of the
mountain belt. An exhaustive treatment of these deposits cdoubd in the paper by
Catalancet al (2004). These deposits unconformably cover the body with velociyebat
4500-5000 m/s. The latter is associated to the Lagonegro basin kindly, the shallow
body outcropping at about 3200 m distance with Vp velocity between 2000-285ambe
associated to siliciclastics deposits developed during the forguleeese of the Western
Carbonate Platform (Bifurto Formation, Lower Miocene).

A schematic structural interpretation of the tomographiagania shown in fig. 3-18. Along
the south-western margin two major thrust-fault structures caidmdified carrying the
Apennine carbonate Platform above the Lagonegro basin deposits and eiti@yiog
Miocene flysch deposits belonging to the Sicilide nappe. Thettfauk located at about 3
km distance affects the Apennine Platform moving the carbon@aieste siliciclastic Bifurto

formation deposits.
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The second thrust fault is buried and imaged between 3 and 6 lamcaistt about 500-800 m
depth from the surface. This thrust, about 30° W-dipping, puts the Apewgamenate
Platform above the Lagonegro basin deposits and the overlayingedidtysch deposits
belonging to the Sicilide nappe, defining the leading edge of the Apeoaibonate Platform
in this portion of the basin.

These structures are related to the compressive tectdifiecsirey the area from Middle
Miocene to Lower Pleistocene (Pataetal, 1990).

Normal fault structures, imaged at both the eastern andvéiséern side of the basin, are

related to the ensuing extensional phase. The lateral vel@rigtion located at about 4200
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m distance can be tentatively interpreted as a NE-dipping ndaullstructure cutting the
pre-existing thrust-fault. To the eastern flank three main SWhay fault splays affect the
pre-quaternary substratum and the quaternary alluvial depbsése structures account for a
total vertical throw of about 250 m. The normal fault structuretéatan the inner portion of

the basin, at about 8200 m distance has not been mapped befunei @teal, 1988).

The presented high-resolution tomographic images will be distusgbe following chapter
4 together with the results of a detailed field work condliateng the Esit700 line.
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Chapter 4
Geological mapping and fault kinematics analysis

Introduction

In order to compar&p models and geological data, detailed “target oriented” Beldey
along the Esit700 profile was conducted. The collected data wetktasbetter constrain
geological and structural features of the Val d’Agri basid, at the same time, to check the
geological reliability of the high-resolution tomographic imagésussed in the chapter 3
(fig. 3-17).

Fieldwork was basically devoted to two targets: 1) geologitapping; 2) fault-kinematic
analysis.

Mapping and structural analysis were conducted at about 100 siteep(af the data points
distribution along the western flank of the basin is shown in fit)). Data on lithology,
bedding attitude, geometry of depositional and tectonic contacts vadlected at each
outcrop. The observed outcrops were assigned to existing geologroahtions (both
formally and informally established). Field work involved mappatdl:10.000 scale (base
Topographic Maps from 1:25000 scale IGM and 1:10000 scale ortophotos) suppteimente
analysis of air photographs.

Outcrops of striated fault planes in bedrock allowed to asseddrtbmatics of receriaults

in the area. We measured both the main fault planes (includiergllatriations due to the
corrugated nature of the planes) and smaller-size, minordariiices in both hanging-wall
and footwall, where available. Outcrops were small (< 36paompared to the lengths of
single fault strands (usually5 km).

Fault slip data were analyzed by means of the inversion techniquelaafett and
Almendinger (1990), in order to determine the orientation of the pahdinematic axes
related to a particular fault population. At least three,usuially more than five, non-parallel
striated faults were used for assessing the displacemestaax@ specific site and for a
specific kinematic episode. Because we are dealing wiite@ominant extensional regime
and a generally plain strain, we focus here on the miniprimgipal, or extensional, axis.
Detailed fieldwork was imperative along the south-westera gidhe Esit700 profile (figs. 4-
2 and 4-3), where major discrepancies between high-resolution tomagraptiels (shown
in the chapter 3) and previously mapped structural features weme {Lentiniet al, 1988;
Cello et al, 2003). On the other hand, more reconnaissance mapping was corafutied

eastern side (the investigated area is shown in fig. @&tiZontoured by a red square).
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Fig. 4-1. Fieldwork map showing the investigated pots (in yellow) and calculated tensile axis.

The geological map of fig. 4-2 corresponds to an area of about 40okated along the
western flank of the Agri basin while the fig. 4-4 shows theagohl map of the eastern side

of the Esit700 line and cover an area of about 38 km

Field work results

Esit700 South-Western sidEieldwork started from the south-western end of the Esit700
profile (figg. 4-1, 4-2, 4-3). In this portion of the study area, lilghest structural units are
represented by Miocene sandstone and marls of the Albidona Formdiiici sit atop the
Monti della Maddalena thrust sheet. The carbonates of the Meila Maddalena unit
overthrust the Lagonegro basinal rocks but, locally, the geaaktelationship is inverted by
an out-of-sequence thrust (here named the Tramutola thrust (fgdt 4-2 and 4-3). The
Lagonegro thrust sheet forms a long-wavelength folded imbritizteted, at the mesoscale,
by several minor folds (fig. 4-2). On the SW edge of theobagro thrust-sheet a minor
anticline is cut by a NE-dipping fault that represents thgption of NW-trending scarplets
in loose deposits outcropping further south (Monte Aquila Fault (Masthal, 2005)). This
NE-dipping fault is not shown in the tomographic images becauseafteisted by a small
cumulative vertical throw (< 50 m) (Maschet al, 2005; Improta & Bruno, 2007) that is
beyond the resolution power of seismic data used in this stigdy{7 and 3-17).

Further to the north-east, the Lagonegro unit rocks are in tectomiaot with the Monti della

Maddalena carbonates in correspondence of the Tramutola \ffiigge4-2 and 4-3).
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Fig. 4-2. Geological map for the SW portion of th&sit700 profile.

Fig. 4-3. Geologic cross-section of the SW end diet Esit700 line. The trace is shown in fig. 4-2.
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Here, the Tramutola thrust fault puts the Lagonegro basinal adixkse the carbonates of the
Maddalena unit and the overlying Miocene siliciclastics degp®sif the Bifurto Formation,
which typically reside stratigraphically above the slope ratkhie Maddalena unit (Lentini
et al, 1988). High-resolution seismic tomographic images (describetiapter 3) show a
low-velocity wedge dipping beneath the Lagonegro rocks west ofulicdam and well image
the breaching thrust of the Lagonegro units (fig. 4-7).

Further to north-east, Monti della Maddalena carbonates outcrop onothtecélo Hill. The
carbonates bedding dips between 40° and 25° to the NE. The Mantitiklis bounded by
several normal-faults. Along the south-western flank of theahlBW-dipping normal fault
down-throws dolomite rocks of the Apennine platform. The fault pise&posed (for at least
4 m) at the north-western end of the Monticello Hill (outcrop numt&r(fig. 4-2). The
inversion of slip lineations for this structure indicates an WISME oriented extensional axis
(fig. 4-6 and table 1, outcrop 76b). Another normal fault bounds the eastiern flank of the
Monticello hill. This NE-dipping structure affects the M.ti ttmlena carbonates and
outcrops, with a clear geomorphic expression, at two sites tbbatd at the southern and
northern tips of the Monticello Hill (outcrops 116-117 to the north and 59 tsotli# in fig.
4-1). The structure is characterized by an extensional kinesnaith a SW-NE extensional
axis (fig. 4-6 and table 1 (116-59)). This normal fault was unknowras@Lentini et al,
1988) and its existence is supported by the tomogram (fig. 4-7).

The southern flank of the Monticello Hill is characterized hyirapressive, about 30° NE-
dipping, low-angle brittle shear zone (fig. 4-3). This huge straatontinuously outcrops for
about 1000 meters along the southern flank of the hill affecting doloamtésarbonates of
the Monti della Maddalena unit. The shear zone is composed leyateanastomosing
cataclasite bands, each characterized by a several m-thitkgdazone, where bedding is
unrecognizable. Several slip lineations have been used to conatr&W-NE oriented
extensional fault kinematics (figg. 4-3, 4-6 and table 1, outtfi). These shear zones cut
the carbonate sequence putting younger over older rocks, and arehtmasterized by
extensional relationships. Similar structures are widespread ghe western margin of the
southern Apennines (low angle normal faults or LANFs (Feretndl, 1996)). In all those
exampleshuge cataclasite textures, suggestive of deformation under lownognpressure
typical of extensional environments, were observed. High-resolsg®smic tomographic
images show an unexpected low-velocity zone in this part of thdeprafich is likely

related to the thick cataclastic shear zone affectiagdnbonates (fig. 4-7).
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Mesostructural Site N° measurements P-axes T-axes

eigenvalue trend plunge eigenvalue trend plunge
-0,3382 182 84 0,3246 751.07
-0,4378 84 64 0,395 282 25
-0,4025 45 76 0,2397 242 13
-0,3559 32 70 0,3363 170 15
-0,3137 308 48 0,1696 192 20
-0,4743 26 72 0,4486 259 10
-0,3666 264 81 0,3292 52 7
116 (Tramutola) -0,3754 291 48 0,3213 38 14
117 (Tramutola) -0,3809 214 58 0,3782 92 18

122 (eastern border) 4 -0,3016 288,2 83,5 0,2472 143,1 54

Table 1: Site averaged kinematic axes derived frommesoscale fault population data

59 (Monticello SE)
76° (Monticello NW)
76b (Monticello NW)
91a (Monticello SW)
93 (Monticello SW)
94 (Monticello SW)

109 (Monticello S)

NANOOWWOROL W

North-eastern sideFigg. 4-4 and 4-5 show a schematic geologic map and cross-sedti@n of
NE sector of the Esit700 profile. The structural setting of gart of the Esit700 profile is
characterized by the overthrust of the carbonates of the Maddaiérebove the Lagonegro
unit rocks. DuringQuaternary, this compressive structure was affected kg-slip and
extensional tectonics that formed four SW-dipping normal faults. vEincal throw of the
single faults has been constrained using tomographic imagexlodaéon wells published
by Dell’Aversana (2003) (figg. 4-5, 4-8).

Starting from the south-western end of the section, allteitdcustrine deposits of the Agri
fluvial system outcrop. They depositionally overlie slope beedsposits, that extensively
outcrop in the piedmont zone and that reach about 440 m thickness @astern portion of
the basin (fig. 4-5). The slope breccia thickness is well cainsd by published well data
(Dell’Aversana, 2003) as well as by the tomographic imaggs4f8). This piedmont zone is
affected by two SW-dipping normal faults (fault 1 and 2 in fig. $%)ducing about 100 m
and 400 m of vertical throws, respectively (fig. 4-5 and 4F8gse two faults are not clearly
detectable on the alluvial fan and breccia deposits outcropping terigsit700 profile. For
this reason there are neither fault plane nor slip lineationfdathese structures. However,
according to the tomographic images, in the reconstruction of tipeamé@ cross-section
shown in figg. 4-4 and 4-5 these structures have been drowfeasd.

More in detail, the fault 1 affects the carbonates of ttmmtMdella Maddalena unit and at
shallow depth the slope breccia deposits as testified by the Isttargl velocity variation
shown by the tomographic image at about 8200 m distance (see figNé+etheless, the
absence of this fault at the outcrop suggests that the more degosists are not involved in
faulting.
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Fig. 4-4. Schematic geological map along the NE paon of the Esit700 profile.

Fig. 4-5. Schematic cross-section of the NE end tife Esit700 line. The trace is shown in fig. 4-4. Fe
vertical throws of the normal faults have been caldated based on tomographic images and exploration
wells (Dell’Aversana, 2003).
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Fig. 4-6. Fault and slip lineations for fault popuhtion data at mesostructural analysis along the ES100
mapping swath (see location in fig. 4-1). More infonation are listed in table 4-1.

Fault 2 position (figg. 4-5 and 4-7) correlates this fault with threperted by Lentinét al,
(1988) and Celleet al, (2003) close to the Villa d’Agri village. For this fault ll@eet al,
(2003) report a fault zone exposed for a length of about 3 km and esiri@®250 m of
morphological displacement.

However, according to the tomographic images, in the reconsimuctithe map and cross-
section shown in figg. 4-4 and 4-5 these structures havedoeen as inferred.

Moving uphill slope breccias grade into low-thickness well-centeatiivial fan deposits.
Another fault splay (fault 3), affecting carbonates of the Mdetla Maddalena unit, is
reported in the section; this splay correspond to a fault planeewmiised few hundreds
meters to the south of the section, which produces about 1 m véhtical at the surface
(Gambini, 2003). This fault is positively imaged by the tomograhwsving an abrupt lateral
Vp variation around 10.4 km, corresponding to the contact between cashafatee
Apenninic Platform and basinal rocks of the Lagonegro unit (Sdistisand Galestri) (fig.
4-8). This fault probably offsets also the thrust surface bylBI0m (fig. 4-8).
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Fig. 4-7. Comparison between the schematic crossetien along the SW end of the Esit700 line and the
tomographic model.

Further to north-east the carbonates of the Monti della Maddaleihare thrust over the
Lagonegro basin rocks. The carbonates dip about 10° toward NW -@ig.The thrust fault
dips about 30° to SW and is not clearly exposed at the surface. eipwmdding-fault
cutoffs allow to reconstruct the leading-edge hanging-wall largicThe hanging-wall rocks
are cataclastic, and this could explain the low-velocity encoeohis the tip of the carbonate
structural sheet (fig. 4-8). Lagonegro basinal rocks are ingalveSW-asymmetric folding
which have been already studied north of this area (Maetal, 2001) (fig. 4-5). These
backfolds are clearly shown in the tomogram (fig. 4-8). The tistuscture is cut by a fourth

normal fault splay characterized by a low-vertical thragg(f4-5, 4-8).

Discussion

The 2D tomographic images, complemented by new acquired stiuahar&inematic data,
yields valuable constrains on the shallow structure of the #&gsin down to 1000 m depth,
allowing the interpretation of the geological and structuralrgetif the basin and providing
new insights on the recent tectonics in the area.

The shallow structural architecture of the basin seems/pahiérited by the previous (Mio-
Pliocene) thrust displacements, but largely controlled by Quatehmgh angle normal faults,
that cut both the bedrock and the basin fill on both siddseabasin.
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Fig. 4-8. Comparison between the schematic crossesien along the NE end of the Esit700 line and the
tomographic model.

Very strong lateral velocity variations are indicative nmrmal-faulting structures. Those
located along the eastern flank of the valley are well-knownerature and correspond to the
SW-dipping strike-slip, locally reactivated in dip-slip EastAgri Fault System (Cellet al,
2000-2003; Giancet al, 2000; Maschicet al, 2005). This system is characterized by a
mature geomorphic expression and by a regularly spaced arrayaaft &flays; its activity
accounted for the deposition of about 400 m of Lower-Middle Pleistodepe lsreccias and
conglomerate deposits along the eastern side of the basirctingfleoeval SW-dipping
faulting activity with a depocenter located at about 8 km distaffig. 3-17). Recent
deformation along this fault system is documented by paleosoils ed/atvfaulting during
the last 39-18 ka (Gianet al, 2000) and by surface offsets (Gambini, 2003). This fault
system is, therefore, considered by many authors (Benetettj 1998; Cello and Mazzoli,
1999; Celloet al, 2003; Barchet al, 2006) the morphological expression of the seismogenic
source responsible of the historical and ongoing seismic gativihe area.
The tomographic images also show NE-dipping normal faults alongotlie-western flank
of the valley (fig. 3-17). These normal-faulting structurdeafthe carbonates of the Monti
della Maddalena unit. This fault system is partially ceddny continental deposits.
This could explain why it was never mapped before despitgearise field surveys conducted
in the area (Lentingt al, 1988; Cellcet al, 2003; Maschi@t al, 2005).
Therefore, our results are consistent with the hypothesis, miaasigd on morpho-tectonic
data, of NE-dipping normal faults located along the western sitleedfasin. Maschiet al
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(2005) speculate that since the Middle Pleistogepe deformation in the Val d’Agri area
was concentrated on the MMFS, as suggested by scarplets in loosisdéydswult control
on the hydrographic pattern of the Agri river, and on the mountain lapelgtigg. 3-17). The
recent control played by the MMFS on geomorphic and sedimentdwydeas typified by
the westward shift of the Agri alluvial system, also higdttiggl in the tomographic models by
the depocenter located around 6 km distance, probably active siddi Mleistocene up to
the present (fig. 3-17). The presence of a second, more repaaedéer, beneath the western
border of the Agri basin is also supported by electrical resistounographies (Colellat al,
2004).

According to tomographic images and field surveys, it cannot leel mlit any of the two
formulated hypothesis about the most recent activity of theseskai#ms; the fault geometry
at depth is, in fact, not imaged by this type of data and defintted impossible to assign a
hierarchy between fault systems. Many Authors mostly pregéehypothesis of a SW-dipping
normal fault and rule out the alternative one. Nonethelesqrésented results document a
most recent control on basin sedimentation by the NE-dipping faulénsyswhich is
consistent with new microseismicity data collected in tiea gsee chapter 2 for an exhaustive

treatment).
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Chapter 5
3-D velocity (Vp and Vp/Vs) crustal structure of the Val d’Agri area

Introduction

In this chapter | present three-dimensioviplandVp/Vsmodels of the upper crustal structure
(down to 12 km depth) of the Val d’Agri area, obtained by invertiran® S arrival times
from 667 local earthquakes recorded by up to 50 seismic stations

Local Earthquake Tomography (LET) is a widely used inversichnigue (Aki and Lee,
1976, Thurber, 1983; Eberhart Phillips and Micheal, 1993, 1998; Amtatal, 1992;
Chiarabba and Amato, 2003, among many others). The basic assumptieh o that the
arrival time of a seismic wave at a seismic statiopedds on the time at which the wave
originated (origin time), the source location and on the velatitycture of the medium
travelled by the seismic rays between the seismic soacte¢ha station. Thus we can invert
the travel time residuals (the differences between observepraditted travel times) to find
the best three-dimensional velocity structure.

Local earthquakes tomography represents a basic tool to recortbuthree-dimensional
velocity structure in seismically active areas. In pattr, the integration of surface geology,
Vp and Vp/Vsmodels and accurate 3D hypocentral locations is a powerful toaldg gte
subsurface structural setting in seismogenic areas and taainrstation and geometry of
active faults (Thurber, 1983; Amaét al, 1992; Chiarabba and Selvaggi, 1997; Chiaraba
al., 1997; Michael and Eberhart-Phillips, 1991, Chiarabba and Ai2a03).

Moreover, earthquake focal mechanisms, source moment tems@nsion for anisotropy or
attenuation, and any other calculations relying to the geometsgisiic wave ray paths
within and near the fault zone, all depend critically for rtreaicuracy on a realistic 3D

velocity model forP andSwaves (Michelini and McEvilly, 1991).

Inversion procedure

The LET inversion technique used in this work is the linearizedtiver Simulps-13q
inversion procedure developed originally by Thurber (1983) and Um and THu&&t) and
modified by Eberhart-Phillips (1993) and Eberhart-Phillips and Rey@%685).P andS first
arrival times are simultaneously inverted for both earthquadatitms and velocity model
parameters, at each step of the inversion procedure. The amperof coupling earthquake
hypocenter parameters on one hand, and velocities on the o#isehebn discussed by
Thurber (1992) who emphasized that all required parameters shomldtbally consistent to
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avoid significant bias in the derived models. Initial developmef the simultaneous
inversion techniqgue were due to Crosson (1976) and Aki and Lee (197)apiroach
followed in these studies was later modified in applications by ruumseauthors. The
fundamental improvement added to the inversion procedure, in respe#ctpreivious
algorithms is the use of approximate ray tracing, to calc@atave arrival times, instead of
the three dimensional ray tracing procedure, a very costly prazdduruse in iterative
simultaneous inversion problems (Thurber, 1983). An important consequeheeaisility to
measure directly the model improvement achieved via thesioveby computing travel time
residuals after each iteration. An additional practical imgmnoent is the use of parameter
separation (Pavlis and Booker, 1980) which allows the inclusion & Emgpunts of data in
order to better constrain the models.

The inversion process starts with the initial estimate efvitlocity model, origin times and
hypocenters. These hypocentres and velocity parameters atiwatgradjusted in order to
minimize the difference between the observed and caldutatesal times for each source at
each station.

We prefer to obtaitvp andVp/Vsmodels rather thawp andVs models sincé/p/Vsmodels
are more easily interpretable in terms of rock properties laealagy (Eberhart-Phillips and
Micheal, 1998). The great advantage of this inversion techniqules direct computation of
3D Vp/Vsmodel by using S-P times, instead of obtaining such values thiendifferently

resolvedvp andVsmodels.

Matematical formulation
The body-wave travel tim& from an earthquakieto a seismic statiohis expressed using ray

theory as a path integral:

where vk,y,2) is the velocity functiondsis an element of path length, and the line integral is
calculated along the ray path. For the LET, the actual odssene are the arrival times:

ti= i+ Ti
where i is the earthquake origin time. The only known data in the LET prolalemthe
receiver locations and the observed arrival times. The scomelinates (x X, X3), origin

times, ray paths and slowness field are unknown and representtied parameters.
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Given a set of arrival timeg°® measured at a network of stations (times of first P and S
waves arrival times), the calculated arrival timé’&" are determined from equations (1) and
(2) using trial hypocenters and origin time and an initial minimumvéDcity model. The
misfit between observed and calculated arrival timeshareesiduals;r

= 4
The residuals can be related to perturbations of hypocenter andypleimeters by a linear

approximation:

wherem, are the N parameters of the velocity mod#l/dx, are the variations of T with
respect to hypocentral coordinates angl with respect to the origin time&T;/dm are the
variations of T with respect to the model parameters, axad, m are the unknown

parameters.

Model parameterization:ithe crustal model is parameterized assigning suitable initial
velocities to each node of a three-dimensional grid and iarlinenterpolated through the
medium. It is worth noting thaassessing the most suitable parameterization in seismic

tomography is an important task since it controls the finatisol as well as its reliability.

Forward problem the forward problem is solved by using an approximate ray tracing
technique proposed by Um & Thurber (1987). A large number of circrdarcannecting the
source and receiver are constructed and the travel time alongeais computed using the
three-dimensional velocity model. Arcs of varying radii of atuve are examined (see figure
5-1). The dip of the plane connecting the arcs is varied systaiatn order to sample
thoroughly the volume of interest. From this large set of amcsapproximation to the true

first arrival ray path is selected on the basidhefghortest travel time.
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Figure 5-1. Approximate ray tracing scheme showingircular paths of different radii of curvature and the
plane containing the paths (rotated about the souesreceiver axis). The path with the shortest travetime
is adopted as the best estimate of the true ray gat(From Thurber, 1983).

Inverse problem solution:
In the matrix notation, the linearized inversion equationtm&written:
d=Gm

whered is the residual vectom is the parameters perturbation vector, @énid the kernel of
the partial derivatives. The equation (4) (i.e. the solutfanaxlel parameters) is solved using
a damped least square inversion:

m=(GG+ A*Gd
where is a damping parameter added to the diagonal of the mediwuim madvoid artificial

small-scale velocity variations due to small eigenvati&s, andl is the identity matrix.

Resolution:The reliability of the obtainedp andVp/Vsvelocity models has been verified by
a complete formal analysis of the resolution matrix (see Eleh889; Toomey and Foulger,
1989; Michelini and McEvilly, 1991). Model resolution depends on the dathtygugrid-
node spacing and ray sampling within the volume. It is well knownthieatise of a coarse
grid yields formally well resolved velocity parameterstta expense of spatial aliasing of
anomalies into the parameter space (see Toomey and Foulger, 888 solution matriR
(Menke, 1989) is a square matrix wilhixM dimensions, wheré/ is the number of the
inverted model parameters:

R=(MM+ 2Y'M™M
This matrix describes the distribution of information for eachensdch that each row is the
averaging vector for a parameter. Diagonal elements aketwution matrix vary from 0 (no
resolution) to 1 (full resolution). The relative size and patterthefoff-diagonal elements
show how the information is smeared. For a node to be adequatelyergsitd resolution

should be peaked and should have no significant contribution frodiagfénal nodes.
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An effective representation of the resolution and the smearirsproé node is th&pread
Function which compresses each row of the resolution matrix into a singléeruthat
describes how much is strong and peaked the resolution for that nodeefTanthFoulger,
1989; Michelini and McEvilly, 1991). As described in detail by Toomey Boulger (1989)
the spread function is a better way to describe the resolutionbthaolely examining the

diagonal element, since the diagonal resolution is very dependeht arid spacing and

damping. As defined by De Gaet al. (2005), the spread functidsj for a node is computed
from the all elements,; of the corresponding row of the resolution matrix, weighted by thei

distanceDj from the node, angj is the diagonal element.

For the same dataset, Spread Function values vary within acangelled by the grid node
spacing and damping parameters. The greater is the diftatweeen node pairs, the higher is
the Spread Function. For higher damping values, the Spread Functiemsigr Generally, a
well defined model parameter has a value of the Spread Functaltes than the grid

spacing.

Three-dimensional inversion: geometry and resolution

Three-dimensiona/p andVp/Vsimages of the upper crust in the Val d’Agri area (Southern
Apennines seismic belt), down to 12 km depth, were computed bytimavehversion of P
(9269) and S (8726) waves from about 667 local earthquakes, recordedaxinaum 50
stations, selected according to RMS time residuals lesslteaazimuthal gap less than 200°,
hypocenters formal errors less than 1 km and at leBstv8ve readings. The distribution of
stations/events allowed to investigate a volume about 40 XI20kxk.

The medium is parameterized by assigning to a 3D grid thelidi velocity model (see
chapter 2). Assessing the most suitable parameterizatioreismis tomography is an
important task since it controls the final solution as weltsaageliability. For this reason, we

try different parameterizations before choosing the grid sgatiowed in figure 5-2.
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Fig. 5-2. Seismic stations and model parameterizath. Triangles represent the stations of the local
network. Black dots are seismic events relocated thithe 3D model. Crosses are the inversion nodes.

The horizontal grid area is 50 km both in X and Y directions with a spdeing of 3 km in
the central part of the grid and 10 km in the less resolved Inpedighery. In the vertical
direction, the model is divided into six layers located, & ®, 9, 12 and 15 km depth.
Following the suggestion of Eberhart-Phillips (1986) the damping p&sesnes chosen
empirically, by evaluating the trade-off curve between dat@amce and model roughness
(fig. 5-3). An under estimated damping parameter results i oistaminated high variance
anomalies, while over estimated damping reduces real la&mlity variations. To find the
best damping parameter a series of single-iteration imveysvith a wide range of damping
values has been run. Values of 30, 45 and 60 are chosen ¥, t¥ip/Vsmodels and station
corrections respectively, due to a significant reduction of dat variance with only a
moderate increase of the model roughness (figure 5-3). The Mjtids value (1.90) is

calculated from Wadati diagram (see chapter 2).
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Fig. 5-3. Trade-off curve between variance and modleenght. The selected/p damping parameter is 30.

The 3DVp andVp/Vsmodels and hypocentral locations were obtained after 4 iteratidins wi
a final reduction of the data variance of 36% (from 0.023&@14 s). During the inversion,
weighting is applied to each observation (ray path), based on ofisergaality, source-
receiver distance and size of residual.

After an accurate inspection of the spread function valuesfaie direction of smearing for
each inverted node of thép andVp/Vsmodels, the Spread Function value equal to 2 was

considered a suitable choice as representing well resobaes.

Three-dimensional inversion: results

Figure 5-4 shows the computs¥ andVp/Vsmodels at 0, 3, 6, 9 and 12 km depth, with the
three-dimensional relocated events. The well-resolved ardafined by the SF 2 (white
and black line in th&/p andVp/Vslayers, respectively). Resolution is high down to 6 km

depth with a maximum at 3 km depth, and rapidly decreagekratdepth and below.
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Fig. 5-4. Three-dimensionalVp (left) and Vp/Vs (right) models. The white and black contours repreent
the volume comprising nodes with SF<= 2, on thép and Vp/Vslayers, respectively. White ¥p) and black
(Vp/V9 dots are the relocated earthquakes. On the 0 knayer, the position of the cross-sections discussed
in fig. 5-6 is shown.

P-wave velocities vary between 4.0 km/s and 7.0 km/s Wpl&/sratio ranges between 1.85
and 1.98, variations consistent with those found in regions of a&otenics (Zhao and
Kanamori, 1995; Thurber, 1995; Zhao and Negishi, 1998; Chiarabba and K030,

At 0 km depth, (fig. 5-4) the complex pattern of Mp and Vp/Vsanomalies testifies the
highly variable surface geology of the area. A low-veloaitpmaly ¥/p < 4.3 km/s) is found
in the central portion of the model, extending NW-SE beneath the b&gin. Regions
characterized by/p greater than 4.3 km/s (i.e. high velocity anomalies) corresfipadeas

where carbonates of the Apennine platform outcrop. The shape Mptkes anomalies is
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complex and characterized by a predominance of WjglVs zones within and outside the
basin. Two very highVp/Vsanomalies (up to 1.96) are located in the northern and eastern
portion of the model (fig. 5-4). Another higWip/Vs anomaly is located in the northern-
western sector of the basin. The few earthquakes projectétisdayter are located along the

south-western portion of the basin.

At 3 km depth, the pattern &p andVp/Vsanomalies is more regular. Th@ model shows a
NW-striking low-velocity anomaly \(p < 5.9 km/s) in correspondence of the Agri basin,
bounded at both the north-eastern and south-western border by two vekyptbglies ¥p

up to 6.2 km/s). These high-velocity anomalies trend NW-SE athtion to the north is
observed in the northernmost anomaly. The Wighvsanomalies (withvp/Vsvalue up to
1.98) show a very good match with the two NW-SE striking IFgiave velocity anomalies.
Earthquakes are clustered beneath the south-western side of tt@gigrin correspondence

of a highVp and highvp/Vsregion.

At 6 km depth, a broad positive velocity anomaly is found in #mral area of the model
with spots of highvp (Vp up to 6.6 km/s), slightly elongated in the NW-SE direction. These
anomalies have lowp/Vsvalues (down to 1.83). A lowp anomaly characterized by high
Vp/Vsvalues Vp less than 6.2 km/s andp/Vsvalue up to 1.95) is located along the eastern
portion of the well-resolved region in correspondence of a smallkeclo$tseismicity. Few
earthquakes are located along the south-western portion of théaksin in correspondence

of a highVp and lowVp/Vsregion.

Below this depth, the model resolution rapidly decreases due t@théow number of deep
earthquakes. At 9 km depth, the central portion of the model shaagion with a positive
Vp anomaly ¥p up to 7 km/s) and negativép/Vs anomaly Yp/Vsless than 1.85). The
earthquakes occurring at this depth are scarse. At 12 km &epthve velocity is generally
lower than those found at 9 km depth; this feature is inherited the 1D velocity model.
The well-resolved region is very small and limited to dleceurrence of two small clusters of
events located at this depth. T¥p/Vsmodel shows a negative anomaly regivip/{/sless
than 1.85).
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Fig. 5-4. (continued)
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Three-dimensional earthquake locations

Earthquakes relocated with the obtained 3D velocity model are chastered and slightly
shallower with respect to the 1-D located ones showed in the clfapi@éree-dimensional
hypocentral locations are affected by lower horizontal and veftcalal errors and RMS
values. RMS value is in average less than 0.1 s, with 508%asfts with final RMS smaller
than 0.05 s. Horizontal and vertical hypocentral formal errorslem® than 0.3 km. The
relationship between earthquake occurrence and crustal structireewglarified in the

following section along with the€p andVp/Vsupper crustal models.

Vp and Vp/Vsmodels interpretation

Before proceeding to the geological and structural interpretatitreasbtained/p andVp/Vs
models it is necessaty bear in mind some considerations.

The structural interpretation (structure position and geomeifyjhe three-dimensional
velocity models is not unique, due to the smoothing effect (agelbeity at a given point is
determined by interpolation among the surrounding grid points) and thedliregelution in
the marginal zones. Furthermore, since the velocities aearly interpolated in the three
spatial directions, sharp velocity gradients are an expressiomori#ontal and vertical
discontinuities, indicating the location and geometry of thdtda(Eberhart-Phillips and
Michael, 1993; Chiarabba and Amato, 1994). However, the la&salution of the velocity
models computed with the chosen model parameterization (a noge3eker in the central
part of the model), is on the order of 1.5 to 3 km, indicating thghehni frequency
heterogeneity is almost completely lost.

Previous tomographic studies in Italy have shown that the maiar faffecting P-wave
velocity in the upper crust is the lithological variation @hbba and Amato, 2003 and
reference therein).

Positive velocity anomalies can be related to anticlines at$orhrusts can be distinguished
as low angle velocity contrasts flanked by positive veloaitynaalies above, and normal or
negative velocities below, indicating thrusting of rock uniteroadjacent formations.
Quaternary basins usually appear at the model surface myeca low velocity anomalies.
In vertical sections, these basins are usually bounded by rajdtigh angle, lateral velocity
contrasts, representing the major normal faults, responsibilesfdormation of these basins.
In the southern Apennines, the comparison between stratigraphic aodelogity logs form
deep wells, seismic refraction profiles, laboratory data, @isingc tomography models,

results inP-wave velocity ranges for lithologies composing the upper crusiaf@ba and
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Amato, 1997; lannaccoret al, 1998; Improtaet al, 2000, 2003; Bisi@t al, 2004; Improta
and Corciulo, 2006).

Plio-Quaternary basin-filling sediments ha®avave velocities ranging between 2.0 and 3.0
km/s.Vp up to 4.5 km/s are found for Mesozoic-Cenozoic deep water $dgtacdeposits of
the Lagonegro basin, whilgp values up to 5.5-6 km/s for carbonates of the Apennine
platform (see als&-wave velocities shown in the high-resolution tomographic modekhéor
shallow upper crustal structure in chapter 3). At greater deptm the range between 6 and
6.6 km/s are interpreted as Meso-Cenozoic carbonates of theaAdatform. Velocities as
high as 6.7-7.0 km/s have been attributed to the Triassic swrseganhydrites and
dolomites) of the Apulian platform (lannaccoeteal, 1998; Improtaet al, 2000; Bisioet al,
2004; Bagh, 2006). Finally, a lowBrwave velocity is hypothesized at greater depth and has
been loosely related to the Permo-Triassic clastic deposlesidat the bottom of the Apulia
platform in the foreland area (Shiner al, 2004; Butleret al, 2004). Figure 5-5 shows a
simplified stratigraphic log of the Puglia 1 well drilledthe Apulian foreland.

Vp/Vsvariations are related to rock properties, rheology, fluid typke saturation degree. In
particular, within a fault zoné/p/Vsis mostly controlled by a different level of cracking in
the subsurface rocks and fluid pressure at depth (Zhao and Negishiani®9@&ferences
therein). In liquid-phase filled rocks, an increase of WpéVsratio is observed due to the
decrease of th€swith the increase of pore pressure, while\fipgemains relatively constant
(Ito et al, 1979). Positive/p/Vsvalues, found within the shallow (3-6 km depth) sedimentary
cover of the investigated area, suggest abundance of fluidsgindore-pressure.

Low Vp/Vs anomalies could be explained by the presence of vapour-phase or two-phase
fluids volumes in geothermal area (e.g. Jukaml, 1996), by a lower saturation in fluids or
by a quartz-enriched lithology (Kern, 1982; Tatham, 1982). In our tomograpbdels,
considering that th¥p/Vsis on average high for the whole area (values higher than th84),
low Vp/Vsanomalies found between 6 and 10 km depth, in correspondence of vekyphigh
values can be explained by the presence of a less develagiecth 9yf cracks within these

bodies and, consequently, a lower content in fluids.

87



Fig. 5-5. Summary log of the Puglia-1 well showinthe deep stratigraphy of the Apulian platform and he
underlying Permo-Triassic clastic sequence. The ie$ sonic log shows the strong negative reflection
coefficient associated with the contact between the two intervals (from Shineret al, 2004).

Figures 5-6, 5-7 and 5-9 shows thMe and Vp/Vsmodel vertical sections along with the
relocated seismicity. The width for plotting earthquakes i& &m. The location of the
sections is shown in the 0 km deptp layer in fig. 5-4. The white and black contour lines
define the well resolved area with SF2 for the Vp and Vp/Vs model, respectively. On
vertical sections, the main thrusts and normal faults wereed following the mainvp
contrasts, and on the basis of our knowledge about the surface autbsheface geology of

the investigated are®p/Vscontrasts were also used to confirm the traced geomsetrie

Compressive structures

The deep structure beneath the Val d’Agri basin, in the ceudralbf the model, is complex
and appears preferentially due to the compressive tectonics.

In the vertical sections in fig. 5-6, the most impresseatures are two highlp anomalies,

interesting the model between about 2-3 km (at the top) and abouk®Hkpth (at the

bottom).P-wave velocity varies between 6 km/s in the shallowerigodnd 6.8 km/s at the
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core of these anomalies, reaching values as high as 7 krmat®uatd 9 km depth. The
wavelength of the anomalies, that is about 15 km in the shallowgorpodecreases with
depth. These two structural highs are also imaged in the 3 and @egth Vp layers,
corresponding to the NW-trending positivp anomalies (fig. 5-4).

We interpret these features as high velocity materialstioativeg the major folds involved in
thrust, onto relatively low/p anomalies; thus, they are well correlated to the major thrust
anticlines and their related thrusts of the buried Apulia comradtbelt. Consequently, we
interpret the top of these two positive anomalies, Withabout 6 km/s (figg. 5-6), as the
culmination of the compressive structures of the Mesozoic Amléitform. The high/p/Vs
anomalies associated to the top of these anticlines supaestigh pore pressure is present
within the folds (fig. 5-7).

The top of the Apulia Platform (TAP hereinafter) is a well-¢ised feature in the Val
d’Agri area, because of the extensive exploration of the \iagrd'oil field. Data coming
from deep wells and vertical seismic profiles as well gh-hésolution gravity modellingf
the area (Menardi Noguera and Rea, 2000; Dell’Aversana, 2003; 8himegr2004) furnish a
very good image of the TAP in this area, allowing to better tc@insour tomographic
models. Fig. 5-8 shows a 2D schematic geologic model acrossttern portion of the Val
d’Agri basin with an accurate location of the top Apulia platfofiine section in fig. 5-8 has
the same position of the section A in fig. 5-6; consequentlyjhave drown in our section A
the location of the TAP as reported in fig. 5-8. The sedtidig. 5-8 shows the TAP at about
2 km depth along the western flank of the basin, while a deeéion of the same horizon
is found further east. Along the eastern side of the basindepéh of the TAP is also
constrained by the Costa Molina 2 well (Menardi Noguera and Rea, g#@QQ)enetrate this
horizon at about 2.9 km depth, testifying its deeper position alongitlésof the basin. This
feature is visible in the section B in fig. 5-6, that crogkescentral portion of the Val d’Agri

basin close to the Costa Molina 2 well.
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Fig. 5-6. Vb model vertical cross sections. The white contourrles define the well resolved area with SF2.
3D relocated seismicity and the main tectonic featas are also shown. Red dashed lines represent the
main thrusts. The continuous red line represents dighly accurate location of the top of the Apulian
platform along the northern portion of the Agri basin as reported by Dell’Aversana (2003). The top athe
Apulia Carbonate Platform is located at about 1.8 kn depth along the western border of the Agri basin
while it is deeper along the eastern side of the ba. See text for further explanation.
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Fig. 5-7.Vp/Vs model vertical sections. The black contour linesefine the well resolved area with SF 2.
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Fig. 5-8. Geological sketch model is from the worlkf Dell’Aversana (2003) showing a highly accurate
location of the top Apulian platform along the northern portion of the Agri basin. The section has the
same location of the vertical section A of fig. 5-&nd 5-11. The top of the Apulia Carbonate Platformis
located at about 1.8 km depth along the western bder of the Agri basin while is deeper along the esern
side of the basin. See text for further explanation

Other published data constrain the position in map of these pdggigsaomalies. Figure 5-9
shows the comparison between the position of the approximate coesttibhs of major
Apulia Platform highs in the Val d’Agri area, constructed iraéigg deep wells and good-
guality seismic lines (Shinest al, 2004), and th&p anomalies shown in the 3 km depth
layer of the our tomographic model. The comparison delineatesyageod match between
the pattern of the positivép anomalies with the trend described by the structural higheeof t
Apulia carbonate platform (fig. 5-9); thus, suggesting that theech®del parameterization
is appropriate for imaging structures with a comparing vesgth.

The interpretation of the thrust-involved rock packages (the cotleechinomalies), witle-
wave velocities up to 6.8 km/s and |ovip/Vs value, is more ambiguous, due to lack of
constrains or direct information (figg. 5-6 and 5-7). From active paskive seismic
experiments along the Apennines, velocities close to this vadue observed for the Triassic
successions of the Apulia Platform (Mostardini and Merlini, 1986n&cconest al, 1998;
Improta et al, 2000, 2003; Chiarabba and Amato, 1997, 2003; Bisial, 2004, Bagh,
2006), suggesting that the Mio-Pliocene contractional deformattithe Lucanian Apennines

involved Triassic successions at the core of the thrustiaescl

92



Fig. 5-9. Comparison between the approximate credtdocations of major Apulian Platform highs as
shown be Shineret al (2004) and the 3 km depth/p layer of the our tomographic model.

At depth between 8 and 10 kmpYhodels show velocities as high as 7 km/s. In the southern
Apennines, velocities as high as 6.7 — 7.0 km/s were found from skemic sounding,
passive and active seismic experiments and laboratory datarg@Giba and Amato, 1997;
lannacconest al, 1998; Improtaet al, 2000, 2003; Bisi@t al, 2004; Improta and Corciulo,
2006, Vinciguerraet al, 2007). lannacconet al. (1998) and Improtat al (2000, 2003)
attributed these velocities to the Triassic successiomgy/daites and dolomites) of the Apulia

Platform (southern Apennines, Sannio-Matese region), involvéithrust tectonics.
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Fig. 5-10. (a) Regional 2D migrated seismic transeacross the oilfield structure showing the lateral
variation in seismic data quality that characterizes the study area. The location of this transect haalmost
the same location of the section B in fig. 5-6 anB-7. The continuous black line shows the Top Apulia
Platform seismic reflection whilst the dashed blackine shows the Base Apulian Platform reflection.k)

Inset of (a) showing the Top Apulian seismic reflemon in detail. (c) Inset of (a) showing the Base pulian

Platform reflection in detail. The horizontal and vertical scales used in this figure are such that thaspect
ratio is approximately 1:1 at the Top Apulian Platform level. (from Shineret al, 2004) see text for further
explanation.
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Bisio et al (2004) and Chiarabba and Amato (1997) do not exclude the involvemdre of
metamorphic basement in thrusting, as an explanation of the Ipgandmalies imaged
between 8 and 14 km depth beneath the northern sector of the Molige-&am Improta and
Corciulo (2006) explain the velocities exceeding 7.0 km/s, obtained bioltedtsource non-
linear tomography beneath the same region, as a constraint ystallote basement
involvement in the thrust stack. Following these studies,ddwper high ¥ anomalies,
imaged beneath the Lucanian Apennines, can be explained with twdéspst) a 5-6 km
thick layer of Triassic anhydrites and prevalently dolomités;an involvement of a
metamorphic crystalline basement wedge in the thrust belt.

In order to shed light on the meaning of this hih region, we have considered the
constrains about the position of the bottom of the Apulia Platformisnsector of the chain,
posed by Shinegt al. (2004) through interpretation of subsurface data from seigféction
profiles. Figure 5-10 shows a 2D migrated seismic transecgdhe Agri basin (from Shiner
et al, 2004). Along the eastern end of the profile, located beneatlaryeitysch, seismic
quality is moderate to good and several coherent, laterallyncans reflection events can be
identified. The first one (also shown in the inset b) is the dbphe Apulia Carbonate
Platform. The second one, visible in figure 5-10c, is a poorly ithatgeper reflector.
According to Shineet al (2004), on the base of regional correlation from wells arshsei
data in the foreland, this reflector can be interpreted asdhéact between the Burano
anhydrites at the base of the Apulia Platform and the underlyimgdPEriassic sedimentary
deposits. The identification of this horizon allow us to extrapdiaée Apulia Carbonate
Platform thickness in this sector of the southern Apennines; thaxsjray us to interpret the
region withVp up to 7 km/s located at about 9 km depth in our tomographic model. The
thickness between the top and the bottom of the Apulia Platfasnshown in fig. 5-10, is
about 2.5 s (TWT; Two Ways Time). This thickness roughly cpoeds to 7.5 km and 8.1
km if we perform the depth conversion using an averagpeeklocity of 6 km/s and 6.5 km/s,
respectively. If we consider the top of the Apulia Platformated at about 2 km along the
western side of the basin and at about 3 km along the easterafghe basin, we found the
contact between the Triassic anhydrites and the underlyinmmdPEriassic succession
between 10 and 11 km depth.

Following these considerations, we interpret the Mglbody, located between 8 and 10 km
depth, as Triassic dolomites and anhydrites of the Burano femafurthermore, we

tentatively interpret the underlying low-velocity bodyp( 6 km/s) as Permo-Triassic
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sedimentary deposits (associated with a strong negativeti@fleoefficient in the Puglia 1
sonic log, see fig. 5-5).

The thrusts bounding the main folds have been drown following the mugrall velocity
variations and following the suggestion of Shiaeal (2004) who, by means of well-defined
fault plane reflectors imaged on good-quality data, suggestthbawide anticlines of the
Apulia Platform have been developed in the hanging wall of mtedéargh angle (up to about
60°) reverse faults, interpreted as inverted Permas3idaextensional faults.

The vertical sections of figg. 5-6 and 5-7 help to clarify the cothme between seismicity
and the previously described compressive structures.

In section A the deep cluster of events located between 10 and X&pim is shown.
Following the previous interpretation, the earthquakes are eeledshe contact between the
bottom of the Apulia Platform and the underlying Ioyy Permo-Triassic deposits. As shown
in chapter 2, these seismic events are related to an aboutN280%Sub-vertical fault plane
characterized by a dip-slip kinematics (fig. 8 in chapter 2)réfbee, we speculate that they
could be probably related to the re-activation of inherited structiréise bottom or even
below the Apulia platform.

Both sections B and C (figg. 5-6 and 5-7) underscore that most odigmiaty is located at
the top and within of the highip velocity anomalies.

In the section B, seismic events are located along a |&eavale velocity variation along the
anticline limb, characterized by higfp/Vsvalues (fig. 5-6 and 5-7). Seismic events roughly
follow the local northeast-dipping warp of the velocity lofe/p 6 km/s.

In the section C, a very dense cluster of seismic eventecated at the top and within the
structural highs of the Apulia Platform, characterized by Vvegh values of th&/p/Vsratio
(up to 1.98), indicating the presence of high pore pressure (fig.).5THe small cluster
located along the eastern side of the section, located in correspendf a highvp/Vs
anomaly (fig. 5-7) might possibly be induced by oil extraction.

In summary, all sections highlight that seismicity preferégtiaoccurs in regions
characterized by high'p and Vp/Vsanomalies, related to the structural high of the Apulia
Platform located beneath the western border of the Agri ifigin 5-4, 5-6, 5-7). This result
is similar to those observed along the southern Apennines in other fatit/regions like the
Irpinia and the Benevento seismogenetic zones (Chiarabba and,Ar884 and Chiarabba

and Selvaggi, 1997, respectively).
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Extensional structures

The lateral resolution of the velocity models computed with tiesen model
parameterization (a node every 3 km in the central part shduel), is on the order of 1.5 to
3 km, indicating that higher frequency heterogeneities are abnagpletely lost. As a result,
the subsurface structure enlightened by tomography mostly coofsggispressive structures
developed during the Mio-Pliocene compressive tectonics, whilmtne recent extensional
structures are not outstanding on ¥hemodels (fig. 5-11).

As discussed at length in previous chapters, in the Val d’Agintas Quaternary fault
systems outcrop along the eastern and western side of the li;sii§f. The Eastern Agri
Fault System (EAFS) acted since Lower Pleistocene to Eoétime reaching cumulative
vertical displacement in the order of 500-700 m (Celi@al, 2003 and also chapter 3 and
chapter 4 of this work); and the Monti della Maddalena FaulteBy§MMFS) is a younger
fault system (Middle Pleistocene-Holocene), which cumulativgplacement, not fully
constrained, does not exceed 200-300 m (Masehi@l, 2005 and chapter 3 and 4).
Consequently, small-displacement features like these faeltscd well imaged in the coarse
grid spacing tomographic models. Furthermore, as seen in the prelimpters 3 and 4, the
Agri basin reaches a maximum thickness of 440 m and is filledeppsits withVp in the
range 1.3-3.0 km/s. Both the thickness andRheave velocities of the basin are not well-
resolved in thevp tomographic model (see figg. 5-4, 5-11). This can be explained by the
inadequate model parameterization and by the vertical smea#rthg surface layer inverted
nodes, due to the poor lateral ray sampling.

The vertical sections shown in fig. 5-11 report the main Quatefaalts mapped at surface.
An approximate downward projection has been drown following the dip-angdasured at
the surface. Thus, faults of the EAFS have an approximate d@i@g°dbward SW (Cellet al,
2003), whilst those of the MMFS have an approximate dip of 60-658rtbINE (Maschiaet
al., 2005 and also focal mechanism solutions shown in the sehaptec).

In section A (fig. 5-11), two areas of strong lat&fplcontrasts are recognized. These features
can be correlated with the following major faults exposed atutface: the Monticello Fault
(MTF) along the western margin of the basin (extensivelyridestin chapters 3 and 4), and
the major splays of the EAFS (almost parallel each other @dequently, not distinctly
reported in this section). Very few seismic events, locatedbaut 3 km depth, can be

tentatively associated to the Monticello fault.
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Fig. 5-11. \p model vertical cross sections. The white contourrles define the well resolved area with SF
2. 3D relocated seismicity and the main tectonic &ures are also shown. White dashed and continuous
lines represent the main Quaternary fault systemsThe red continuous line represents a highly accurat
location of the top apulian platform along the norhern portion of the Agri basin as reported by
Dell’Aversana (2003). EAFS= Eastern Agri Fault Sysm; MAF= Monte Aquila Fault; MTF= Monticello
Fault; GF= Grumento Fault (see figure 1-8 for actie normal faults position).
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In section B, three normal faults can be recognized fronVgh@nomalies distribution, from
SW to NE: the Monte Aquila Fault (MAF), at the easterrbliaf the western anticlines; the
Grumento Fault (GF), laterally correlative to the Montic&léult, and the major splays of the
EAFS. In this section, earthquakes are aligned along a 50-B&fipping plane between 2
and 5 km depth, whose projection at the surface shows a good corresmonith the MAF.
Furthermore, a sharp velocity contrast, located between 6 andd@gpim might suggest the
prolongation at depth of the NE-dipping Grumento Fault.

In section C, located about 2 km south-east of the sectidreBnain lateral/p contrasts are
related to the same structures reported in the latteoseétowever, in section C, the larger
spread of hypocenters indicates volume fractures rather than fawit slip. Furthermore, it
is worth to note that seismicity occurs at the top and withirnidpeVp structural high of the
Apulia platform.

Previous studies emphasize the notion that the lateral hereitigs of the upper crust
influence the geometry and segmentation of fault systems,hasd the rupture evolution
during large seismic events. High velocity zones along thesfaaln be related to high-
strength regions where large stress drops and relatively #igg occur (e.g. Scholz, 1990;
Chiarabba and Selvaggi, 1997; Chiarabba and Amato, 1997). Zhao anohd{a(&992)
showed that earthquakes are often concentrated within thes¥hines and proposed that
these zones are responsible for the transition from stable tablensiip. TheMs=7.3 El-
Asnam (1980, Algeria), thtMs=6.9 Irpinia (1980, southern Apennines) and MWs=6.6
Grevena (1995, Greece) earthquakes are good examples of ruptuaionidte a highVp
zones (Chiarabbat al, 1997; Chiarabba and Amato, 1997; Chiarabba and Selvaggi, 1997,
respectively).

Within the well resolved area, comparing the distribution ofhigd Vp anomalies in the
layers at 3, 6 and 9 km depth (fig. 5-4), with a reasonaddybeth-projection of mapped active
normal faults, a spatial correlation between the Mpglieatures and the faults mapped along

the western side of the Agri basin is remarkable.

Discussion

Structural inferences

The interpretation of the deep structure of the Lucanian Apenisimesde problematic by the
poor resolution at depths greater than 10 km of seismic refledatam (Mostardini and
Merlini, 1986; Caseret al, 1988; Menardi Noguera and Rea, 2000; Mazeblal, 2000;
Shineret al, 2004; Butleret al, 2004). All studies clearly image the top Apulian platform
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reflector but do not allow a good definition of the internal archite of the belt. These
uncertainties open to different interpretation of the deepnecstyle and of the degree of
basement involvement for this sector of the Apennine chain (ew.vthithick-skinned
tectonic models).

The three-dimensionalp andVp/Vstomographic models, obtained by invertifgand S-P
times, have furnished interesting constrains about the steuctiuthe Apulia Carbonate
Platform in the Val d’Agri area. The main resolved feasuare the two NW-SE oriented wide
anticlines of the Apulia platform bounded by moderate to high aeglerse faults (see figg.
5-4, 5-6 and 5-8). According to these models, the geometry of the fystem within the
Apulian carbonates (i.e. moderate to high angle faults), togethibrthe occurrence of
relatively low-displacement, (i.e. small thickness of thediments involved in thrust),
strongly suggest that a thick-skinned structural model is the apppriate to describe the
Apulian structures in the Val d’Agri area. Furthermore, the ggnof the high angle faults
are likely to represent pre-existing structures (i.e. PeFnassic extensional faults) which
were reactivated and inverted during compressive deformation

On the contrary, it is widely accepted that thin-skinned strugtcinaracterize the shallower
and older part of the thrust belt made of highly allochthonous tectwritis (Mostardini and
Merlini, 1986; Menardi Noguera and Rea, 2000; Mazeolal, 2000; Shineet al, 2004;
Butler et al, 2004; Scroccat al, 2005). Thus, in the Lucanian Apennines, a transition from
thin-skinned to thick-skinned thrusting appears to have occurred through Tims
hypothesis is in agreement with timing of deformation in southern ApesnAnalysis of
synorogenic deposits indicates that thrust accretion of thehgllonous units derived from
the deformation of Apennine Platform and the Lagonegro basin passixgin successions
occurred mainly in Miocene to Early Pliocene time, wheiaeper thrusting involving the
Apulia carbonate Platform occurred mainly during Late Plioderigarly Pleistocene (Cello
and Mazzoli, 1999; Menardi Noguera and Rea, 2000). The different fyfeetonic style
(thin-skinned and thick-skinned in the shallower and deeper portion oththst-belt,
respectively) can be tentatively related to differenttidamotion during the Apennines
accretion process due to the different nature of the Adridtiosphere involved in the

subduction.
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Seismotectonic inferences

The relation between earthquake occurrence and crustal strigciggests considerations
about the seismotectonic in the Val d’Agri area.

Seismicity is preferentially located at shallow depth (leetw2 and 6 km depth) beneath the
south-western margin of the basin (see sections B and @gn5i6 and 5-11 and the 3 km
depth layer in fig. 5-4). It occurs at the top and within the evashighVp and highVp/Vs
anomaly interpreted as a structural high of the Apulia Platfsge §ection C in fig. 5-6) and
follows the NW-trending elongation of this hi§hwave velocity anomaly (see 3 km dejpth
layer in fig. 5-4). This result suggests that the seiswents are preferentially enucleated in
high velocity zones corresponding to high-strength regions where $rges drops and
relatively large slip occur (Scholz, 1990; Zhao and Kanamori, 10BBrabba and Selvaggi,
1997; Chiarabba and Amato, 199&)pwing us to suppose that the next big earthquake in the
Agri valley could be enucleated along this high-velocity zonetéocdeneath the south-
western side of the Agri basin.

Vertical sections in figg. 5-7 and 5-11 show an absence of s#figrat seismogenic depth
(i.e. between 9 and 12 km depth) suggesting that the seismogentarsts in the Val d’Agri
area may be presently locked, probably as a result of thetrglB57) large earthquake.
Finally, it is interesting to note that it is difficult worrelate the deep tectonic structures
within the Apulia platform (i.e. the high angle reverse and nbfaudts) with the Quaternary
normal fault systems exposed at the surface in the Agri fiasithe MMFS and the EAFS).
This observation suggests, on one hand, that the low-magnitude backg®isndcity
recorded in the Val d’Agri area is mainly related to smalttures in the upper crust that only
represent the upper termination of a major seismogenictste located at greater depth,
which is probably locked. On the other hand, it suggests thatlthstructures are not always
reactivated as normal faults, even if they are kinenlbticampatible with the present-day
NE-SW extension.
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Conclusive remarks

In this PhD thesis, | have applied a multidisciplinary approach &stigate the upper crustal
structure of the seismically active Val d’Agri region (Lu@miApennines), focusing on the
definition of location, geometry and kinematics of recent angleataults. Passive and active
seismic data, complemented by a detailed field survey, bese used to shed light on the
seismotectonics of the area.

- The passive seismic experiment (a temporary network, comhfysep to 23 continuously
recording seismic stations, installed in the Val d’Agri d@aabout 13 months) has allowed,
for the first time, to accurately investigate the backgraeigmicity in the area. We analysed
a large dataset of about 2000 low-magnitude earthquakes (-0.¥2<M). This dataset has
been used to:

estimate the background seismicity release

perform 1-D earthquake locations
About 700 earthquakes has been extracted from the preliminary ldageti#o hand-pick-
waves arrival times to better constrain hypocentral locatidine accurate dataset is
characterized by location RMS values less than 0.3 s, aahgdps smaller than 200° and
horizontal and vertical errors less than 0.5 km s. Thesmgeevents have furnished:

Vp andVp/Vsimages of the upper crust down to 12 km depth though Local Earthquake

Tomography

Accurate 3D earthquake locations

Subsurface geometry, kinematics and seismic activity ofeafsiult segments

Accurate focal mechanisms for 108 best-located events, codnpytesing theP-wave

first motion polarity method

- The tomographic inversion of two high-resolution crustal profiEsut 15 km long,
crossing the central sector of the basin, has furnished defaeve velocity models of the
shallow structure of the Agri basin down 1.5 km depth. The hegbhation tomographic
images allowed an accurate imaging of :
The Agri basin (basin geometry, depocenters locations, interratesmtare of the basin
infill)
The fault systems bounding the basin (location, subsurface ggomaettical throw
estimate)
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- Fieldwork was basically devoted to two targets: geologicgpimg and fault-kinematic
analysis. | have used the collected data to better const@wggml and structural features of
the Val d’Agri basin and, at the same time, to check tlwdogeal reliability of the high-

resolution tomographic images.

Structural inferences

Deep structure (down to 12 km deptiihe three-dimensionafp and Vp/Vstomographic
models, obtained by invertifgandS-Ptimes, have provided interesting constrains about the
structure of the Apulia Carbonate Platform in the Val d’Agga.

The main resolved features are the two NW-SE oriented Wyiglind highVp/Vsanomalies
interpreted as structural highs of the Apulia platform (figg. 5-8, 5-7). On the basis of the
good match between thg anomalies of the tomographic model and the approximate crestal
locations of major Apulia Platform highs in the Val d’Agri areanstructed integrating deep
wells and good-quality seismic lines (Shiretral, 2004), we interpret these anomalies as
anticlines of the Apulia platform bounded by moderate to high argkrse faults.

The geometry of the thrust system within the Apulian carbonagéesr(oderate to high angle
faults), together with the occurrence of relatively low-dispment of the thrust-involved
rock packages (i.e. small thickness of the sediments involvelust), strongly suggest that

a thick-skinned structural model is the more appropriate to desttve Apulian structures in
the Val d’Agri area.

These anomalies have higip/Vsvalues indicative of high pore pressure (fig. 5-7); thus, they
are consistent with carbonates of the Apulia platform that reprdke oil reservoir in the
area. It is important to note that high-pore pressure can playnportant role in the
earthquake generation and rupture evolution of normal faultingteve

Due to the inadequate model parameterization and to the poor lagrsampling of the
surface layer, local earthquake tomography is not adequate diverdbe shallow upper
crustal structure of the basin. Therefore, high resolution ccedraburce tomography is
crucial to obtain information about the shallow structure.

Shallow structure (down to 1.5 km deptithe high-resolutior’Vp models, together with
detailed geological mapping, highlight that the shallow ardhitecof the basin seems partly
inherited by the previous (Pliocene) compressive tectonics, dgely controlled by
Quaternary high angle normal faults, that cut both the bedrockarfleistocene basin infill
on both sides of the basin (figg. 3-17, 3-18).
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Faults located along the eastern flank of the valley are-kmelivn in literature and
correspond to the SW-dipping left-lateral transtensional Eagigrn Fault System. @
images constrain faults location, whose identification is hastpdy thick covers of
fanglomerate deposits and provide independent estimate of theatwen slip. We estimate a
cumulated slip across the EAFS of about 800 m. This valueeiatagr than previously
estimated values by morpho-structural analysis (Gl 2003).

Along the western side of the basin, the tomographic imagegesudlE-dipping normal
faults, never mapped beforeith vertical cumulative slip larger than 200 m (fig. 3-1Me%e
faults affect the carbonates of the Monti della Maddaleng(fig. 4-3). Recent fault activity
along the western side of the basin is confirmed by theepoe of a second, more recent
depocenter, beneath the western border of the Agri basin. Tdlisdiis consistent with

previous electrical resistivity tomographies (Coleltal, 2004).

Seismotectonic inferences

We recorded, in thirteen months, about 2000 low-magnitude earthqakE3<M <2.74)
testifying a high rate of background seismic release (about 3.8edifis/day/kr) almost
continuous in time.

Seismicity is preferentially located in the shallow crimgtween 2 and 6 km depth) beneath
the south-western margin of the basin (fig. 2-6). Earthquakexteinall fractures spread in
a volume whilst only few events enlighten fault plane geometrgjath (fig. 2-6, sections 10-
11 and fig. 5-11, section B).

Seismicity occurs at the top and within the western hAifghand highVp/Vs anomaly
interpreted as a structural high of the Apulia Platform and falldhe NW-trending
elongation of this higlP-wave velocity anomaly (figg. 5-4, 5-6). This result suggtsisthe
seismic events enucleate in high velocity zones (Apulia carbenabrresponding to high-
strength regions where large stress drops and relativelg Elig occur. This allows to
suppose that the next big earthquake in the Agri valley couldnbeleated along high-
velocity zones located beneath the Agri basin as alreadyveloistor the 1980 Irpinia M6.9
normal faulting event (Amatet al, 1992).

Few events occur at 10 — 12 km depth, beneath the centi@l skttie basin (fig. 5-6, section
A), that is the seismogenic depth for large (M7) normaldf@utevents of the southern
Apennines. Hypocentral locations and focal mechanisms for #nemets suggest a N-S

subvertical fault plane with pure dip-slip kinematics. Weagwely interpret this structure as
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a pre-existing structure in the deep Apulia units now reactiagetip-slip in the present SW-
NE extensional tectonic regime.

Importantly, except for few induced seismicity, no seisevents have been recorded along
the EAFS, considered by many Authors the surface expressiors@smogenic structure
(Benedettiet al, 1998; Celloet al, 2000-2003, Barchet al, 2007). Therefore, our 3D
hypocentral locations do not provide constrain about the geometryptit fie this fault
system.

On the contrary, along the western side of the basin we natethavents are aligned along
a 50° NE-dipping plane, whose projection at the surface well esttle fault scarp of Monte
Aquila Fault. Late-Pleistocene-Holocene coseismic surfaadtiig along this fault is
documented by recent paloseismological, geophysical and geo-morphblogestigations
(Maschioet al, 2005; D’Addezicet al, 2006; Improta and Bruno, 2007). Focal mechanisms
for these events (fig. 2-8) indicate NW-SE striking and 55630 NE-dipping fault planes
characterized by normal kinematics with a NE-oriented T-axessd results are in agreement
with pseudo-focal mechanisms computed by fault slip inversion froface exposures of
fault planes (Maschiet al, 2005 and also fig. 4-6). Thus, our results confirm the presénce o
active NE-dipping normal faults located along the south-wesidmof the Agri basin.

The absence of seismicity at seismogenic depth (i.e. betvesn 12 km depth) suggests
that the seismogenic structures in the Val d’Agri areg beapresently locked, probably as a
result of the recent (1857) large earthquake.

Therefore, our data can not definitely shed light on the hierdretween the two Val d’Agri
fault systems, and consequently, solve the worm debate abowgeibmogenic source
responsible of the 1857 event. Nonetheless, our data furnish incontieveamstrains about
the present tectonic activity of some segments of the MMipBoving the knowledge of the
geometry at depth and kinematics of this fault systenthgaakes enlighten, between 2 and

6 km depth, a seismogenic fault about 15 km in length, ablenerate M>5.5 earthquakes.

| gratefully acknowledge Paolo Dell’Aversana, Enterprise Oiligtah and Shell Italia E & P

S.p.A. for the permission to use Esit data.
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