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Abstract

The Mediterranean region is characterized by the tectonic plate boundary between the
Eurasian and African plates, extending from the Azores triple junction to Turkey and the
easternmost Mediterranean Sea. This plate boundary region shows unique characteristics
compared to other suture zones around the world. In particular, due to the presence of
severa semi-independent microcontinents between the two major plates, to the irregular
shape of the converging landmasses and to different converging patterns (velocity and di-
rection) through time, the resulting tectonics and geodynamics dominating this region are
highly complicated and strong lateral variationsin the past and present ongoing processes
are observed.

We used new seismic data to map the Moho discontinuity and to image the smooth S
velocity structure of the upper mantle of the Africa-Eurasia suture zone with aresolution
complementary to existing studies. The used data have been recorded at 25 broad band
seismic stations (MIDSEA project) temporarily deployed along the plate boundary region
and at permanent seismic station networks. Following the Partitioned Waveform Inver-
sion method, we interactively fitted the waveforms of S- and Rayleigh wave trains of more
than 1100 seismograms. The linear constraints on upper mantle S-velocity and Moho
depth provided by the waveform fits have been combined with independent estimates of
Moho depth taken from published reflection and refraction surveys, gravity studies and
receiver function analysis in a linear damped least-squares inversion for S-velocity and
crustal thickness. This joint inversion of an unprecedented amount of data has yielded a
Moho map and a 3D model for upper mantle S-velocities.

Strong lateral variationsin the Moho topography have been observed beneath the Mediter-
ranean Sea confirming the complex evolution of this plate boundary region. In the west,
the Moho discontinuity has been found at 15-20 km depth, suggesting extended and, at
least in some locations, oceanic crust. In the east the crust is on average 25-30 km thick
and is interpreted either as Mesozoic oceanic or thinned Precambrian continental crust
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covered by thick sedimentary deposits. Standard continental crust (30 to 35 km) is ob-
served along the eastern part of the northern African coast, while to the west a rapid
change from arelatively deep Moho (down to 42 km) below the Atlas Mountain Range to
the thin crust of the southwestern Mediterranean Sea has been found. The crust beneath
the eastern North Atlantic Ocean can be up to 5 km thicker compared to standard oceanic
crust (6 km). Serpentinization of the sub-Moho mantle at the Mid-Atlantic ridge could
contribute to the imaging of apparently anomalous deep Moho in thisregion. In Europe,
the presence of crustal roots (> 45 km) beneath the major mountain belts has been con-
firmed, while thin crust (< 25 km) has been found beneath extensional basins.

The 3D upper mantle S-velocity structure shows strong correlation between the imaged
heterogeneities and the tectonics and geol ogy along the plate boundary. The upper mantle
along the Eurasia-Africa suture zone is characterized by high-velocity material represent-
ing subducted oceanic lithosphere. This signature can be followed to as deep as 300-600
km, depending on the region and/or resolution. A high velocity body, possibly represent-
ing afragment of subducted lithosphere, has been imaged beneath eastern Spain between
250 and 500 km depth. Not only convergence has been recorded in the upper mantle, but
also extension has its own signature beneath the Mediterranean. Thisis particularly clear
for the Algero-Provencal and Tyrrhenian Basins, where a shallow asthenospheric layer
is observed. The lithosphere-asthenosphere system of the western Mediterranean clearly
differentiates itself from the structure of the older eastern Atlantic Ocean as well as from
the structure of a young (4 to 20 Ma old) ocean. These observations support the idea
that, rather than a young ocean, the western Mediterranean could be a strongly stretched
continent, partly affected by spreading, formed at the back of aslab. The structure charac-
terizing the eastern Mediterranean region points to a continuation of the northern African
continental lithosphere beneath the sea. Major structural differences in the eastern At-
lantic Ocean are imaged between the Mid-Atlantic ridge and the older oceanic basins:
the North Atlantic lithosphere is characterized by lower velocities beneath the spreading
ridge than under the old ocean basins. Despite strong differences observed in the crustal
structure between the Mid-Atlantic ridge and the Azores, no significant differences are
observed in the upper mantle S-velocity structure.

Although only information provided by S and Rayleigh waves has been used to derive
the presented Moho depth map and upper mantle velocity model, Love waveforms have
also been analysed. Discrepancy between 1D path average vel ocity models obtained from
Love and Rayleigh waves travelling through the same region have been observed. The
uppermost mantle velocity structure retrieved from Rayleigh data is consistently slower
(up to 4%) than velocities obtained from Love wave data. Comparing the 1D average S
velocity models obtained from Love and Rayleigh waveforms with the global anisotropic
model PREM (Dziewonski & Anderson, 1981), we observe a strong analogy. This sug-
geststhat the observed incompatibility between the vel ocity model s obtained with the two
types of data, at least in part, is due to radial anisotropy in the Mediterranean upper man-
tle. However, comparison of the results of separate 3D inversions of linear constraints ob-
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tained from Love and Rayleigh data suggests that the constraints obtained by the analysis
of Love waves might be more inconsistent among each other compared to the constraints
in the Rayleigh dataset. Inspection of surface wave sensitivity indicates that such incon-
sistencies could arise from trade-offs between crustal and upper mantle velocities as well
as Moho depth and uppermost mantle velocities, which have been observed to be larger
for Love than Rayleigh waves. Bias of the retrieved velocity models due to path devia-
tions with respect to the great circle isinstead minimal and falls within the uncertainties
for both Love and Rayleigh waves.






Zusammenfassung

Das Mittelmeergebiet ist durch die Grenze zwischen der Eurasischen- und der Afrikani-
schen-Platte charakterisiert, welche vom Azoren-Tripel-Punkt bis hin zur Turkel verlauft.
Diese Region von Plattengrenzen zeigt einzigartige Charakteristika, verglichen mit an-
deren Suturzone. Einerseits ist das auf die zahlreichen semiunabhangigen Mikrokon-
tinente zwischen den Hauptplatten und die unregelmassige Form der konvergierenden
Landmassen zuriickzufihren. Anderseits weist die Grenze zeitlich sehr unterschiedliche
Konvergenzeigenschaften (in Geschwindigkeit und Richtung) auf. Die daraus resultieren-
de Tektonik und Geodynamik ist entsprechend sehr kompliziert und durch stark lateral
variierende Prozesse sowohl in der Vergangenheit wie auch in der Gegenwart gekennze-
ichnet.

Wir haben in unseren Untersuchungen neue seismische Daten verwendet, um die Moho-
Diskontinuitét zu kartieren und die S Wellengeschwindigkeitsstruktur des oberen Mantels
in der Afrikanisch-Eurasischen Suturzone zu rekonstruieren und zwar mit einer anderen
Studien komplementaren Auflosung. Die Daten wurden mit Hilfe von 25 Breitband-
Seismometer, welche entlang der Plattengrenze temporar installiert wurden (MIDSEA-
Projekt) aufgezeichnet. Zusétzlich sind Daten von festinstallierten Geréaten verwendet
worden. Anschliessend haben wir mit der sogenannten Partitioned Waveform Inversion
Methode die S- und Rayleigh-Wellenziige von mehr als 1100 Seismogrammen interaktiv
gefittet. Die so erhaltenen linearen Beziehungen zwischen der S-Wellengeschwindigkeit
im oberen Mantel und der Moho-Tiefe sind mit unabhangigen Schatzungen der Moho-
Tiefe kombiniert worden, wobel |etztere aus publizierten Reflexions- und Refraktionsun-
tersuchungen, Gravimetriestudien und Recelver Function Analysen entnommen wurden.
Anschliessend hat man mit Hilfe der kombinierten Daten eine lineare gedampfte Inver-
sion (least square) fur die SWellengeschwindigkeit und die Krustendicke durchgefihrt.
Diese gemeinsame Inversion einer grossen Menge an Daten fuhrte zu einer Moho-Karte
und einem 3D Modell der SWellengeschwindigkeiten im oberen Mantel.
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Wir haben starke |laterale Variationen der Moho-Topographie im Mittelmeer festgestellt,
was die komplexe Entwicklungsgeschichte der Plattengrenzen in dieser Gebiet bestétigt.
Im Westen konnte die Moho-Diskontinuitat in einer Tiefe von 15-20 km festgestel It wer-
den, was auf eine gedehnte und, zumindest an einigen Orten auf eine ozeanische Kruste
hindeutet. Im Osten dann, ist die Kruste durchschnittlich 25-30 km méachtig und kann
entweder als mesozoisch-ozeanische oder verdinnte prakambrisch-kontinentale Kruste
mit einer dicken Sedimentschicht interpretiert werden. Normale kontinentale Kruste (30
bis 35 km) kann man im ostlichen Teil der nordafrikanischen Kuste finden. Dagegen
beobachtet man im Westen einen raschen Wechsel von einer relativ tiefen Moho (bis zu
42 km) unter der Atlasgebiergskette zu einer dinnen Kruste im siidwestlichen Mittel meer.
Unterhalb des ostlichen Nordatlantiks ist die Kruste bis zu 5 km dicker verglichen mit
einer normalen ozeanischen Kruste (6 km). Diese ungewohnlich tiefe Moho konnte man
auf eine Serpentinisierung im Sub-Moho Bereich in der Region des Mittelatlantischen-
Ruckens zurtickfuhren. Schliesslich konnten wir mit unserem Modell die Krustenwurzeln
mit einer Dicke von mehr als 45 km unterhalb der grosseren Gebirgsziige in Europa nach-
weisen. Ebenso haben wir unter Extensionsbecken eine diinne Kruste von weniger als 25
km Machtigkeit gefunden.

Die 3D S-Wellengeschwindigkeitsstruktur des oberen Mantels zeigt eine deutliche Kor-
relation zwischen den abgebildeten Heterogenitaten, der Tektonik und der Geologie ent-
lang der Plattengrenze. In der Eurasisch-Afrikanischen Suturzone weist der obere Mantel
eine Hochgeschwindigkeitszone auf, die mit subduzierter ozeanischer Lithosphare erklart
werden kann. Die Zone ist bisin eine Tiefe von 300-600 km (in Abhangigkeit vom Ort
und der Auflosung) ersichtlich. Eine weitere Zone hoher Geschwindigkeit konnte unter-
halb Ostspanien, in einer Tiefe von 250 bis 500 km aufgelost werden. Moglicherweise
stellt dieser Korper ein Fragment subduzierter Lithosphare dar. In der Mittelmeerre-
gion wurden jedoch nicht nur Konvergenz-, sondern auch Extensionsgebiete im oberen
Mantel festgestellt. Deutlich sichtbar ist dies insbesondere im Algero-Provencal und
im tyrrhenischen Becken, wo oberflachennahe Asthenospharenschichten zu sehen sind.
Das Lithospharen-Asthenosphéaren-System im westlichen Mittelmeer unterscheidet sich
nicht nur sehr deutlich vom alteren ostlichen Atlantik, sondern auch von der Struktur
eines jungeren (4 bis 20 Ma alten) Ozeans. Es handelt sich sehr wahrscheinlich um
einen gedehnten Kontinent (teilweise durch Spreading gekennzeichnet), welcher auf der
Ruckseite einer subduzierenden Platte entstanden ist. Im ostlichen Mittelmeer deuten die
Strukturen auf eine Fortsetzung der nordlichen afrikanischen kontinentalen Lithosphare
hin. Die grossten strukturellen Unterschiede konnten im ostlichen Atlantik, zwischen dem
Mittel atl antischen-Riicken und den alteren atlantischen Becken gefunden werden: unter-
halb des Riickens dominieren tiefer Geschwindigkeiten als unter den ozeanischen Becken.
Obschon die Krustenstruktur zwischen dem Mittelatlantischen Riicken und den Azoren
starke Unterschiede aufweist, konnen selbige in der S Wellengeschwindigkeitsstruktur
des oberen Mantels nicht gefunden werden.

Ein Vergleich der durchschnittlichen 1D-Geschwindigkeitsmodelle von Love- und Ray-
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leighwellen, welche durch die selben Regionen gelaufen sind, zeigt eine deutlich gerin-
gere Geschwindigkeit (rund 4%) der Rayleighwellen auf. Vergleicht man jedoch die
aus den Wellenformen von Love- und Rayleighwellen gewonnen durchschnittlichen S
Wellengeschwindigkeiten mit jenen aus dem globalen anisotropischen Modell PREM
(Dziewonski & Anderson, 1981), so stellt man eine gute Ubereinstimmung fest. Daraus
lasst sich schliessen, dass der Unterschied zwischen den Geschwindigkeitsmodellen aus
den beiden Datensatzen (Love und Rayleigh) zumindest teilweise auf radiale Anisotropie
im oberen Mantel zurtickzufiihren ist. Betrachtet man jedoch die Resultate der getrennten
3D-Inversion von Love- und Rayleighdaten, so scheinen die Parameter aus der Analyse
der Lovewellen inkonsistenter zueinander zu sein, als jene aus den Rayleighwellen. Eine
Untersuchung von Oberflachenwellen-Sensitivitaten deutet darauf hin, dass diese Inkon-
sistenz auf Kompromisse zwischen den Krusten- und oberen Mantelgeschwindigkeiten
wie auch auf jene zwischen der Moho-Tiefe und den Geschwindigkeiten im obersten Tell
des Mantels (welche fur Lovewellen hoher sind als fur Rayleigh) zurickzufiihren sind.
Systematische Fehler der Geschwindigkeitsmodelle auf Grund von Abweichungen in den
L aufpfaden vom Grosskreis sind dagegen klein und fallenin die Unsicherheiten von L ove-
und Rayleighwellen.






Introduction

The Mediterranean region is characterized by the tectonic plate boundary between the
Eurasian and African plates, extending from the Azores triple junction to Turkey and
the easternmost Mediterranean Sea (Fig. 1.1). This plate boundary region shows unique
characteristics compared to other suture zones around the world. Uncommonly, it does
not manifest itself as a relatively focused zone, but surface deformation, seismicity and
earthquake focal mechanisms indicate a wide, diffuse and/or branched plate boundary.
Moreover, due to the presence of several semi-independent microcontinents between the
two major plates, the suture zone has changed location, shape and character throughout
geological time (Dercourt et al., 1986). In addition, due to the irregular shape of the con-
verging landmasses and to different converging patterns (velocity and direction) through
time, the resulting tectonics and geodynamics dominating this region are highly compli-
cated and strong lateral variationsin the past and present ongoing processes are observed.
Despite of slow convergence acting as the primary tectonic process in the region, differ-
ent types of deformation affect and affected different parts of the suture zone. The plate
boundary is not characterized by a single, continuous subduction zone, but several arcs
with different orientations were active in different periods. Moreover, strike-slip and ex-
tension are al so important tectonic processesinfluencing theregion, e.g. along the western
part of the plate boundary (Azores-Gibraltar fracture zone) and in back-arc basins, respec-
tively. Unique of the Mediterranean region is also the small scale of complexity: typical
lengths of the tectonic provinces span 1°-5°.

A deeper understanding of the interaction between the Eurasian and African plates would
not only shed light on regional tectonics and geodynamics within the Mediterranean but
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Figure 1.1: Topographic map of the Eurasia-Africa plate boundary region with approximate plate
boundary location and seismicity. Curves with sawtooth pattern indicate the present location of
the convergent boundary, with sawteeth pointing in the direction of subduction or underthrusting.
Arrows represent strike-slip. Red dots are epicenters of events occurred between 1964 and 1998
(Engdahl et al., 1998).

also help the understanding of slow, long term plate convergence. Moreover, the unique-
ness of the tectonic scales and complexity of plate boundary deformation and microplates
motion and accretion observed in the Mediterranean region can hold answers to funda-
mental questions in geophysics and geodynamics, which may not be found in other, less
complex, plate boundary regions. Fundamental for a deeper understanding of the evolu-
tion, deformation and dynamics of such a complex region, is the detailed knowledge of
its crustal and upper mantle structure. A 3D velocity model displays the expression of the
tectonic phenomena and the related deep processes in the distribution of shear velocity
anomalies and gives the opportunity to answer guestions about the nature of the Mediter-
ranean basins, the style of past subduction, the configuration of subducted lithosphere and
differences in oceanic and continental lithosphere-asthenosphere systems. Of particular
importance is the comparison of the Mediterranean with the Atlantic part of the model.
Such comparison will highlight the variety of tectonic processes modeling different parts
of the suture zone.

A detailed crustal and upper mantle structure also provides a tool for removing wave
propagation effects from seismograms, so reducing the uncertainties in earthquake loca-
tion and focal mechanisms determination, in particular in highly heterogeneous regions,



as for instance along a plate boundary. Moreover a detailed crustal model, which assures
accurate crustal corrections, is essential to prevent mapping crustal featuresin upper man-
tle tomographic images and so biasing the modeled structure, since most datasets used in
mantle seismic tomography are sensitive to crustal structure, but cannot resolve details
within the crust.

Our goal is to develop a crustal thickness map and upper mantle S-velocity model for
the Eurasia-Africa plate boundary region with unprecedented resolution. High resolution
upper mantle images can be obtained by waveform fitting methods, such as the Partitioned
Waveform Inversion (PWI) technique (Nolet, 1990). In this method full wave trains of re-
gional seismograms from ray paths traversing the region of interest are modeled. Most
energy in these wave trains has travelled through the upper mantle and makes PWI avery
efficient technique to obtain high-resolution images of the upper mantle velocity struc-
ture.

However, a mgor requirement to achieve this goal is a more homogeneous data cover-
age of the Mediterranean region. Therefore, during the international MIDSEA project
(Mantle Investigation of the Deep Suture between Eurasiaand Africa) (Van der Leeet al.,
2001) we deployed 25 broad band 3 component seismic stations along the plate boundary
region. Thistemporary network, as well as the data processing, are described in Chap-
ter 2.

In the two following chapters the results of the tomographic inversion are presented.
Chapter 3 is devoted in particular to the description of the obtained Moho depth map.
Strong lateral variations in the Moho topography have been observed, confirming the
complex evolution the Mediterranean region. This new Moho depth model has also been
used to assess Airy isostatic compensation in the Eurasia-Africa plate boundary region.
The upper mantle S-velocity structure beneath the Mediterranean region and the eastern
Atlantic Ocean is discussed in Chapter 4. Interesting features are highlighted and inter-
preted based on the results of resolution tests. For example, a new striking and resolved
feature of our S-velocity model is a high velocity anomaly imaged beneath eastern Spain
between 250 and 500 km depth, which weinterpret asafragment of subducted lithosphere
detached in an early stage of the subduction process in the western Mediterranean. More-
over, the diversity of the lithosphere-asthenosphere structure imaged beneath the basinsin
the Mediterranean and Atlantic region strongly pointsto the variety of tectonic processes
modeling the different parts of the suture zone.

Although only information provided by S and Rayleigh waves has been used to derive
the presented Moho depth map and upper mantle velocity model, Love waveforms have
also been analysed. Chapter 5 describes several tests performed to understand the differ-
ent ability of Rayleigh and Love waves to determine Earth structure.

Additional work done during my PhD, but not presented in this thesis, has been pub-
lished as. M. van der Meijde, F. Marone, D. Giardini, S. van der Lee, 2003. Seismic
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evidence for water deep in Earth’s upper mantle, Science, 300, 1556-1558.



MIDSEA Project

A major requirement of achieving a Moho depth map and an upper mantle S-velocity
model for the Eurasia-Africa plate boundary region with unprecedented resolution, is a
more homogeneous data coverage of the studied area. The main am of the international
MIDSEA (Mantle Investigation of the Deep Suture between Eurasia and Africa) project
(Van der Lee et al., 2001) was to complement and extend the existing data coverage by
installing 25 broad band 3 component seismic stations (Fig. 2.1). This project was a
joint venture mainly between the Federal Institute of Technology (ETH, Switzerland),
Geéosciences Azur (CNRS/UNSA, France), the National Institute of Geophysics and Vol-
canology (INGV, Italy), and the Department of Terrestrial Magnetism of the Carnegie
Institution of Washington (DTM, USA). The other MIDSEA partners were the National
Observatory of Athens (NOA, Greece), the University of Zagreb (Croatia), the Ebre Ob-
servatory (Spain), the Institute of Catalan Studies (Spain), the Lanzarote Cabildo (Spain),
the San Fernando Naval Observatory (ROA, Spain), the U. Complutense Madrid (Spain),
the Institute of Meteorology (Portugal), the Research Center for Astronomy, Astrophysics
and Geophysics (CRAAG, Algeria) and the Libyan Center for Remote Sensing and Space
Sciences (LCRSSS, Libya).

In 1998, when the idea of the MIDSEA project was conceived, more than 60 broad
band seismic stations, belonging mainly to the Global Seismographic Network (GSN),
MedNet, GEOFON and to individual national networks, were already in operation in the
Mediterranean region. From then onwards the number of permanent broad band stations
installed in the Mediterranean region as well as mobile broad band stations deployed for
limited periods of time has steadily increased. However, data availability for some of
the permanent and temporary stations is variable and the geographical coverage far from
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Figure 2.1: Configuration of the MIDSEA stations (red triangles) and other seismic stations (black
squares) in the Eurasia-Africa plate boundary region.

uniform. The black squaresin Fig. 2.1 represent broad band seismic stations, which deliv-
ered useful datato study the 3D crustal and upper mantle structure in the Mediterranean
region. While station coverage for Spain and Central Europe is sufficiently dense, for
regions such as the Azores archipelago, northern Africa and large areas of the Mediter-
ranean Sea the station density is not high enough to achieve the required data coverage.
The MIDSEA network (Tab. 2.1 and red trianglesin Fig. 2.1) was designed in such away
to increase the station density, especialy in the southern and western part of the target
region, reduce the heterogeneities in and complement the existing station coverage. Tar-
get locations for our new 3 component broad band seismic stations were regions on both
sides of the plate boundary that were far from existing stations. Therefore, most of the
MIDSEA stations were installed on islands as well as along the northern Africa coast.

2.1 Station instrumentation and installation

Each MIDSEA station has been in operation for 1 up to 2 years in the period from June
1999 through May 2002. Twenty-two of the 25 stations were equipped with broad band
STS2 sensors, the remaining 3 with CMG3T sensors. The data acquisition systems used
are MARSS8S8, RefTek, Titan, Quanterra and Orion (Fig. 2.2). The correct time on the
recorded signals was guaranteed by GPS synchronization. Most stationswereinstalled in
existing sites, where other instruments, such as short period seismometers, were operated.
Site characteristics throughout the MIDSEA network were quite heterogeneous and varied



2.1 Station instrumentation and installation

Table 2.1: Location and instrumentation of the MIDSEA stations.

Code Location Latitude Longitude Altitude(m) Sensor Digitizer

CDLV Spain 29.163 -13.444 37 STS2 MARSS88
EBRE Spain 40.823 0.494 36 STS2  MARSS88
MELI Spain 35.290 -2.939 40 STS2 Q380
POBL Spain 41.379 1.085 550 STS2 Orion
DUOK  Croatia 44,113 14.932 115 STS2 MARS88
HVAR  Croatia  43.178 16.449 250 STS2 MARSS8
APER Greece 35.550 27.174 250 STS2 MARS88
ITHO Greece 37.179 21.925 400 STS2 MARSS88
KOUM  Greece 37.704 26.838 340 STS2 MARSS8
GHAR Libya 32.122 13.089 650 STS2 Q680
MARJ Libya 32.523 20.878 650 STS2 MARSS8
CALT Italy 37.579 13.216 955 STS2 RefTek
DGl Italy 40.318 9.607 343 STS2 Titan
GRI Italy 38.822 16.420 525 STS2 Titan
MGR Italy 40.138 15.553 297 CMG3T Titan
SOl Italy 38.073 16.055 300 CMG3T Titan
VENT Italy 40.795 13.422 110 CMG3T RefTek
ABSA  Algeria  36.277 7.473 1025 STS2 MARSS8
RUSF France 43.943 5.486 520 STS2 Titan
SMPL France 42.094 9.285 405 STS2 Titan
COV2  Portuga 39.677 -31.113 194 STS2 RefTek
PGRA  Portuga 39.029 -27.981 245 STS2 RefTek
PSCM  Portuga 38.701 -27.117 400 STS2 RefTek
PSJO  Portugal 38.422 -28.303 258 STS2 RefTek

PSMA  Portugal 36.996 -25.131 249 STS2 RefTek
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Figure 2.2: STS2 seismometer (green igloo) installed on a pier of concrete on the top and a
MARSB8 acquisition system on the bottom.

from alava tunnel (CDLV) through a vault (EBRE) to just a normal room in a secluded
building (e.g. DUOK) or even in an apposite hut (e.g. APER). When available, the
sensor was installed on a pier of concrete, which has a good coupling with the bedrock.
In particular broad band seismometers are extremely sensitive to temperature variations
and air convection. We achieved thermal shielding and reduced the effects of air currents
by wrapping the seismometers with cotton wool or rubber foam and with a radiation
reflecting rescue sheet. Air circulation was aso limited by covering everything with a
styrofoam box (Fig. 2.3).
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Figure 2.3: Installation procedure: STS2 seismometer (top left), wrapped with cotton wool (top
right) and a radiation reflecting rescue sheet (bottom left), everything covered with a styrofoam
box (bottom right).
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2.2 Data processing and quality

The data recorded by the stations was locally stored on 650 Mb optical disks, regu-
larly collected by local station managers and shipped to one of the four data process-
ing centers. the Federal Institute of Technology (ETH, Switzerland), Géosciences Azur
(CNRS/UNSA, France), the National Institute of Geophysics and Volcanology (INGV,
Italy), and the Department of Terrestrial Magnetism of the Carnegie Institution of Wash-
ington (DTM, USA). The Institute of Catalan Studies (Spain) and the San Fernando Naval
Observatory (ROA, Spain) werelocally processing the datarecorded at stations POBL and
MELI, respectively.

The data has been recorded continuously with a sampling rate of 31.25 Hz. At the ETH,
we were in charge of processing the data acquired with MARS88 systems. Approxi-
mately one month of datain MARS88 format for one station was stored on one optical
disk. After arriving, the data was downloaded to a hard disk and manually checked for
signa interruptions (e.g. long power failure, GPS malfunctioning) or distortions (e.g.
seismometer tilting). The continuous datain MARS88 format was backed up on 2.3 Gb
optical disks and on 4.0 Gb DAT tapes. Single days data files for each station were then
created, converted to GSE2 format and archived on 4.0 Gb DAT tapes. Finally, events
have been extracted from the continuous data, converted to GSE2 and stored on CDs.
The criteria for the events selection took into account the variety of studies planned by
the MIDSEA partners. The event database is therefore containing records of local (e.g.
for local seismicity studies), regional (e.g. for crustal and mantle structure studies and
moment tensor determination) and teleseismic earthquakes (e.g. for discontinuities char-
acterization and body wave tomography). Even noise recordings are being analysed for
example to gain information on sites characteristics. The complete event database will be
soon available to the scientific community through the ORFEUS (http://orfeus.knmi.nl)
and IRIS (http://www.iris.washington.edu) data centers.

Despite the temporary character of the MIDSEA network, some of the station sites have
proven to be excellent locations for the operation of new permanent stations. For exam-
ple, station CALT (Sicily) has recently been converted to a permanent MedNet station,
and two of the MIDSEA stations in northern Africa (GHAR and MELI) are now part of
the GEOFON network. Simple noise analysis shows that noise levels at seismic frequen-
cies are close to the low-noise model of Peterson (1993) for some of the sites that will
continue to operate narrower band sensors in the future (Algeria, Croatia, Greece, Lan-
zarote). The Greek and Croatian island sites show a very low microseismic noise level,
whereas at the same frequencies the noise level is significantly higher for the Atlantic
island sites. As usual, long period noise is higher on the horizontal than on the vertical
components. For some sites increased cultural noise above 5 Hz is observed during the

day.
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Figure 2.5: Distribution of all earthquakes used in this study. The circles are scaled with magni-
tude.

2.3 Improved data coverage for crust and upper mantle stud-
ies

For the study of the crustal and upper mantle structure along the Eurasia-Africa plate
boundary we are particularly interested in regional events. Significant regional earth-
quakes recorded by the MIDSEA stations include the 1999 |zmit-Duzce series, the 1999
Athens earthquake, an intermediate depth event beneath Crete (2002) and a couple of
events in southwestern Turkey (2000 and 2002). An example of seismograms of a large
regional earthquake recorded by MIDSEA stations is illustrated in Fig. 2.4. All events
and paths used in this study are shown in Figs. 2.5 and 2.6. Thanks to the higher station
density in the Mediterranean region achieved by the MIDSEA project, average epicentral
distances have been reduced. The analysis of short wave paths to study the crustal and
upper mantle structure in the complex Mediterranean region was essential to avoid phases
distorted by unmodeled scattered energy. Owing to the denser station distribution, also
smaller earthquakes in low seismicity regions could be recorded with a signal-to-noise
ratio sufficient for data analysis, significantly improving the existing paths coverage.

An at least equally important determinant for the resol ution power of surface wave tomog-
raphy in the Mediterranean region were recent programs focused on the systematic deter-
mination of source mechanisms of small/medium size regional earthquakes, which would
however not be studied by international agencies. Particularly complete and reliableisthe
collection of moment tensor solutions determined at the ETHZ (Braunmiller et al., 2002)
and available online (http://seismo.ethz.ch/info/mt.html). Up to 58% of the seismograms
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Figure 2.6: Path coverage achieved in this study: in red paths for seismograms recorded at MID-
SEA stations, in black the other paths.

recorded by MIDSEA stations and used in this study could be analysed thanks to recent
catalogues of source mechanisms for small/medium regional earthquakes (among oth-
ers Braunmiller et al., 2002). The combination of the MIDSEA stations together with
systematic regional source mechanism determination significantly contributed to comple-
ment and extend the existing data coverage especialy in the western Mediterranean Basin,
in northern Algeria, in Italy, in the central Mediterranean Sea, in the Atlantic Ocean and
along the Mid-Atlantic ridge (Fig. 2.6).






Joint inversion of local, regional
and teleseismic data for crustal
thickness in the Eurasia-Africa

plate boundary region

3.1 Summary

A new map for the Moho discontinuity (EAMO02) in the Eurasia-Africa plate boundary
region is presented. Reliable results have also been obtained for the southern and eastern
Mediterranean Basin, the northern African coasts and the eastern Atlantic Ocean, regions
only occasionally considered in studies on the Mediterranean region. The Moho topog-
raphy model is derived from two independent sets of constraints. Information contained
in the fundamental and higher mode Rayleigh waves obtained from waveform modeling
is used to constrain the Moho depth between estimates of crustal thickness taken from
published reflection and refraction surveys, gravity studies and receiver function analysis.
Strong lateral variations in the Moho topography have been observed in the Mediter-
ranean Sea confirming the complex evolution of this plate boundary region. In the west,
the Moho discontinuity has been found at 15-20 km depth, suggesting extended and, at

*This chapter has been accepted for publication in Geophys. J. Int. as. F. Marone, M. van der Meijde,
S. van der Lee, D. Giardini, Joint inversion of local, regional and teleseismic data for crustal thicknessin
the Eurasia-Africa plate boundary region.
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least in some locations, oceanic crust, while in the east the crust is on average 25-30 km
thick. There it is interpreted either as Mesozoic oceanic or thinned Precambrian conti-
nental crust covered by thick sedimentary deposits. Standard continental crust (30 to 35
km) is observed along the eastern part of the northern African coast, while to the west
arapid change from arelatively deep Moho (down to 42 km) below the Atlas Mountain
Range to the thin crust of the southwestern Mediterranean Sea has been found. The crust
beneath the eastern North Atlantic Ocean can be up to 5 km thicker compared to standard
oceanic crust (6 km). The crust has been interpreted to be heterogeneous as a consequence
of irregular magma supply at the Mid-Atlantic ridge. In addition, serpentinization of the
sub-Moho mantle could contribute to the imaging of apparently anomal ous thick oceanic
crust. In Europe, the presence of crustal roots (> 45 km) beneath the major mountain
belts has been confirmed, while thin crust (< 25 km) has been found beneath extensional
basins. Comparing the obtained Moho topography and Moho depth computed assuming
isostatic compensation at 60 km depth shows that most of the Mediterranean and eastern
Atlantic region appears in isostatic equilibrium. The large positive residuals observed for
the eastern Mediterranean are likely due to overestimating crustal thickness, owing to the
thick sediment deposits present.

3.2 Introduction

The Eurasia-Africa plate boundary region (Fig. 3.1), extending from the Azores triple
junction in the Atlantic Ocean to Turkey and the easternmost Mediterranean Sea, is atec-
tonically complex area.

A better knowledge of the crustal structure in aregion so complex asthe Mediterranean is
important to better understand the past and present tectonic and geodynamic evolution. A
detailed crustal model will also improvethe accuracy of locating local and regional earth-
guakes. Moreover, since most datasets used in mantle sei smic tomography are sensitiveto
crustal structure, but cannot resolve details within the crust, accurate crustal corrections
are essential to prevent mapping crustal featuresin upper mantle tomographic images and
so biasing the modeled structure.

Since amajor regquirement of achieving a more detailed Moho depth map is more homo-
geneous data coverage of the Mediterranean region, a temporary network consisting of
25 broad band three-component seismic stations has been installed in the Eurasia-Africa
plate boundary area during the international MIDSEA (Mantle Investigation of the Deep
Suture between Eurasiaand Africa) project (Van der Lee et al., 2001). Careful placing of
the single seismic stations complements the data coverage provided by existing networks
and stationsin the region. Consequently, most MIDSEA stations are located on islands as
well asin northern Africa.

This study presents a new map for the Moho in the Eurasia-Africa plate boundary re-
gion. We combine new surface wave data recorded by the MIDSEA network with new
information from recent refraction/reflection profiles (e.g. Doser et a., 1997; Bohnhoff
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Figure 3.1: Topographic map of the Eurasia-Africa plate boundary region.

et al., 2001), receiver function analyses (e.g. Sandvol et a., 1998; Van der Meijde et al.,
2003b) and gravity studies (e.g. Mickus & Jallouli, 1999). We present the first map for the
Moho depth covering the whole Mediterranean with reliable results for the southern and
eastern Mediterranean Basin, the northern African coasts and Atlantic Ocean. This Moho
map has been used to assess first-order Airy isostatic compensation in the Mediterranean
region.

3.2.1 Tectonic background

The Mediterranean Basin is mainly dominated by slow convergence between Africa and
Eurasia, accomodated by subduction of Mesozoic oceanic lithosphere, e.g. along the Hel-
lenic and the Calabrian arc, and by the formation of curved Paleo- and Neogene orogenies
such as the Alps, Carpathians, Betics and Rif, Calabria and Apennines, Hellenides and
Dinarides and Maghrebides. Although convergence acts as the primary plate tectonic pro-
cessin thisregion, back-arc basins such as the Algero-Provencal, Tyrrhenian and Aegean
Basins have also been formed during episodes of relatively fast extension related to slab
retreat. Moreover, the Azores archipelago is characterized by transtensional deformation,
while in the eastern Atlantic Ocean the major ongoing processiis strike-dlip faulting. The
complex tectonic evolution of the plate boundary region, described in detail in Dercourt
et a. (1986), Dewey et al. (1989), De Jonge et a. (1994) and Wortel & Spakman (2000),
yields a complex 3D crustal structure with large and small-scale features and a strongly
perturbed crust-mantle boundary.
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3.2.2 Previous studies

The Mohorovi€ic (Moho) discontinuity has been the target of several crustal studies pub-
lished for parts of the Mediterrenean region. Detailed local studies exist for parts of Italy
(Egger, 1992), Spain (Banda et al., 1981a,b) and Greece (Makris, 1985). The results
of these local studies have been used to compile regional models for the Mediterranean
region. In 1987, Meissner et al. (1987) presented a Moho map for the Mediterranean
area from Spain to Greece but not covering the southern and eastern part of the Mediter-
ranean Sea. Although their map is constrained by alarge amount of seismic data, it still
shows large regions whose Moho depth is based only on interpolation. At the same time
Geiss (1987) published a similar work but with additional seismological datafor northern
Africa, especialy Morocco, Egypt and Israel. However, the uncertainties on Moho depth
in the eastern and southern parts of his map are as large as 10 km. More recently, Du
et al. (1998) compiled a 3D regionalized model of the European crust and upper mantle
velocity structure including the southern Mediterranean region and northern Africa, but
using aregional averaged model for these areas.

One of thefirst surface-wave dispersion studies, presenting regionalization of the crust for
parts of the Mediterranean region, has been published by Calcagnile & Panza (1990). The
recent regional crustal model of Pasyanos & Walter (2002), also derived from surface-
wave dispersion results, covers a broader region than the studies above. However, the
average scale of the mapped features, especially in the Mediterranean region, is not com-
parable to the size of the structures observed there, owing to data characteristics and the
long-path seismograms used.

The Mediterranean is also described in global modelsfor the earth crust by Mooney et al.
(1998) and Bassin et a. (2000). The first compilation is specified on a coarse grid of
5°x5°. Bassin et al. (2000) updated the previous model with more current global sedi-
ment and crustal thickness data. Thisrefined version isdefined on a2°x2° grid. However,
for the oceanic region and the Mediterranean Seathe model is poorly constrained by data,
owing to the lack of refraction and reflection studiesin these regions. Even thisfiner grid
still givestoo coarse and rough a view of the crust in so complex aregion as the Mediter-
ranean, where small-scale structures are expected.

All the af orementioned studies have some drawbacks. Local investigationsare too limited
compared to the scale of the Mediterranean area. Conversely, regional models suffer from
inhomogeneous data coverage, causing large regions to be constrained only by interpo-
lated values for the Moho depth. Furthermore, the algorithm used to interpolate between
point measurements of regional compilationsis based only on a mathematical approach
(mainly linear interpolation). Regional crustal models derived from surface wave disper-
sion measurements suffer from the averaging out of small-scale features characteristic to
the Mediterranean region. Nor are global compilations accurate enough in describing the
gpatial variation in the Moho topography there.

Detailled Moho depth maps for the eastern Atlantic Ocean hardly exist. The available
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Figure 3.2: Geographical distribution of constraints used in the 3D inversion: wave paths (solid
lines) that produced linear constraints through waveform fitting and locations with previous ob-
servations of the crustal thickness (white stars: receiver function studies, black circles: dataset of
Mooney et al. (2002), grey diamonds: refraction and reflection profiles, grey inverted triangles:
gravity studies)(see the Appendix A for a complete list of references).

studies are either reflection and refraction profiles for selected locations (e.g. Potts et al.,
1986; Pinheiro et al., 1992) or global crustal thickness compilations (e.g. Mooney et al.,
1998) based mainly on average crustal models and only poorly constrained by data.

3.3 Data

Our Moho map for the Mediterranean region is derived from two independent sets of
constraints (Fig. 3.2). The primary dataset includes estimates of crustal thickness taken
from published reflection and refraction surveys, gravity studies and receiver function
analysis. Information contained in the surface waves is used to constrain the Moho depth
between these point measurements.

3.3.1 Constraints on crustal thickness

About half the estimates of the crustal thicknessincluded here come from the compilation
of Mooney et al. (2002), and the rest from individual publications. The list of references,
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Table 3.1: Locations of broad band stations, number of receiver functions used and resulting
values for Moho depth.

Code Latitude Longitude N Moho (km)

DGl 40.318 9.607 19 34
GRI 38.822 16.420 16 43
MGR 40.138 15.553 9 23
SOl 38.073 16.055 24 35
SAOF  43.986 7.553 29 21
RUSF  43.943 5.486 13 33
SMPL  42.094 9.285 32 35

subdivided into different types of data used, can be found in the Appendix A. Crustal
thickness beneath a few stations belonging to the temporary MIDSEA and to the perma-
nent TGRS network has been estimated from receiver function analysis following Van
der Melijde et a. (2003b). These estimates have also been included in this study and
are listed in Tab. 3.1. In addition, since only few Moho depth estimates exist for the
eastern Atlantic region and surface wave information is limited owing to a limited num-
ber of crossing paths (Fig. 3.2), we force the Moho depth to stay closeto 10 km (standard
oceanic crust) where the water is degper than 2000 m and the surface waves do not require
otherwise. Uncertaintiesrelated to the individual point measurements differ depending on
the method used to determine the crustal thickness estimate. Under the assumption of a
flat Moho (e.g. Van der Meijdeet a., 2003b), crustal thickness data obtained with receiver
function analysis have an error around + 1-2 km. Uncertainties related to the results of
refraction and/or reflection seismology vary depending on the data quality. Moho depth
estimates obtained from refraction seismics can have an uncertainty as small as 1.5 km
(Bohnhoff et al., 2001). In general, the results of gravity studies have larger errors.

3.3.2 Surface waves

For interpolation between the point estimates of the crustal thickness, information con-
tained in broad band S- and surface waves is used. Seismograms from regional earth-
guakes recorded at broad band seismic stations in the Mediterranean region (Europe,
northern Africa, Middle East countries and islands in the Atlantic Ocean) belonging to
different European networks (Swiss National Network, IRIS/IDA, IRISUSGS, MedNet,
Un. Trieste, Géoscope, RENaSS, TGRS, GEOFON, GRSN, GRF, Un. Stuttgart, GlI,
Un. Barcelona, Un. Madrid, Inst. Andaluz, Czech National Seismological Network (CZ2),
NARS, Gl _Budapest, Blacknest) are studied. It isimpossibleto obtain homogeneous data
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Figure 3.3: Distribution of the epicentral distance of wave paths used for waveform fitting.

coverage, given the uneven distribution of seismic stations and events in the Mediter-
ranean region. Moreover, because of its extremely complex crust and upper mantle struc-
ture, we needed to use shorter paths than in previous studies (e.g. Zielhuis & Nolet, 1994)
to avoid phases distorted by scattered energy. Therefore, we temporarily installed 25
broad band three-component seismic stations during the MIDSEA project (Van der Lee
et al., 2001) in regions poorly covered, like the north African coasts and Mediterranean is-
lands. Using the seismograms from these new stations provided us with more and shorter
paths than used in previous studies.

We analysed the S and surface waves (for a frequency window between 6 mHz and 60-
100 mHz) from 235 regiona events recorded on 1136 vertical and radial seismograms
with a good signal-to-noise ratio. We considered earthquakes with a magnitude between
4.4 and 7.6. The distribution of the epicentral distanceis shown in Fig. 3.3. The median
path length is 15° and the paths are shorter than 30°, except for the events located in the
Atlantic Ocean.

Synthetic seismograms have been calculated using the hypocenter location and origin
time provided by the NEIC Preliminary Determination of Epicenters for recent events.
For older earthquakes, the source parameters used come from Engdahl et al. (1998). The
moment tensor solutions were taken when available from the online Harvard catalogue
(e.g. Dziewonski et a., 1994). For smaller regional events we used the solutions com-
puted by Braunmiller et al. (2002). In afew cases we adopted the results from the online
MedNet catalogue or those of Thio et al. (1999).
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3.4 Method

To interpolate between point measurements of Moho depth, we use the Partitioned Wave-

form Inversion (PWI) method. Theresultsarethe map of the Moho discontinuity (EAM02)
presented here, together with a3D upper mantle S-velocity model for the region discussed

separately (Marone et al., 2003a). This joint inversion for Moho depth and Svelocity

structure mutually reduces biases of assumptions for one of these on the results for the
other.

The PWI was introduced and applied to a 2D case by Nolet (1990). Originaly, only

perturbations in the S-velocity structure were considered, while the effect of variationsin

Moho depth wasincluded in later calculationsby Das & Nolet (1995) using partial deriva-

tives derived by Woodhouse & Wong (1986). For a detailed description of the method in

3D, see Van der Lee & Nolet (1997).

In the first part of PWI, linear constraints on the average S-velocity structure and Moho
depth along each path are determined by non-linear waveform fitting of wave trains com-

posed of fundamental and higher mode surface waves. Particularly sensitive to crustal

structure is the high frequency part of the fundamental mode surface wave. To use high
frequency waveforms not biased by scattered energy, we have included as many short-

path seismograms as possible. The non-linear nature of the waveform fitting procedure
requiresthe use of 1D starting models close to the average S-vel ocity structure along each
path. For continental paths, we chose models derived from iasp91 (Kennett & Engdahl,

1991) with different crustal thicknesses, while for paths crossing comparable amount of

seaand land, we introduced awater layer (2 km or 4 km thick for wavestravelling through
the Mediterranean region or the Atlantic Ocean, respectively) to simulate the mixed char-

acter of the crossed region.

In the second part of the PWI, constraints obtained from the waveform fitting and inde-

pendent point estimates of the Moho depth are jointly inverted for S-velocity and crustal

thickness. The linear constraints obtained for the Mediterranean region from individual

seismogram fits are characterized by a crust thinner than the 35 km of iasp91 and show
lower Svelocities in the uppermost mantle. Consequently, a reference model for the 3D

inversion similar to iasp91 has been chosen, but with a crustal thickness modified to 30

km and lower S-velocities in the uppermost 200 km. As demonstrated in Marone et al.

(2003a), however the obtained solution is stable and is independent of the adopted start-

ing model. The Svelocity is parameterized as coefficients of a Cartesian grid of nodes,

while for the Moho depth a triangular grid of nodes is adopted on a spherical shell at the
Moho depth of the background model (Van der Lee & Nolet, 1997). The distance between
the nodes of the triangular grid is compatible with the inter-knot spacing in the Cartesian

grid and is 97 km on average. Since the inversion problem is mixed determined, it has
been solved using a damped |east-squares inversion method. The value of the damping
parameter (A = 1) has been chosen to balance variance reduction and model norm. More-
over, given the characteristics of the surface waves, it has been required that the solution
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is smooth. Since the distance between the grid nodes in the vertical direction is 60 km,
the resolution for the crustal velocity structureislimited. Therefore, the S-velocity model
obtained for the uppermost part of the model represents only an average for the crustal
and sub-Moho velocities and will not be interpreted. It has been inverted for it to absorb
the effects of crustal velocity structure on the waveform data. The effects of Moho depth
on waveforms are much larger than those of distributed velocitieswithin and immediately
below the crust. For more details on the 3D inversion see Marone et a. (2003a).

A different weight is assigned to each independent point constraint according to its es-
timated uncertainty (see section 3.3.1). The point constraints resulting from refraction
and/or reflection profiling and some of the receiver function analyses are more strongly
weighted since their estimated error is smaller than that of other crustal thickness esti-
mates. To choose the relative weights of the point constraints and the Rayleigh wave fits,
we opted for a balance between smoothed Moho topography and exact match between
point constraints and resulting crustal thickness values. For the chosen model, most point
constraints are met by the Moho map within their double standard deviation (Fig. 3.4),
while the Moho topography remains smooth. The discrepancies falling outside the dou-
ble standard deviationinterval are related to point measurementsin regionswhere astrong
gradient in the Moho topography can be expected (e.g. Calabrian and Hellenic arcs). The
obtained Moho depth model has been forced to be smooth. If the weight of the point
constraints is increased and they are forced to be matched within their single standard
deviation, the obtained model shows strong gradients and small size anomalies.

Fig. 3.4(f) shows how the values observed in EAMO2 (Fig. 3.5) deviate from the artifi-
cially imposed point constraintsin the Atlantic Ocean (see section 3.3.1). Thedistribution
of the differences is shifted towards negative values and the maximum is observed at -5
km. Thisindicates that the surface waves travelling through the eastern Atlantic region
require on average a5 km thicker crust than the imposed standard oceanic crust of 6 km.

3.5 Uncertainties estimation

Uncertaintiesin the obtained Moho depth values arise from different sources. First, there-
solving power of a seismogram for the average earth structure along its path is controlled
by the Fresnel zone. If natural trade-offs between model parameters (e.g. crustal veloc-
ity and Moho depth) are not reduced by introducing additional constraints, the obtained
velocity and crustal structure along every single path as well as the final 3D image can
be blurred. Errorsin the source parameters and excitation factors, as well asin modeling
assumptions (neglect of scattering, multipathing and mode-coupling) and in the approx-
imations made in the non-linear waveform fitting method also limit the resolving power
of the data. Das & Nolet (1995) showed that for synthetic and real data with avery good
signal-to-noise ratio, the Moho can be resolved within a kilometer, if frequencies as high
as 0.125 Hz are fitted. Due to the complexity of the Mediterranean region and limited
signal-to-noise ratio (mainly waveforms of moderate earthquakes have been used), in this
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Figure 3.4: Distribution of the deviation of the previous crustal thickness observations from the
values observed in EAMO2 (Fig. 3.5). The 95% confidence interval is represented by the two
vertical lines. ((a) Dataset of Mooney et al. (2002), (b) Refraction and reflection profiles, (c)
Receiver function study of Van der Meijde et al. (2003b), (d) Other receiver function studies, (€)
Gravity studies and (f) A priori constraints on the crustal thickness in the Atlantic Ocean).
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Figure 3.5: Map of Moho depth (EAMO02) obtained in the 3D inversion.
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study it was hardly possible to fit frequencies higher than 0.08 Hz. The expected uncer-
tainty related to the average crustal thickness along each path is therefore higher than the
ideal case shown in Das & Nolet (1995).

In the joint 3D inversion of linear constraints provided by the waveform fitting and ad-
ditional point constraints, further uncertainties are involved: errors in previous estimates
of crustal thickness and the variable resolving power of surface waves due to inhomoge-
neous great circle ray path coverage and the modes different sensitivity to different parts
of the crust and upper mantle. In addition, the smoothness constraint is aso responsible
for averaging the Moho topography towards a mean value which leads to underestimating
the small-scale Moho topography perturbations. Owing to different error sources and the
barely quantifiable propagation of uncertaintiesin the inversion, aformal error estimateis
impossiblefor the Moho depth values obtained here. Nevertheless, assessing the anomaly
size and amplitude that can be recovered in the 3D inversion as well as the spatially vari-
able resolving power of the datais important for interpreting and using EAMO2. For this
reason resol ution tests with synthetic anomalies have been performed.

In Figs. 3.6 and 3.7 two examples are shown: one with large anomalies (5°) and one with
small (3°). As expected, large features are better resolved than small ones. The shape of
Moho topography perturbationswith an average size of 500 km are well resolved through-
out the studied region. The anomaly amplitude is almost completely recovered in central -
southern Europe, the central-western Mediterranean Sea and the Atlantic Ocean. In the
remaining areas it is partly underestimated (Fig. 3.6). For features as small as ~ 300 km,
the best resolving power is achieved for central-western Europe and the Mediterranean
Basin: the region with the best path coverage and most point estimates of crustal thick-
ness. In these regions we recovered 83% of the amplitude of the Moho perturbation, for
other areas the anomaly amplitudes are underestimated. Although the surface wave path
coverage is optimal in eastern Europe, small-scale features of the synthetic input model
are not well recovered (Fig. 3.7) owing to few point measurements of the Moho depth and
insufficient high frequency fundamental mode surface waves generated by Romania’sin-
termediate to deep earthquakes.

To have an idea of the resolving power for gross-scale features, we performed an addi-
tional resolution test with arealistic input structure: 10 km, 20 km and 35 km Moho depth
beneath the Atlantic Ocean, the Mediterranean Sea and Europe, respectively (Fig. 3.8).
For regions with good path coverage and enough point constraints, the resolution is very
good and the amplitude anomaly completely recovered (e.g. in the western Mediter-
ranean). If the number of point constraints for crustal thicknessis limited, we observed
underestimation of the Moho topography perturbations up to 4 km for regions constrained
only by surface wave data.

Since a trade-off between crustal velocity and thickness exists, insufficient control of the
crustal S-velocity structure could be wrongly mapped into the Moho topography. An
inversion attempt, with additional independent constraints on upper crustal S-velocities
according to the sediment information from Laske & Masters (1997), shows that in re-
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(b)

Figure 3.6: Checkerboard resolution test with 5 anomaly size: (a) Input model, (b) Retrieved
structure.
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(b)

Figure 3.7: Checkerboard resolution test with 3 anomaly size: (a) Input model, (b) Retrieved
structure.
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Figure 3.8: Resolution test with realistic input structure (10 km, 20 km and 35 km Moho depth
beneath the Atlantic Ocean, the Mediterranean Sea and Europe respectively): (a) Input model, (b)
Retrieved structure.
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gions with an anomalously low average crustal velocity due to thick sedimentary deposits
(up to 15 km), crustal thickness can be overestimated by up to 8 km. In areas with a
standard upper crust, variations in the Moho depth related to whether or not sediments
are included fall within the uncertainties. Therefore, and because of incomplete and im-
precise sediment thickness and velocity information, we decided not to correct for this
effect. No contraints on crustal velocity have been included in the joint 3D inversion.
However, overestimating crustal thickness due to particularly thick sedimentary layersin
the Mediterranean region is expected only in limited areas (eastern Mediterranean and
Adriatic Sea). For the remaining region the sedimentary coverage is not thick enough to
bias the results significantly.

3.6 Results and discussion

The obtained Moho map for the Eurasia-Africa plate boundary region (EAMO02) is shown
inFig. 3.5. Depth to the Moho in the area varies from less than 15 km beneath the Atlantic
Ocean and in the Algero-Provencal Basin to over 43 km beneath the Alps. The spatially
averaged value for the crust-mantle boundary depth is 28 km.

Compared to the existing Moho map for the region by Meissner et al. (1987), we extended
the results to the southern Mediterranean Basin, northern Africa and the Atlantic Ocean.

3.6.1 Mediterranean Sea

The Mediterranean Sea shows a strongly heterogeneous character. In the western part,
beneath the Ligurian Sea and the Algero-Provencal Basin, a shallow Moho (< 20 km)
has been imaged. The observed thin and on average fast crust, together with the low S
vel ocities observed in the uppermost mantle (Marone et al., 2003a) and the high heat flow
measured (Burrus & Foucher, 1986), all support the idea of oceanic crust present among
the predominantly extended continental crust, at least in limited locations (e.g. offshore
Provence). The region’s imaged thin crust could be the result of extensional processes
at the back of the retreating NW dipping subducting oceanic lithospheric slab between
~ 30 — 22 Ma (Faccenna et al., 2001). Oceanic crust could have been emplaced during
the simultaneous 25-30° counterclockwise drifting of the Sardinia-Corsicablock (Burrus,
1984).

The westernmost part of the Mediterranean Basin or Alboran Sea, squeezed in between
the Betics in the north, the Rif in the east and the Atlas Mountain Range in the south,
has been locally affected by extensional processes since the Early Miocene (e.g. Platt &
Vissers, 1989; Seber et a., 1996), even though deformation of the overall region is domi-
nated by the converging and colliding African and Eurasian continents. While the Moho
discontinuity beneath the mountain belts in southern Spain and northern Africais found
at a depth of 35 to over 40 km, the Alboran Sea has a much shallower Moho at 25 km.
According to resolution tests (Fig. 3.7), afeature as small as the Alboran Sea can be re-
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solved by our dataset. However, the Moho depths obtained for this region are possibly
damped towards a mean value: in reality the crust-mantle boundary is deeper beneath the
arcuate mountain belt and shallower in the center beneath the Alboran Sea than shown in
Fig. 3.5.

The central Mediterranean Basin can be divided into two regionsfollowing the bathymetry
(Fig. 3.1), the Moho topography (Fig. 3.5) and the uppermost mantle S-velocity struc-
ture (Marone et a., 2003a). North of the Malta escarpment, where the deep basins are,
a shallow Moho is observed. Beneath the lonian Basin the crust-mantle discontinuity is
shallower than 20 km, while eastward (below the Sirte Basin) it isfound at 23 km. These
results support the interpretation of the deep central Mediterranean basins as relicts of
Mesozoic oceanic crust covered by 6-8 km thick sedimentary layers (De Voogd et al.,
1992). To the south, offshore Libya, the Moho is present at 30 km depth. This suggests
that the region could be an extension of the northern African margin beneath the Mediter-
ranean Sea, an idea supported by its shallow bathymetry. Such a division of the central
Mediterranean Sea into two parts is also observed in the upper mantle structure, with a
fast northern part, possibly representing oceanic lithosphere, while average velocities are
present to the south (Marone et al., 2003a).

The eastern Mediterranean shows the Moho at adepth of 30 km on average. A shalowing
of the crust-mantle boundary (23 km) has been mapped beneath the L evantine Sea, while
adeepening (> 35 km) is observed at the Nile's mouth, where sediments transported by
the river have accumulated. Reflection and refraction seismic profiling, gravimetric and
magnetic studies have been performed in the region. However, the origin of this part of
the Mediterranean Sea as well as the nature of its crust are still debated. For the east-
ermost Mediterranean Basin (Levantine Sea) particularly, two end-member hypotheses
exist. Thefirst one suggeststhat the crust, of oceanic nature, formed during M ezosoic pe-
riods of rifting (eg. Makris et al., 1983; Dercourt et a., 1986; Ben-Avraham et a ., 2002).
The second hypothesis postul ates that a Precambrian continental basement with terranes
of accreted Precambrian oceanic crust underlies the entire eastern Mediterranean (Hirsch
et al., 1994). The original continental crust could have thinned through a change of its
physical properties due to the accumulation of an up to 14-km-thick pile of mainly Trias-
sic and Jurassic sedimentary rocks as mapped in the region (Makris et al., 1983; Hirsch
et a., 1994; Knipper & Sharaskin, 1994). In spite of differences in the mechanism of
crust formation and of crustal nature (continental or oceanic), both theories agree on the
presence of thin crust covered by athick sedimentary pile. Even if resolution in this part
of the studied region is limited by inhomogeneous data coverage, our results support the
existence of thin crust, especialy in the Levantine Basin, where a shallower Moho is ob-
served compared to surrounding regions. Moreover, during the waveform fitting of the
single seismogramsin the first part of the PWI, the linear constraints obtained for thisre-
gion indicate anomalously low velocitiesin the crust, consistent with athick sedimentary

layer.
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3.6.2 Eastern Atlantic Ocean

The eastern Atlantic Ocean, the region between the Mid-Atlantic Ridge and western Eu-
rope, is characterized by a relatively homogeneous structure, with the Moho at a depth
of 15 km (with an average 4-4.5 km water layer, a crustal thickness of 10.5-11 km). Our
results show acrust at least 4 km thicker than values obtained from seismic refraction and
reflection profiles (e.g. Fowler & Keen, 1979; Whitmarsh et al., 1982; Ginzburg et al.,
1985), and a difference of about 2.5 km compared to results from rare element inversions
of melt distribution in the mantle source region (White et a., 1992). The Moho is deep-
ening to 27 km underneath the Azores archipelago. The origin of the thicker crust here
could be an increased melt production due to the interaction of the spreading ridge and a
possible mantle plume (White et al., 1992).

As can be seen in Fig. 3.1, the seafloor of the eastern Atlantic Ocean shows a perturbed
relief. These heterogeneities could have formed at the Mid-Atlantic Ridge after mag-
matic and amagmatic periods, which alternate over a short temporal scale (~ 100 ka)
and are characteristic of low spreading ridges (Rommevaux et al., 1994; Canales et al.,
2000). Canales et a. (2000) also pointed out the extremely variable thickness of the crust
formed at such slow spreading ridges: they measured > 2.2 km thickness variations over
horizontal distances of ~ 5 km. During periods of high magma supply, a crust thicker
than standard oceanic crust could have been created. The study of rocks dredged along
slow spreading ocean ridges suggests lateral variability of the structure of the oceanic
crust along the ridge, as a consequence of non-uniform flow of melt out of the mantle
and punctual ocean ridge magmatism (Dick, 1989). Complex crustal thickness variability
results also from 3D numerical models of convection within the partially molten mantle
beneath the ridge axis (Rabinowicz & Briais, 2002). Moreover, underplated bodies and
fragments of subcontinental lithospheric mantle residing shallowly in the oceanic man-
tle have been imaged with wide-angle seismic reflection techniques (Jacob et al., 1995)
and postulated from #7Os/'%8Os ratio measured in basalts (Shirey et al., 1987; Widom
& Shirey, 1996). Together with such fragments, crustal pieces could aso have detached
from continental edges during the opening of the North Atlantic Basin and now lie within
younger oceanic crust. Along with a mantle plume, these fragments of continental crust
can explain the thicker crust observed in the Azores archipelago.

The serpentinization of the sub-Moho mantle at the Mid-Atlantic ridge could also con-
tribute to the imaging of the anomalously thick oceanic crust in our model for the eastern
Atlantic Ocean. It islikely that open fissures characteristic of slow spreading ridges and
non-constructive areas of ridge axes provide a path for seawater circulation which eas-
ily penetrates the upper mantle lying at shallow levels (e.g. Hébert et a., 1990; Black-
man et al., 1998). Serpentinization of mantle rocks strongly decreases their density from
3.2 g/lcm? for mantle rocks to a density of 2.5 g/cm? for pure serpentine (e.g. Miller &
Christensen, 1995; Blackman et al., 1998; Friih-Green et al., 2001), as well as their S
velocity. In fact, the shear-wave velocity of serpentinized mantle rocksis close to crustal
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Svelocities. Thus, rock serpentization in the uppermost mantle could create a low S
velocity layer just beneath the Moho, reducing the velocity contrast at the crust-mantle
discontinuity and creating a stronger velocity gradient between the serpentinized sub-
Moho mantle and the unaltered lithospheric mantle. Possibly this velocity discontinuity
has been imaged and interpreted as the Moho, thus causing us to overestimate the oceanic
crustal thickness. Modeling single waveforms of S- and surface waves travelling through
the eastern Atlantic Ocean supports thisinterpretation. In fact, if aMoho at 10 km depth
is chosen a priori, the surface waves require a 10-15 km thick sub-Moho layer charac-
terized by S-velocities as low as 4.15 km/s. Moreover, a 1D path-average velocity model
characterized by a 5 km thick sub-Moho layer with extremely low Svelocities (~ 3.3
km/s) is also consistent with the observed waveforms. S-velocities as low as 3.3 km/s
would suggest a degree of serpentinization as high as 50% (Christensen, 1966). Ser-
pentinized uppermost oceanic mantle seems to be required in subduction zones, where
dehydration could provide enough energy for unbending the slab (e.g. Seno & Yamanaka,
1996; Peacock, 2001). Dehydration embrittlement could be the cause of intermediate
depth earthquakes occurring at mid-plate depths in the subducting slab. However, where
serpentinization is taking place is still a matter of debate: Peacock (2001) suggests that
serpentinization may occur in the trench-outer rise region, where faulting may promote
infiltration of seawater several tens of kilometersinto the oceanic lithosphere. In contrast
Seno & Yamanaka (1996) propose that the hydration of the uppermost oceanic mantle
could occur when the oceanic plate passes over plumes or superplumes. Here we show
evidence that in the eastern Atlantic Ocean the sub-Moho mantle could be partially ser-
pentinized so that hydration could partly occur at the Mid-Atlantic ridge.

Synthetic resolution tests preclude that the wave path coverage has contaminated the im-
aged structure of the Atlantic region with continental characteristics (Fig. 3.2).

3.6.3 Northern Africa

After installation of broad band seismic stations along the northern African coast during
the MIDSEA project (Van der Leeet al., 2001), it was possible to increase data availabil-
ity significantly and consequently resolution, especialy for the northernmost margin of
Africa discussed here. However, the structure south of the margin is biased by smearing
along the main path direction.

EAMO2 shows on average the Moho discontinuity at 30 km depth beneath regions such
as northern Egypt and northern Libya which have not experienced important tectonic
episodes since the Paleocene (rifting phase in the Sirte Basin). A thickening of the crust
is observed at the Nile delta, where thick sediments are present (Tawadros, 2001). How-
ever, the western part of the African continent is characterized by a rapid change from a
relatively deep Moho (down to 42 km) below the Atlas Mountain Range to the thin crust
of the southwestern Mediterranean Sea (< 20 km). These features are a consequence
of past tectonic movements, such as subduction along northern Algeria (Dercourt et a.,
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1986). The tectonic activity of thisarea, still nowadays, is documented by seismicity (e.g.
Bufornet a., 1995).

3.6.4 European continent

The main features observed for continental Europe (Fig. 3.5) are correlated with surface
topography (Fig. 3.1). In fact, EAMO02 shows crustal roots beneath mountain belts such
as the Alps, the Dinarides, the Hellenides, the Pyrenees and the Carpathians, where the
Moho discontinuity is deeper than 40 km. A deep crust-mantle boundary (> 35 km)
is aso found beneath Turkey. A shallow Moho (< 30 km) is observed in relation with
extensional settings beneath the Pannonian Basin, the Black Sea and along the Central
European Rift. A similar feature is present beneath Bulgaria. We compared our results
for Europe with Meissner’s (1987) map for the Moho depth which he obtained compiling
severa deep seismic and extensive reflection/refraction profiles. We observe strong simi-
larities in the long wavelength character.

Comparing well are the results for Italy, where a complex structure can be expected be-
cause of theinteracting crust of the Adriamicrocontinent and the European plate. Beneath
Italy and the Corsica-Sardiniablock the Moho discontinuity isfound on average at 30 km
depth. We a'so confirm that the crust of the Adriamicroplate is continental with the Moho
at a depth of 30-35 km, as found by Meissner et al. (1987) and Morelli (1998). The seas
west of Italy show a shallower Moho than inferred by Meissner et a. (1987). IntheLig-
urian Sea the crust-mantle boundary is found at 20 km depth. This value agrees with the
minimum Moho depth of 16 km for this region proposed by Morelli (1998). Probably the
higher values found by Meissner et al. (1987) arise from interpolation due to lack of data.
For the Tyrrhenian Sea as well, a thin and stretched crust has been found by severa au-
thors like Calcagnile & Scarpa (1985) from regional dispersion of seismic surface waves
and Locardi & Nicolich (1988) from deep seismic profiles and petrological studies. In
EAMO2 (Fig. 3.5) we also observe a shallow crust-mantle boundary beneath the Tyrrhe-
nian Sea, confirming a stretched crust. However, the results in this area are constrained
mainly by estimates of crustal thickness obtained in refraction and reflection profiles. The
surface waves would prefer athicker crust, probably because the recorded signals of deep
earthquakes occurring beneath the Calabrian arc contain no fundamental-mode frequen-
cies high enough to constrain the crustal thickness significantly. As aresult, the value of
the Moho depth stays close to the 30 km of the background model. The shallow Moho
discontinuity found beneath the Tyrrhenian Sea has been set in relation with the exten-
sional back-arc basin tectonics characterizing this area (e.g. Faccennaet a., 2001).

In eastern Europe more differences emerge compared to the Moho map by Meissner et al.
(1987). First of al, beneath the Carpathian arc we find a deepening of the Moho to a
maximum of 40 km along a NW-SE striking feature. The NW-SE trending structure with
thickened crust that Meissner et a. (1987) found was narrower than what we observe. This
difference is due to the smoothing effect of the surface waves. Our results agree with val-
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ues obtained from refraction seismic profiles (Hauser et al., 2001), showing an increased
crustal thickness under the Carpathians. To the south, in Bulgaria, EAMO2 (Fig. 3.5)
shows the Moho at a depth of 25-27 km. The crust of thisarea is poorly known and only
afew studies have been carried out in the region. Several authors (Dachev & Volvovsky,
1985; Babuska & Plomerova, 1987; Shanov et al., 1992) suggest a quite complex crustal
structure, with a deep Moho in the south, possibly related to a paleosubduction (Shanov
et al., 1992) and crustal thinning in the northern-central part related to graben formation
and a shallow asthenosphere. The zone of thin crust we imaged in Bulgariais more elon-
gated in the N-S direction compared to the studies mentioned above. The thickened crust
in the southern part proposed by the authors above is possibly a small size perturbation
which can not be efficiently detected by the surface waves. However, since enough seis-
mic waves travel across this area, we believe that this region is characterized on average
by athin crust.

Greece is characterized by complex tectonics, with compressional processes in the outer
zone and extension in the back-arc basin area (Dercourt et al., 1986) as reflected in its
crustal structure (Fig. 3.5). Infact, we find the Moho deeper than 40 km beneath the Greek
mainland and the Peloponnesus. The crust-mantle boundary beneath Crete is observed on
average at 30 km. Moving from the collision zone to the back-arc basin (southern Aegean
Sea), we observe a shallowing of the Moho to a minimum of 20 km. In the northern
Aegean Sea the average Moho depth is 30 km. Our results agree with the Moho map of
Makris (1985) obtained by interpolating refraction and reflection seismic data with infor-
mation from gravity data. The zone of thin crust we image in the southern Aegean Seais
more elongated in an E-W direction, reaching the coasts of Turkey. In Makris' (1985) map
this feature is limited to the region north of Crete, but his results on the eastern Aegean
Seaare constrained by gravity dataonly. Similar features are also found in asmaller-scale
study presented by Karagianni et al. (2002).

3.7 Isostatic compensation

To assess Airy isostatic compensation in the Mediterranean region, the obtained Moho
depth model (Fig. 3.5) has been compared with a Moho depth model computed assuming
isostatic equilibrium. For this purpose, a synthetic crustal model has been constructed. In
particular, detailed information about sedimentary deposits as well as appropriate upper,
middle and lower crustal densities at each single node on a 0.5°x0.5° grid have been in-
cluded according to the compilation of Laske & Masters (1997) and Bassin et al. (2000).
The thickness of the sedimentary package and the ratio between the three crustal lay-
ers have been fixed at the values proposed by Laske & Masters (1997) and Bassin et al.
(2000). The thicknesses of the single crustal units have been scaled according to the
total crustal thickness in isostatic equilibrium. To obtain in the isostatic compensated
model Moho depth variations of the same wavelength as in the observed (Fig. 3.5), the
topography of the ETOPOS dataset (National Geophysical Data Center, 1988) has been
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smoothed.

In afirst step (Fig. 3.9(a)), Moho depth has been computed considering isostatic compen-
sation only for the crust and assuming a constant density for the uppermost mantle (p,,ante
= 3.33 g/cm?). The continental regions are characterized by residuals smaller than 5 km:
the difference between EAMO2 (Fig. 3.5) and the Moho topography for an isostatically
compensated crust islessthan 5 km. Considering the uncertaintiesin estimating the Moho
depth (see section 3.5) and in the assumed densities, we conclude that the crust for the
studied continental region is close to an isostatic equilibrium. The Mediterranean Basin
is showing strong positive residuals compared to the continental regions, suggesting that
either sub-Moho lithospheric densities are higher and/or crustal thickness has been over-
estimated. The Atlantic Ocean isalso characterized mainly by positive residuals, possibly
indicating that we underestimated the uppermost mantle density for an oceanic region.

In a second step, to include the effect of the lithosphere, we chose a compensation depth
at 60 km and computed uppermost mantle densities, converting the S-vel ocities obtained
in Marone et al. (2003a) according to a velocity-density-depth relationship provided by
Cammarano et a. (2002). Also in this case, the observed residuals (Fig. 3.9(b)) for the
continental region are smaller than 5 km almost everywhere, confirming isostatic equi-
librium. In the Atlantic Ocean the observed and computed Moho topography differs less
than in the previous case, which included only the crust. This confirms the necessity
of considering the lithosphere with an appropriate oceanic density in isostatic compu-
tation. Considering that owing to a mainly E-W paths direction in the eastern Atlantic
Ocean (Fig. 3.2), the obtained Moho topography has been averaged out and that the age
dependence of the oceanic lithospheric density has not been considered, we conclude
that isostatic compensation reigns at 60 km depth beneath this region. Beneath the Bay
of Biscay negative residuals are found. This anomaly, not present in Fig. 3.9(a), corre-
lates with an anomalous high S-velocity body in the uppermost mantle (Marone et al.,
2003a). The over 5 km difference between the observed and computed Moho depths
could possibly arise from overestimating the uppermost mantle densities. In fact, gran-
ulites representing at least partly, an Archaean crust with granulite facies metamorphism
have been found in the Bay of Biscay (Guerrot et al., 1989). The Archaean age of the
Bay of Biscay rocks compares to that of the west African craton, suggesting that the west
European plate belonged to west Africa during the late Proterozoic (Guerrot et al., 1989).
Although cratonic material shows high S-velocities, it is characterized by lower densities
than expected due to depletion and leads here to overestimating of the lithospheric den-
sity because of the constant vel ocity-density-depth relationship used. Decreased residual
values with the inclusion of the lithosphere are also observed for the central Mediter-
ranean (between southern Italy and Libya), while residuals over 5 km are still present
in the eastern Mediterranean. In this latter region isostatic compensation would require
higher densities in the uppermost mantle. Therefore, according to the velocity-density-
depth relationship of Cammarano et al. (2002), we expect higher S-velocities, which are,
however, absent in Marone et al. (2003a). Such large discrepancies between observed and
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Figure 3.9: Moho depth residuals computed by subtracting the Moho depth calculated assuming
isostatic equilibrium from the obtained Moho depth: (a) assuming isostatic compensation only for
the crust and a constant density for the uppermost mantle, (b) assuming a compensation depth of
60 km and using uppermost mantle densities derived from the S-velocity model of Marone et al.
(2003a).
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computed Moho depths could arise from overestimating crustal thickness in this region.
In fact the highest residuals correlate with the area having thickest crust offshore the Nile
mouth. As pointed out in section 3.5, synthetic tests show that a trade-off exists between
crustal velocity and thickness. Overestimating crustal velocity isresponsible for overesti-
mating the Moho depth. Thiseffect is particularly important in the eastern Mediterranean
Basin, where more than 10 km thick sediment deposits are present and crustal thickness
could been overestimated by up to 8 km.

3.8 Conclusions

We are first to map Moho depth (EAMO02) covering the whole Mediterranean region with
reliable results also for the southern and eastern Mediterranean Basin and the northern
African coasts, regions only occasionally considered in previous studies on the Mediter-
ranean Basin. Information contained in surface waves has been used to interpolate be-
tween existing point estimates of crustal thickness.

The heterogeneous crust of the Mediterranean Sea confirms the complex evolution of this
plate boundary region. In the west, the Moho discontinuity has been observed as shal-
low as 15-20 km. This extensively stretched and partly oceanic crust may have formed
from extension in the back-arc of the retreating Calabrian slab. In constrast, the eastern
Mediterranean region is characterized by 25-30 km thick crust on average. It isinterpreted
either as Mesozoic oceanic or thinned Precambrian continental crust covered by a thick
pile of Mesozoic sedimentary rocks.

Below the eastern North Atlantic Ocean our results show a crust up to 5 km thicker than
standard oceanic crust. Fromitshighly perturbed relief, we interpreted the crust hereto be
heterogeneous, as a consequence of periods with different magma supply characteristic of
slow spreading ridges. An additional effect contributing to the imaging of an apparently
anomal ous thickness could be the serpentinization of the sub-Moho mantle.

In Europe the presence of crustal roots beneath the major mountain belts has been con-
firmed, while thinned crust has been found below extensional basins.

Comparing the Moho topography obtained with the Moho depth computed assuming iso-
static compensation at 60 km depth shows that most of the M editerranean and eastern At-
lantic region appears in isostatic equilibrium. In the eastern Mediterranean Basin strong
positive residuals are likely due to overestimating the crustal thickness, owing to an ex-
tremely low average S-velocity in the upper crust. The lithospheric low density required
for isostatic compensation in the Bay of Biscay region, contrasting with observed high
S-velocities in the top 50 km of the mantle, confirms the presence of Archaean cratonic
material.



3D upper mantle S-velocity model
for the Eurasia-Africa plate
boundary region

4.1 Summary

A new regional S-velocity study resolving the Eurasia-Africa plate boundary region from
the Azores to the eastern Mediterranean Sea is presented. The resolution of existing ve-
locity models has been complemented by using new seismic broad band data recorded
by the temporary MIDSEA network and at permanent European seismic stations. Fol-
lowing the Partitioned Waveform Inversion method, we interactively fitted the waveforms
of S and Rayleigh wave trains of more than 1100 seismograms. The linear constraints
on upper mantle S-velocity provided by the waveform fits have been combined with inde-
pendent estimates of Moho depth in alinear damped |east-squaresinversion for S-velocity
and crustal thickness. The resulting S-velocity structure for the Mediterranean Sea shows
strong lateral variations confirming the complex evolution of this plate boundary region.
The upper mantle along the Eurasia-Africa suture zone is characterized by high-velocity
material representing subducted oceanic lithosphere. This signature can be followed to as
deep as 300-500 km, depending on the region and resolution. A high velocity body, pos-
sibly representing a fragment of subducted lithosphere, has been imaged beneath eastern

*This chapter has been submitted to J. Geophys. Res. as. F. Marone, S. van der Lee, D. Giardini, 3D
upper mantle S-velocity model for the Eurasia-Africa plate boundary region.
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Spain between 250 and 500 km depth. Not only convergence has been recorded in the
upper mantle, but also extension has its own signature beneath the Mediterranean. This
is particularly clear for the Algero-Provencal and Tyrrhenian Basins, where a shallow
asthenospheric layer is observed. The lithosphere-asthenosphere system of the western
Mediterranean clearly differentiates itself from the structure of the older eastern Atlantic
Ocean. Differences compared to the structure of a4 to 20 Maold ocean are also present.
These observations support the idea that, rather than a young ocean, the western Mediter-
ranean could be a strongly stretched continent, partly affected by spreading, formed at the
back of aslab. The structure characterizing the eastern Mediterranean points to a contin-
uation of the northern African continental lithosphere beneath the sea. Mgjor structural
differences in the eastern Atlantic Ocean are imaged between the Mid-Atlantic ridge and
the older oceanic basins: the North Atlantic lithosphere is characterized by lower veloc-
ities beneath the spreading ridge than under the old ocean basins. Despite strong differ-
ences observed in the crustal structure between the Mid-Atlantic ridge and the Azores, no
significant differences are observed in the upper mantle S-velocity structure.

4.2 Introduction

The Mediterranean region is characterized by the plate boundary between the Eurasian
and African plates, extending from the Azores triple junction to Turkey and the eastern-
most Mediterranean Sea. Convergence of these two large continental plates makesthisa
tectonically complex region showing strong lateral variationsin past and present dynam-
ics.

Fundamental for a deeper understanding of the evolution, deformation and dynamics of
such a complex region, is the detailed knowledge of its 3D upper mantle structure. For
example, a 3D velocity model can revea differences in the nature of the Mediterranean
basins, anomalies associated with mid-oceanic ridges, styles of past subduction, pres-
ence and extent of low rigidity parts of the mantle, differencesin oceanic and continental
lithosphere-asthenosphere systems and configuration of subducted lithosphere. Thistype
of additional information about the ongoing processes is aso necessary for advanced
seismic and volcanic hazard assessment in the highly populated Mediterranean region.
Moreover, adetailed velocity model isuseful for removing wave propagation effects from
seismograms, so reducing the uncertainties in earthquake location and focal mechanisms
determination, in particular in highly heterogeneous regions, as for instance along a plate
boundary.

Current models for the Mediterranean region are incompl ete due to inhomogeneous data
distribution. To improve the data coverage, 25 broad band three-component seismic sta-
tions have been deployed during the international project MIDSEA (Mantle Investigation
of the Deep Suture between Eurasia and Africa) (Van der Lee et a., 2001). Most sta-
tions have been installed on Mediterranean islands or along the northern African coast
and complement data coverage provided by existing networks and stations in the region.
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Figure 4.1: Topographic map of the Eurasia-Africa plate boundary region with approximate plate
boundary location. Curves with sawtooth pattern indicate the present location of the convergent
boundary, with sawteeth pointing in the direction of subduction or underthrusting. Strike-slip is
represented by arrows.

In this study we combine new surface wave data recorded by the MIDSEA network with
data from permanent broad band seismic stations to derive a 3D upper mantle S-velocity
model for the Mediterranean region. We present the first regional model resolving the
Eurasia-Africa plate boundary region from the Azores to the eastern Mediterranean Sea.

4.2.1 Tectonic background

The Eurasia-Africa plate boundary does not manifest itself as relatively sharp, but sur-
face deformation, seismicity and earthquake focal mechanisms indicate a wide, diffuse
and/or branched plate boundary. Owing to the formation and amalgamation of several
semi-independent microcontinents between the two major plates, the plate boundary has
changed location, shape and character throughout geological time (Dercourt et a., 1986).
Despite slow convergence acting as the primary tectonic process in the region, different
types of deformation affect and affected different parts of the suture zone. The plate
boundary is not characterized by a single, continuous subduction zone, but several arcs
with different orientations were active in different periods. Moreover, strike-slip and ex-
tension are al so important tectonic processesinfluencing theregion, e.g. along the Azores-
Gibraltar fracture zone and in back-arc basins, respectively. Unique of the Mediterranean
region is the small scale of complexity: typical lengths of the tectonic provinces span
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1°-5° (Fig. 4.1).

The complex tectonic evolution of the plate boundary is described in detail in e.g. Der-
court et al. (1986), Dewey et a. (1989) and De Jonge et al. (1994). The history of
the Mediterranean region is governed by the creation and subsequent destruction of the
Tethys Ocean. After an early period dominated by extension and formation of oceanic
lithosphere along different ridge systems, coincident with the breaking up of the Pangea
landmasses (Jurassi c-Cretaceous boundary), convergence has been acting as the primary
plate tectonics process. About 65 Ma ago (Cretaceous-Tertiary boundary), following the
opening of the Atlantic Ocean, the European and the African plates started to converge.
Oceanic lithosphere formation in the region stopped and subduction and thrusting pro-
cesses occurred along the entire northern Tethys margin. Owing to the continuous two-
plate convergence, alarge portion of oceanic lithosphere was consumed below several arcs
marking the beginning (around 35 Ma ago) of mountain belts formation (Pyrenees, Betic
Cordillera, Alps, Apennines, Carpathians, Dinarides and Hellenides). Parts of the original
oceanic lithosphere (100 Maold) are nowadays still preserved only in the eastern Mediter-
ranean Sea (e.g. Levantine Basin). Recently, several back-arc basins were created mainly
in the western Mediterranean Sea by rapid extensional activity (e.g. Algero-Provencal
Basin (30-16 Ma) and Tyrrhenian Sea (10-0 Ma)).

4.2.2 Previous studies

The upper mantle 3D velocity structure of the Mediterranean area has been the target
of several tomographic studies. However, a detailed and complete image of the entire
Eurasia-Africa suture zone has not yet been achieved. Existing models are either too lo-
cal or patchy, or show atoo long wavelength character inadequate to resolve features on
Mediterranean scales.

Traveltime tomographic models, such as the non-linear global P-velocity model of Bi-
jwaard & Spakman (2000) or regional P-velocity studies by e.g. Spakman et al. (1993)
and Piromallo & Morelli (2003), do not resolve structures of the shallow mantle beneath
the Mediterranean Basin. Thisis a consequence of lack of earthquakes and seismic sta-
tionsin the sea and on the northern African coast and of the body waves travelling quasi-
vertically through the lithosphere, leading to vertical leaking of the anomalies. The in-
sufficient resolution of body wave tomographic models for the shallow mantle beneath
aseismic regions covered by water has been documented by e.g. Spakman et a. (1993).
Moreover owing to the different sensitivity of P-, S and surface waves, our velocity model
will emphasize different structures than body wave tomographic studies. For instance the
conditions that decrease wave velocities, such as high mantle temperature, occurrence of
melts and/or fluids or chemica composition, have asignificantly larger effect on S rather
than on P-velocities (Cammarano et al., 2002). Therefore, locations where these condi-
tions exist, are more easily detected using S- and surface waves.

Recent global studies that involve the inversion of surface-wave data (e.g. Boschi, 2001;
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Shapiro & Ritzwoller, 2002) clearly image the long wavelength structure of the Mediter-
ranean region, but are still inadequate to describe its complex upper mantle.

Surface waves regiona studies for the Mediterranean region were introduced by Panza
et a. (1980), who presented the first maps outlining the regionalization of the crust
and lithosphere-asthenosphere system in the western and central Mediterranean. Snieder
(1988) inverted waveforms of fundamental mode Rayleigh waves and their coda for a
two-layered lateral model of S-velocities in the upper 200 km of the mantle. Zielhuis &
Nolet (1994) presented a 3D S-velocity model for Europe and part of the Mediterranean
region. However, they observed that surface wave anaysis around the plate boundary
region suffers from the structural complexity, which could not be adequately modeled for
lack of closely distributed seismic stations. Zielhuis & Nolet (1994) show a map of wave
paths for which the waveform fits were poor: the map is dominated by Mediterranean
paths, often longer than 20°, while the typical length of tectonic provinces in the region
gpans 1°-5°. Marquering & Snieder (1996) did not improve the path coverage for the
Mediterranean region relative to that of Zielhuis & Nolet (1994). Martinez et al. (2000)
presented a 3D S-velocity model focused on the Mediterranean Basin. However, their
model is based on a limited set of available seismograms and on only fundamental mode
Rayleigh waves. Moreover, ageodynamic interpretation of their resultsis not yet possible
since the spatial resolution of their dataset is still unpublished.

Higher-resolution regional studies tend to focus on a specific region within the Mediter-
ranean Basin. Among others, Papazachos & Nolet (1997) have resolved the high-vel ocity
structure of the subducting African plate in the mantle beneath the Aegean region using
P- and S'waves travel times. Southern Spain and the Alboran Sea have also been the
target of several tomographic studies. Here, a high velocity body has been imaged in the
mantle between 200 and 700 km. Blanco & Spakman (1993) interpreted this anomaly as
subducted lithosphere, possibly detached from the surface. The upper mantle beneath the
Italian peninsula has also been the object of intensive investigations (e.g. Lucente et al.,
1999).

Only few S-velocity studies exist for northern Africa. Ritsema & Van Heijst (2000) pre-
sented a regional model for entire Africa, focusing on gross features such as cratons and
the East African Rift, while short wavelength structures typical for the Mediterranean
region are averaged out.

4.3 Method

We apply the version of Partitioned Waveform Inversion (PWI1) described by Van der Lee
& Nolet (1997). Here we use PWI to image the 3D S-velocity upper mantle structure
of the Mediterranean region using vertical and radial component seismograms recorded
at European and northern African broad band seismic stations. In addition to the 3D S
velocity model presented here, the application of this technique aso yields a map for the
Moho discontinuity, which has been discussed separately (Marone et al., 2003b).
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In the first part of PWI, the 1D average S-velocity structure and Moho depth along each
path are determined by non-linear waveform fitting of wave trains composed of funda-
mental and higher mode surface waves. In the second part, the path average velocity
structures obtained from waveform fitting and independent point constraints on Moho
depth are combined in adamped linear inversion for 3D S-velocity and crustal thickness.

4.3.1 Waveform modeling

We obtained path average 1D S-velocity models, for which synthetic seismograms best
fit observed waveforms, by minimizing the objective function F'(+y) making use of anon-
linear optimization method based on conjugate gradients (Nolet, 1990; Van der Lee &
Nolet, 1997):

Fly) = / WP (D[ RA(t) — Rs(t, v)Pdt @.1)

where d(t) is the recorded and s(t, ) the synthetic seismogram, which depends on the
model parameters~. R isafiltering and windowing operator and w(¢) a weighting func-
tion designed, using the inverse of the signal envelope, to enhance the contribution to the
misfit of the higher modes with respect to the naturally dominating fundamental mode.
We constructed synthetic selsmograms by summation of the first 20 Rayleigh mode bran-
ches, with phase vel ocities between 2 and 10 km/s. The non-linear nature of the waveform
fitting procedure requires the use of 1D starting models close to the average S-velocity
structure along each path. Strongly affecting the computed synthetic waveforms is the
choice of the Moho depth and the presence of a water layer. To significantly reduce ef-
fects possibly introduced by nonlinearities, we used different 1D background models to
compute synthetic seismograms for each wave path according to the average structure of
the region crossed by the seismic wave. For continental paths, models similar to iasp91
(Kennett & Engdahl, 1991) with different crustal thicknesses (ranging from 20 to 45 km)
have been chosen. For paths crossing comparable amount of sea and land, a water layer
(2 km or 4 km thick for waves travelling through the Mediterranean region or the At-
lantic Ocean, respectively) has been introduced in the above-mentioned models. A 1D
velocity model characterized by upper mantle low velocities (minimum velocity of 4.29
km/s at 100 km depth and velocities 0.1 km/s smaller than for iasp91 between 210 and
410 km depth) has been used for paths crossing Eastern Europe. Moreover, local Earth
structure at the earthquake source is accounted for by assuming appropriate Earth model
(out of the described set) when excitation factors are computed. In addition to a priori
information on the path average structure, a second criterium for the selection of the 1D
background models was the similarity between recorded and synthetic waveforms. Using
surface wave ray theory (WKBJ approximation), the synthetic is expressed in terms of
the average wave number along the path. Perturbations to the wave number are related to
variationsin the starting model using Fréchet derivatives (Takeuchi & Saito, 1972), which
are used to compute waveform derivatives.
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The average velocity perturbation along the path between source and receiver is param-
eterized in terms of a number of basis functions, which are chosen as a mix of boxcar
and triangular functions in order to incorporate both discontinuities and gradients in the
model. The perturbations are then expressed in the form of linear equations with uncor-
related uncertainties.

The fits are dominated by phase matches for the waves of different modes and frequen-
cies, while the amplitude differences between observed and synthetic waveforms are not
explicitely included as constraints on Earth structure because of the strong ambiguity in
the interpretation of Rayleigh wave amplitude anomalies (Van der Lee, 1998). Since in
PWI the observed and synthetic waveforms are compared in the time domain, it is pos-
sible to identify data contaminated by significant multipathing effects. Selection of wave
trains uncontaminated by scattered waves ensures accuracy of our measurements.

4.3.2 Point constraints on crustal thickness

To reduce trade-offs between Moho depth and velocity structure around it, which are in-
herent in the Rayleigh waves used in this study, we have collected independent estimates
of Moho depth obtained from receiver function analysis, seismic refraction/reflection sur-
veys and gravity data studies (see Appendix A in Marone et al. (2003b) for complete list
of references). Uncertainties related to the individual point measurements differ depend-
ing on the method used to determine the crustal thickness estimate. Under the assumption
of aflat Moho (e.g. Van der Meijde et al., 2003b), crustal thickness data obtained with
receiver function analysis have an error around £+ 1-2 km. Uncertainties related to the
results of refraction and/or reflection seismology vary depending on the data quality. In
general results of gravity studies have larger errors.

4.3.3 3D inversion

The 3D S-velocity model is parametrized as coefficients of a Cartesian grid of nodes,
while for the Moho depth a triangular grid of nodes is adopted on a spherical shell (Van
der Lee & Nolet, 1997). For the S-velocity model, the distance between the nodes in the
x and y direction is 100 km, in the z direction 60 km. The distance between the nodes of
the triangular grid is compatible with the inter-knot spacing in the Cartesian grid and is
97 km on average. Trilinear interpolation was used to determine the value of the solution
at agiven point.

Sincethe 1D path average velocity models obtained by fitting wavestravelling through the
Mediterranean region show that the crust is on average thinner than the 35 km of iasp91
and that the upper 200 km of the mantle are characterized by low velocities, we have used
areference model in theinversion for the 3D S-velocity structure that issimilar to iasp9l,
but has a crustal thickness of 30 km and lower S-velocitiesin the upper mantle (Fig. 4.2).
However, the obtained 3D solution isrobust and does not depend on the adopted 1D start-
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Figure 4.2: Average S-velocity model for the Mediterranean region used as starting model in the
3D inversion compared to iasp9l (Kennett & Engdahl, 1991).

ing model: minor differences, smaller than the estimated uncertainties, are observed for
the amplitudes of the anomalies, while the shape and position of the velocity anomalies
arerobust features. Similar results are also achieved using as starting model arealistic 3D
velocity model for the Mediterranean region. Since we chose 1D starting models for the
waveform fitting specific for each path, the obtained linear equations are rewritten to de-
scribe 3D perturbations in Earth structure with respect to the 1D reference model chosen
for the 3D inversion.

Since the algorithm used to solve the system of equations (LSQR (Paige & Saunders,
1982)) yields a minimum-norm solution, we work with a dimensionless model vector.
The model vector is made dimensionless by scaling it with the expected standard devia-
tion of the model parameters. 225 m/sfor S-velocities and 4 km for Moho depths. Since
we are jointly inverting 2 different sets of constraints, the system has to be scaled. The
data covariance matrix C'; scales each row of the constraint matrix, controlling the rel-
ative importance of each constraint. As scaling factor, the estimated uncertainty of each
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constraint is used: for surface wave constraints derived in the waveform fitting proce-
dure (Van der Lee & Nolet, 1997), for point constraints taken from the literature (see
section 4.3.2). To select the relative weight of the 2 datasets, we opted for a balance
between smoothed Moho topography and exact match between point constraints and re-
sulting crustal thickness values. For the chosen balance, most point constraints are met by
the Moho map within their double standard deviation, while Moho topography remains
smooth (Marone et al., 2003Db).

We obtain the linear system of equations:

C,"Am =C,"d 4.2)

where A is the constraint matrix, m the model and d the data vector. To imitate the
wide sensitivity region of long period waves and to suppress the artificial rough structure
in the model caused by errors in the data, we require a priori that the velocity in the
Mediterranean region varies smoothly. Smoothing was applied horizontally. The value
of the smoothing function decreases linearly from the center to zero at a chosen distance.
This means that we express the model m as:

m =Sn (4.3)

where S isthe smoothing matrix and n the rough model. The system becomes:

C;’ASn=C,"d (4.4)

which isrewritten as:

where H = C;%AS andq = C;%d.
We add regularization equationsto the system that bias the rough solution n towards zero

norm. The system then becomes:
H q
= 4,
()= () @

where ) is the damping coefficient. We solved this linear system of equations iteratively
using the least squares algorithm LSQR (Paige & Saunders, 1982).

4.4 Data

The coverage of the Mediterranean region with broad band seismic stations is inhomoge-
neous. While for Europe the availability of broad band data in the last decade has signifi-
cantly increased, broad band stations are inexistent or rare in northern African countries,
on Mediterranean islands and on the seafloor. Moreover, because the M editerranean upper
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Table 4.1: Location of the MIDSEA stations.

Code Location Latitude Longitude Altitude (m)
CDLV Spain 29.163 -13.444 37
EBRE Spain 40.823 0.494 36
MELI Spain 35.290 -2.939 40
POBL Spain 41.379 1.085 550
DUOK  Croatia  44.113 14.932 115
HVAR  Croatia  43.178 16.449 250
APER  Greece 35.550 27.174 250
ITHO Greece 37.179 21.925 400
KOUM  Greece 37.704 26.838 340
GHAR Libya 32.122 13.089 650
MARJ Libya 32.523 20.878 650
CALT Italy 37.579 13.216 955
DGl [taly 40.318 9.607 343
GRI [taly 38.822 16.420 525
MGR Italy 40.138 15.553 297
SOl [taly 38.073 16.055 300
VENT Italy 40.795 13.422 110
ABSA  Algeria  36.277 7.473 1025
RUSF France 43.943 5.486 520
SMPL France 42.094 9.285 405
COv2  Portuga 39.677 -31.113 194
PGRA  Portugal 39.029 -27.981 245
PSCM  Portugal 38.701 -27.117 400
PSJO  Portugal 38.422 -28.303 258
PSMA  Portugal 36.996 -25.131 249
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Figure 4.3: Great circle ray paths for the 1136 seismograms used in this study. Red triangles and
yellow dots represent used broad band seismic stations and events, respectively. In the background
the Moho map obtained in Marone et al. (2003b) is shown.

mantle is characterized by strong lateral heterogeneities associated with subduction of the
African plate, which results in distortion of the waveforms by scattered energy, we need
to include relatively short wave paths. For these reasons, during the MIDSEA project,
25 broad band recording instruments were temporally installed in locations with a poor
station density (Tab. 4.1) (Van der Lee et al., 2001). In addition to data of the tempo-
rary MIDSEA network, seismograms recorded by permanent broad band stations of the
Swiss National Network (Baer, 1990), IRIS, MedNet (Boschi et a., 1991), Un. Trieste,
Géoscope (Romanowicz et a., 1984), ReNaSS, TGRS, GEOFON (Hanka & Kind, 1994),
GRSN (Hanka, 1990), GRF, Un. Stuttgart, Gll, Un. Barcelona, Un. Madrid, Inst. Andaluz,
Czech National Seismological Network (CZ), NARS (Paulssen, 1992), Gl _Budapest and
Blacknest have been collected.

For this study we selected vertical and radial component seismograms with agood signal-
to-noise ratio for SV and/or Rayleigh waves for regional events occurred between 1985
and 2002. Our dataset consists of events with a magnitude between 4.1 and 7.6. The
hypocenter depth ranges from 1.5 down to 396 km. The epicentral distanceis, except for
the eventslocated in the Atlantic Ocean, < 30° and the median path length is 15°. For the
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Figure 4.4: Observed waveforms (black lines), synthetic seismograms for the 1D average S
velocity model for the Mediterranean region used as starting model in the 3D inversion (blue
lines) (Fig. 4.2) and synthetic seismograms computed with the obtained 3D Svelocity model (red
lines). The wave paths and the location of the events and stations are shown in the insets. A
reduction velocity of 6 knvs has been used - On the left for the event on August 1, 2000, m, 5.1 at
the Mid-Atlantic Ridge, - On theright for the event on May 29, 1995, m, 5.3 on Cyprus.

synthetic seismogram cal cul ation the hypocenter |ocation and origin time were taken from
NEIC Preliminary Determination of Hypocentersfor recent earthquakes and from the cat-
alogue of Engdahl et al. (1998) and Engdahl (personal communication) for older events,
the moment tensor solutionsfrom online Harvard catal ogues (e.g. Dziewonski et a., 1994)
when available. For small regional events that occurred between 1999 and 2002, we used
the solutions computed by Braunmiller et a. (2002). In afew cases we adopted the focal
mechanisms from online MedNet catal ogue (Www.ingv.it/seismoglo/RCMT/) or obtained
by Thio et a. (1999). Only azimuths away from the fundamental mode Rayleigh wave
source-radiation nodes have been considered.

For each selected seismogram, after a quality check and deconvolution of the instrument
response, one or two time windows containing the fundamental mode and/or higher modes
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Figure 4.5: Histogram for the misfit for each waveform computed according to eg. 4.1. On the
left, misfit of synthetics computed using our best guessing starting model (‘initial’ fits); in the
center, calculated with the best 1D path-averaged model (*final’ fits); on theright, calculated from
the final 3D S-velocity model EAVO3 (‘ posteriori’ fits). The total misfit reduction from ‘initial’ to
‘“final’ is81%, from ‘initial’ to ‘posteriori’ is 41%.

of the Rayleigh wave forms were interactively fitted. Frequencies ranging from 6 mHz up
to 100 mHz were included in the optimal case. After data selection and following analy-
sis, 1136 fitted waveforms of vertical and radial component seismogramsfrom 235 events
recorded by 117 different seismic stations have been obtained (Fig. 4.3), which result in
8212 linear constraints on the 3D upper mantle S-velocity structure for the Mediterranean
region. A joint linear inversion of these constraints and independent estimates of crustal
thickness (Marone et al., 2003b) yields our 3D Svelocity model (EAV03). The value of
the damping parameter was chosen so asto optimizethe trade-off between variance reduc-
tion and model smoothness and was set equal to 1.0. We chose 200 km for the half width
of the smoothing function. After 40 iterations, the inversion starting with the average 1D
model for the Mediterranean region (Fig. 4.2) resulted in a 96% variance reduction and
the linear constraints were fitted to approximately 3 estimated standard deviations. After
60 additional iterations thefit to the linear constraints is changing by less than 0.1%.

Thefit to the data was assessed by calculating a posteriori synthetic waveforms and com-
paring them to the data. A posteriori synthetic seismograms have been computed by
mode summation using 1D averages through the obtained 3D velocity model along the
source-receiver paths (Fig. 4.4). Thefit to the datais good both for the fundamental mode
Rayleigh wave trains and the higher-mode/body wave trains. Owing to the applied damp-
ing and smoothing and to the least squares nature of the 3D inversion, the ‘ posteriori’
fits are not as good as the individual ‘final’ fits (not shown here) and as expected the
misfit distribution is slightly wider than for the ‘final’ fits (Fig. 4.5). However, a signif-
icant improvement compared to the ‘initial’ waveform fits (Fig. 4.4) is observed as well
as a significantly narrower misfit distribution (Fig. 4.5). A systematic analysis of the ray
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paths with the worst ‘posteriori’ fits did not show any clear correlation with geography
or epicentral distance. This indicates that the influence of scattered wave energy due to
complexity in the earth structure is limited and that the isolated large misfits are a conse-
guence of inaccuracies e.g. in seismic moment determination and unmodeled attenuation
structure.

45 Resolution

The coverage of the Mediterranean region with great circle wave paths, from which lin-
ear constraints have been derived with the waveform fitting procedure, gives afirst idea
of the resolution, which can be achieved with our dataset. Fig. 4.3 shows that the path
coverage is not homogeneous. For eastern, central Europe and the northern part of the
Mediterranean Basin an optimal resolution can be expected, because the region is sam-
pled by alarge number of crossing waves. However, for the eastern Atlantic Ocean, for
the southern Mediterranean Basin and especially for northern Sahara, the path coverage
is sparse due to an inconvenient station and event distribution. The path density is not as
high as for continental Europe and for the northern Mediterranean Basin and most waves
travel parallely. Therefore the resolution will be limited and lateral smearing along the
main path directions has to be expected.

To assess the resolving power of our dataset, we have performed tests, in which a known
Earth model and the data sensitivity matrix (H in eg. 4.5) of our system are used to
compute synthetic data (¢ in eq. 4.5). After adding Gaussian distributed noise so as to
simulate the same signal-to-noise ratio as for the data, the inversion is performed with the
same parameters as for the real data. To test different aspects of the resolution, a series
of different Earth models has been chosen, ranging from completely unrealistic but stan-
dard pattern of spike anomalies to realistic models simulating e.g. subduction zones and
asthenospheric layers. A series of checkerboard tests with synthetic anomalies at differ-
ent depths, of different sizes and arranged in different patterns shows that the resolution
decreases with depth and bigger anomalies are better resolved than smaller ones. Also
the recovered anomaly amplitude decreases with depth. Horizontal smearing in the main
path direction is observed in regions with insufficient crossing paths. This effect is more
prominent at depth. Examples are shown in Figs. 4.6 and 4.7. The input models for these
resolution tests consist of variable-size S-velocity anomalies of aternating sign with an
amplitude of + 250 m/s and + 400 m/srelative to an average Mediterranean 1D velocity
model (Fig. 4.2) in Figs. 4.6 and 4.7 respectively. The best resolution is observed at 75-
100 km depth, where the anomaly shape is well recovered and the amplitude is restored
up to 70% for the Mediterranean region, eastern, central and western Europe. Beneath
northern Africa, the Atlantic European coast and the eastern Atlantic Ocean the resolu-
tion is limited due to insufficient data and horizontal smearing along the dominant wave
paths direction is observed. At 300 km depth, for the regions with the best path coverage,
the anomalies are fairly well recovered, even if smearing in E-W direction is present and
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Figure 4.6: Sike resolution test results at different depths. The input model is represented by the
grey contours at 100 m/s. The anomalies of the output model are shaded.
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Figure 4.7: Spike resolution test results for three different cross sections taken along the great
circle ssgments shown in the map. The £150 Vs level of the anomaly amplitude of the input
model isrepresented by the contours. The anomalies of the output model are shaded.

the magnitude of the anomaliesis underestimated by 50% because of damping applied in
the inversion. Thanks to the inclusion of constraints from higher mode waveforms, the
sensitivity deeper in the upper mantleis till significant. As deep as 500 km, 800 km wide
structures can still be detected beneath Europe and the Mediterranean region. However,
up to 50% of the original anomaly amplitude can be recovered only beneath the eastern
and central part of the Mediterranean. For northern Africaand the western Mediterranean
Basin not more than 25% of the input amplitude is restored. Our dataset provides an ex-
cellent resolution of the depth extent of the anomalies as shown in Fig. 4.7.

The resolution was further investigated using a model with more realistic anomalies ssim-
ulating subducting lithosphere beneath e.g. the Hellenic and the Calabrian arc and an
asthenospheric layer beneath e.g. the western Mediterranean (Fig. 4.8). For this test an
adapted version of the P-velocity model BSE_NL of Bijwaard & Spakman (2000) was
used asinput structure. The recovered model shows, that the short-wavelength P-velocity
structure could not be resolved, because the limit of the resolving power of the surface
wavesin the frequency range we used was reached and because of the applied smoothing.
However, especially at shallow depths (75-150 km), the long-to-intermediate wavel ength
character of the input structures has been resolved. Even narrow features as the high
velocity anomaly beneath the Hellenic arc can be imaged with our dataset. Deeper in
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OUTPUT

Figure 4.8: Resultsat 2 different depths of a recovery test with a realistic input model (on the left)
simulating structures present in the Mediterranean region. The recovered model is shown on the
right.

the upper mantle, the major structures could be imaged down to 600 km, although the
anomaly amplitudes are reduced by 50% and horizontal smearing is observed in regions
with a poor crossing wave path coverage.

We carried out further testing to check that no structural bias is introduced by the wave
path geometry and data sensitivity. For this purpose we used a constant synthetic model,
with a velocity anomaly of 300 m/s and no noise addition. In a second step the influence
of noise has been tested using the same input structure, but adding noise vectors with
different standard deviations to the computed synthetic data. As expected it has been ob-
served that with increasing standard deviation of the noise vector, the amplitude of the
recovered perturbations with respect to the constant synthetic model is also increasing,
but that increasing damping is limiting the bias of the results due to noise. For the damp-
ing value used in this study, the anomaly amplitudes of the recovered noise artifacts are
only 1/8 of those in the obtained S-velocity model, so that normally distributed noise is
not significantly biasing the recovered structure. In Fig. 4.9 an example is shown, where
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Figure 4.9: Results of a resolution test showing the effect of noise on the obtained velocity model
at 100 kmdepth. The input model consists of a constant velocity anomaly of 300 nvs, the standard
deviation of the noise vector has been chosen so as to simulate the signal-to-noise ratio of the
data.

the standard deviation of the noise vector has been chosen so as to simulate the signal-to-
noise ratio of therea data.

Several inversionswith different subsets of the complete dataset have al so been performed
to investigate the influence of specific paths on certain anomalies. In afirst step, the sub-
sets have been created randomly. The inversion results show that the recovered upper
mantle S-velocity structure is robust and does not depend on single paths. In a second
step, data belonging to specific events have been removed, to check the reliability of indi-
vidual structures. Also in thiscase, it turned out that the observed features are robust and
do not depend on one single event or path.

In theory, the obtained S-velocity model could be biased by the presence of azimuthal
anisotropy. In regions with a dense coverage with crisscrossing paths, this possible ef-
fect is reduced because the azimuthal variations are averaged out at each point of the
model. The influence of azimuthal anisotropy on our model has, however, been estimated
(Llyod, 2003), by constructing a vector g, which describes the contribution of azimuthal
anisotropy for each single path (Schmid et al., 2003). The model obtained in an inversion
using the so constructed data vector, shows that the estimated azimuthal anisotropy, even
for the extreme case where it is concentrated in the thinnest possible shallow layer, is
not significantly biasing our results. The strongest effect of ignoring the contribution of
azimuthal anisotropy on our model isobserved along the Italian peninsula, where large de-
lay times between fast and slow wave components have been measured (Margheriti et al.,
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Figure 4.10: Horizontal slices at 100 km depth through two S-velocity models, which show a
comparable fit to the data - (a) “ Smooth” model obtained with a node spacing of 100 km and
60 km in the horizontal and vertical directions respectively, and a smoothing function half width
of 300 km, (b) “Rough” model obtained with a smaller grid spacing (50 km and 30 km in the
horizontal and vertical directions) and a smaller half width for the smoothing function (100 km).

2003). Here we locally overestimate uppermost mantle velocities by up to 2%, possibly
contributing to image positive anomalies artificially more homogeneous and continuous.

45.1 Choice of the final model

Solution of underdetermined problems is non-unique and a set of models exists, which fit
the data equally well. Models differ depending on the regularization applied, on the cell
size and smoothing parameter chosen for the inversion. In Fig. 4.10, two end-members of
the possible solution range are shown. The quality of the fit to the data of the posteriori
synthetics computed with these two models is comparable to the posteriori fits obtained
with our preferred model. For the first S-velocity model presented, a smoothing function
half width of 300 km has been chosen. The characteristic wavelength of the anomalies
in this model is comparable with the size of the features imaged e.g. in regional tomo-
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graphic results obtained from global measurements (Boschi, 2001). The second example
has been chosen because it shows the same characteristics, in terms of model roughness
and anomaly size, as P-velocity models (e.g Piromallo & Morelli, 2003). This solution
has been obtained using a finer Cartesian grid of nodes and a smaller half width for the
smoothing function (100 km) compared to the previous example. However, the reliability
of this model is questionable because of artefacts introduced by the increased relative in-
fluence of noise and wave path distribution.

An estimate of the details, which can be resolved with the used dataset, guides in the
selection of node spacing and smoothing parameter. First, the resolving power of a seis-
mogram for the average earth structure along its path is controlled by the Fresnel zone.
If ray theory is used, as in this study, heterogeneities smaller than the width of the first
Fresnel zone can not be resolved. To exceed thislimit, scattering of surface waves should
be taken into account as described by e.g. Nolet & Dahlen (2000), Spetzler et al. (2001)
and Ritzwoller et a. (2002). Second, due to the averaging properties of surface waves
propagating along a great circle, better resolution is expected in depth than in the hor-
izontal directions (Figs. 4.6 and 4.7). For these reasons, we chose the node spacing in
the z direction to be 60 km, smaller than the 100 km node spacing selected for the x and
y directions. The lesser resolution in the horizontal directions is additionally taken into
account by a smoothing function, which, in the selected final model, has a half width of
200 km.

The value of the damping parameter was chosen so as to optimize the trade-off between
variance reduction and model smoothness. The applied damping limits the possible bias
of the sub-Moho mantle velocity structure arising from trade-offs with the insufficiently
controlled crustal S-velocities. Only in regions with an anomalously low average crustal
velocity dueto thick sedimentary deposits (up to 14 km in the eastern Mediterranean), the
uppermost mantle velocity could be significantly underestimated. Damping is however
also responsible for the strong underestimation (up to 60-70%) of the amplitude anomaly
in the lower upper mantle (400-600 km).

4.6 Results

The obtained S-velocity structure for the M editerranean and surrounding regions (EAV 03)
isshown in horizontal slices at different depthsin Fig. 4.11. The complex origin and evo-
lution of this plate boundary area (Dercourt et al., 1986) is reflected in the upper mantle
structure: the presented shear wave velocity model is strongly heterogeneous.

Compared to previous P- (e.g. Piromalo & Morelli, 2003) and S-velocity models (Ziel-
huis & Nolet, 1994; Marquering & Snieder, 1996) for the Mediterranean region, we ex-
tended the results for the Mediterranean Sea itself and for northern Africa. Also the crust
and uppermost mantle structure beneath the eastern Atlantic Ocean is better constrained
compared to existing P- (e.g. Bijwaard & Spakman, 2000) and S-velocity (e.g. Silveira &
Stutzmann, 2002) studies.
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Figure 4.11: Horizontal dlices at different depths through EAVO3. Vel ocities are relative to the 1D
average velocity model shown in Fig. 4.2.
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Figure 4.11: (continued)
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Figure 4.11: (continued)
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Figure 4.11: (continued)
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Figure 4.12: 1D S-velocity models computed by averaging the velocity structure beneath the
Algero-Provencal Basin, the Tyrrhenian Sea and the eastern Mediterranean Sea.

4.6.1 Mediterranean Sea

The Mediterranean Sea exhibits strong lateral variationsin crustal (Marone et al., 2003b)
and upper mantle structure (Fig. 4.11), confirming different origin and evolution of the
western and eastern parts.

The western Mediterranean Sea, in particular the Algero-Provengal Basin, isunderlain by
average to high velocities in the uppermost 80 km. Between 80 and 200 km, S-velocities
as low as 4.2 km/s are the indication for an asthenospheric layer. Deeper, average S
velocities for the Mediterranean region (4.6-4.8 km/s) are mapped. The lithosphere-
asthenosphere system present beneath the Algero-Provencal Basin can also clearly be
seen in a 1D average S-velocity profile (Fig. 4.12). A similar velocity profile is also ob-
served for the Tyrrhenian Sea. However, higher velocities have been found below 100 km
due to the presence of high velocity subducted material beneath the Apennines and the
Calabrian arc.

Both the horizontal as well as the vertical extent of the imaged features is well resolved
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Figure 4.13: 1D Svelocity models computed by averaging the velocity structure beneath the
ocean basins and the Mid-Atlantic ridge.

down to 300 km (Fig. 4.6). The low Svelocity layer between 80 and 200 km is also
present in the results of Zielhuis & Nolet (1994), while P-velocity models (Piromalo &
Morelli, 2003; Spakman et a., 1993) show a more diffuse zone, both in horizontal and
vertical directions. Thisislikely dueto different wave path coverage and lower sensitivity
of P-wavesto this structure.

The lithosphere-asthenosphere system of the western Mediterranean Basin clearly differ-
entiatesitself from the structure of the older (23-84 M a) eastern Atlantic Ocean (Fig. 4.13):
significantly lower S-velocities down to 150 km as well as athinner lithosphere (~ 80 km)
characterize this region. Differences compared to the structure of a young ocean are also
observed. Besides a narrower S-velocity minimum around 95 km depth and a smaller
velocity gradient for the lithosphere, the western Mediterranean Basin also shows higher
velocities (at least 0.1 km/s) between 120 and 200 km depth than an oceanic structure of
comparable age (Nishimura & Forsyth, 1989). Its structure is aso significantly different
from the average velocity structure mapped at the Mid-Atlantic ridge, where the imaged
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velocities are almost 0.2 km/s lower.

The imaged Svelocity structure beneath the western Mediterranean confirms that, rather
than a young ocean, this basin could be a strongly stretched continent, partly affected by
“back-arc” spreading, formed at the back of the NW subducting African oceanic litho-
spheric dlab between ~ 30-22 Ma. The measured high heat flow (Burrus & Foucher,
1986), the proposed reduced densities (Yegorova et a., 1998) and the found low S
velocities suggest that warm asthenospheric material could be present at shallow depth
beneath the western M editerranean. Water, possibly brought into the upper mantle by sub-
duction of oceanic lithosphere, could play arole in decreasing the S-velocities (Thomp-
son, 1992).

The Central Mediterranean, i.e. the area between southern Italy, Greece and Libya, is
characterized by a sharp transition in S-velocity structure from north to south (Fig. 4.11).
This is especidly evident in the uppermost mantle (50-150 km), where S-velocities as
high as 4.8 km/s offshore Greece change abruptly to average S-vel ocities for the Mediter-
ranean Sea (4.4 km/s) along a line connecting Sicily to Benghazi (Libya). As deep as
200 km this abrupt velocity variation disappears and the entire region shows slightly low
velocities (4.3 km/s).

The imaged and resolved (Fig. 4.6) structure correlates with the sea floor topography
(Fig. 4.1). In fact dong the line connecting Sicily to eastern Libya an escarpment with
steep slope (Malta escarpment) has been mapped at the sea bottom surface. A similar
feature has also been observed in the Moho topography (Marone et al., 2003b). This
transition in uppermost mantle S-velocities, in crustal thickness and the escarpment at
the surface could represent a suture zone between two blocks of different origin: deep
oceanic basins (Ionian and Sirte Basins) to the north and a continental platform to the
south (Dercourt et al., 1986).

The eastern Mediterranean is underlain by a complete different structure compared to the
western part (Figs. 4.11 and 4.12), implying a different origin and evolution of the two
regions. The most striking differenceisthe absence, in the east, of alow velocity layer be-
tween 100 and 200 km. On the contrary, average to high S-velocities at these depths have
been imaged. Between 150 and 200 km, low S-velocities are mapped beneath Cyprus and
the Turkey-Syria border region. No evidence of subducting or subducted material along
the Cyprus arc is present.

Synthetic tests (Fig. 4.6) show that we can rely on the imaged structure as deep as 300
km. However, the upper mantle structure down to 80-90 km could be bias by unmodeled,
exceptionally low velocities in the upper crust due to up to 14 km thick layers of sedi-
ment. At 50 km depth, the S-velocity e.g. just north of the Nile deltais underestimated by
at least 0.1 km/s. Compared to previous S-velocity models (e.g. Zielhuis & Nolet, 1994;
Marquering & Snieder, 1996; Martinez et a., 2000), where only few paths crossing the
eastern Mediterranean Sea have been included, we achieved a significant improvement.
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However, due to inhomogeneous earthquake and station distribution the resolution for this
region isnot as good as for the western Mediterranean.

The structure characterizing the eastern Mediterranean (missing asthenospheric layer and
average iasp9l upper mantle S-velocities) suggests that this region is different from an
oceanic basin or a strongly stretched continent. The imaged structure points to a con-
tinuation of the northern African continental lithosphere beneath the sea (Meier et a.,
2003).

4.6.2 Northern Africa

In previous studies about the plate boundary in the Mediterranean region, only few results
exist for the African side. Hardly any broad band seismic station was installed along the
northern African coasts and due to the uneven event distribution in the southern Mediter-
ranean, the resulting path density was not high enough to achieve an acceptabl e resol ution.
The additional seismic stations installed in several northern African countries during the
MIDSEA project (Van der Lee et al., 2001) are crucia to the resolving power we have
achieved for thisregion.

Our model (Fig. 4.11) exhibits S-velocitiesas low as 4.1 km/sfor northern Algeriaat 100
km depth. This negative anomaly, which iswell resolved down to 200 km (Fig. 4.6), isan
extension of the asthenospheric layer imaged beneath the western Mediterranean Sea. The
deeper structure (beneath 300 km) is dominated by a E-W striking high velocity (4.7-4.8
km/s) features. Its N-S extent is well resolved, while the E-W trending could be affected
by smearing (Fig. 4.6). Nevertheless it can be concluded that, on average, the mantle at
these depthsis characterized by high shear wave velocities, possibly related to subduction
processes occurred in the area during the early Miocene (Dercourt et al., 1986).

Tunisia is characterized by S-velocities higher than the average mean for the Mediter-
ranean region at 100 km depth. This anomaly is reasonably well resolved but the resolu-
tion rapidly decreases south of, west of and below (> 150 km) it.

The resolution for the eastern part of the northern African marginis not as good as for the
western part. Consequently, our model is close to the starting model of the 3D inversion
and is not showing any significant feature in this region.

4.6.3 Eastern Atlantic Ocean

The plate boundary between the African and the Eurasian continents continues west of
Gibraltar in the Atlantic Ocean as far as the Azores triple junction.

The imaged S-velocity structure for the eastern Atlantic Ocean (Fig. 4.11) is quite homo-
geneous, showing high velocities at 75 km depth between 25°W and the European coasts,
while at the same depth a negative anomaly is mapped beneath the Mid-Atlantic ridge and
the Azores Archipelago. Thislow velocity feature is becoming more prominent at 100 km
depth, while beneath the older oceanic basins average S-velocities are observed. At 150
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km, the negative anomaly beneath the ridge and the Azores is still present. On average,
dightly low velocities (4.3 km/s) at this depth are also imaged beneath the eastern At-
lantic Ocean. Anomalously high velocities (up to 4.8 km/s) are imaged in the uppermost
mantle beneath the Bay of Biscay. |sostatic studies (Marone et al., 2003b) suggest for this
region lower densities than expected at this depth for an old ocean and they relate them
to depletion. They aso point to the possible Archean age of the lithospheric rocks in the
Bay of Biscay.

Paths crossing the eastern Atlantic Ocean are generally longer than 20°. The path inte-
gral approximation used for the synthetics computation is satisfactory for the modelling
of surface and body waves which bottom in the same depth range as the surface wave
modes used. Thiscondition is satisfied for both surface and body wavestravelling for less
than 2800 km, while this approximation is less accurate for larger epicentral distances
because the 2D nature of the sensitivity kernel isignored (Marquering & Snieder, 1996).
Moreover, due to the shallow hypocenter depth of the earthquakes occurring at the Mid-
Atlantic ridge, the excitation of high amplitudes higher modes is limited. These factors
are restricting the use of higher modes for paths crossing the eastern Atlantic Ocean, thus
reducing the imaging capability of our dataset deeper than 200 km.

A similar image of the uppermost mantle in the eastern Atlantic has been obtained by
Silveira& Stutzmann (2002) from Rayleigh and Love waves phase velocities.

Because of low spreading rates of the Mid-Atlantic ridge (1 to 4 cm/year), the age of
the ocean floor rapidly increases with distance from the ridge axis. Owing to predomi-
nant W-E direction of the seismic waves travelling through the oceanic region (Fig. 4.3),
the retrieved velocity structure is averaged out in this direction, hindering accurate ob-
servation concerning the dependence of the mantle velocity structure on lithospheric age.
Severa average 1D Svelocity modelsfor different latitude bands between 40°N and 50°N
have been computed to study the N-S velocity variation. Confirming the structural homo-
geneity of the horizontal slices at different depths (Fig. 4.11), no significant trend in the
computed 1D average models has been observed. Unfortunately a comparison between
the upper mantle S-velocity structure north (Eurasian plate) and south (African plate) of
the Azores-Gibraltar fracture zone is not possible, because of lack of resolution in the
southern part.

4.6.4 Europe

The eastern continuation of the plate boundary can be followed beneath central-south-
eastern Europe (Fig. 4.11). An amost continuous belt of high shear velocities (4.5-4.7
km/s) isimaged at 100 km depth beneath Italy, the Adriatic Sea, the Dinarides, the Pelo-
ponnesus and southern Greece. Deeper, these positive anomalies are limited to the Italian
and Greek regions, while former Yugoslaviais characterized by slightly low S-velocities.
High velocities are present continuously down to the transition zone only beneath Crete.
This high velocity belt dominating the central-eastern European upper mantle is inter-
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preted as African oceanic lithosphere subducting beneath the European plate, thereby
marking the plate boundary.

Synthetic resol ution tests show that the resol ving power of our dataset for central and east-
ern Europeisvery good (Fig. 4.6). Beneath Italy and Greece, the regions with the highest
path density, small-scale heterogeneities, such as subducted lithosphere, are imaged. In
some regions, reduced sensitivity of the modeled waveforms for structures between 300
and 400 km prevents the imaging of continuous subducting slabs down to the transition
zone, as e.g. beneath southern Italy.

Existing S-velocity models (Zielhuis & Nolet, 1994; Marquering & Snieder, 1996) aso
show the presence of high-velocity anomalies along the suture zone. However, lack of res-
olution hinders any conclusion about slab geometry and continuity. The general features
imaged in P-velocity studies (Spakman et al., 1993; Wortel & Spakman, 2000; Piromallo
& Morelli, 2003) compare well with our model, even though the P-velocity anomalies are
narrower due to different data and imaging characteristics.

More into details, our model for Italy shows a continuous high velocity anomaly from
northern to southern Italy down to 300 km, interpreted as subducted lithosphere. Al-
though synthetic tests indicate that both horizontal and vertical tears in the subducted
body would be resolved by our dataset (see Appendix B, Figs. B.1-B.3), small gapsin the
lateral continuity of the slab can not be excluded.

A high velocity body (4.7 km/s) has aso been imaged beneath the Cal abrian arc between
100 km and 300 km (Fig. 4.14(Q)). In the transition zone beneath the Tyrrhenian and
Provencal Basins, indication of seismically fast material is also present. The small devia-
tions of the imaged velocity from the regional average (< 100 m/s) result from the strong
underestimation of the anomaly amplitudes at these depths (see section 4.5). These fea-
tures have been interpreted as the image of subducted lonian lithosphere. The reduced
thickness of this dlab is close to the limits of the resolving power of our dataset. Thisis
preventing us from imaging a continuous slab. Synthetic tests also show that anomalies
with a size comparable to inter-nodes distance can hardly be detected and are sometimes
introducing artefacts in the model. This is a possible explanation for the observed shift
towards the Tyrrhenian Sea of the anomaly beneath Calabria.

The Hellenic arc shows lateral continuity from northern Greece al the way to the Turkish
coasts (Rhodos island), while further to the east no anomalies interpretabl e as subducting
lithosphere are present.

Beneath Crete, we imaged a continuous steep positive anomaly, however with variable
amplitudes, from 100 km depth down to the transition zone (Fig. 4.14(b)). At 500 km
depth, the slab is lying horizontally. Resolution tests show that the horizontal orienta-
tion of the imaged high velocity layer is resolved and is not an artefact due to horizontal
smearing (see Appendix B, Fig. B.4).

Beneath the Peloponnesus and northern Greece, we image subducted fast lonian litho-
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Figure 4.14: Vertical cross sections through our S-velocity model along the great circle segments
shown in the map in Fig. 4.7 (a saturated color scale has been used to enhance structures in the
transition zone, for the absolute values compare with Fig. 4.11) - (a) profile perpendicular to the
Calabrian arc.

sphere down to 200 km. A positive anomaly is present also deeper, but between 300 and
400 km average S-velocitiesfor the region are observed. A similar structure has also been
imaged with body wave tomography (Wortel & Spakman, 2000). A good correlation ex-
ists between earthquake hypocenters from the catalogue of Engdahl et al. (1998) and the
upper boundary of the subducting slab.

Other relevant features present in our model are low S-velocities between 100 km and
200 km depth beneath the Pannonian and the Moesian Basins, regions dominated by ex-
tensional tectonics. Between 75 and 100 km depth, a negative cylindrical anomaly is
found also beneath the Massif Central, which we interpret as hot mantle material closeto
the surface. Thisisin agreement with the measured high heat flow (up to 110 m\Wm—2)
(Cerméak & Rybach, 1979).

4.6.5 Iberian peninsula

In this study we included additional data from MIDSEA stations and Mid-Atlantic ridge
earthquakes covering the Iberian Peninsula (Fig. 4.3), so that resolution for Spain has
significantly increased (Fig. 4.6). Beneath the western part of the peninsula, we imaged
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Figure 4.14: (b) Profile from northern Libya to the Black Sea.

(Fig. 4.11) low S-velocities (4.2 km/s) between 75 km and 300 km, while the eastern
Iberian margin below 250 km is characterized by a strong positive anomaly (this high ve-
locity feature is discussed further in section 4.7.2). The resolution of small-scale features
beneath the Alboran region is restricted to the uppermost mantle, due to limited number
of paths crossing the area (Fig. 4.3).

4.7 Discussion

4.7.1 Spreading ridges and old basins

Major structural differencesin the eastern Atlantic Ocean are observed between the Mid-
Atlantic ridge and the older oceanic basins (see section 4.6.3 and Fig. 4.11). In Fig. 4.13,
1D average Svelocity models for these two regions are shown. The mean velocity struc-
ture for the deep basins is characterized by a fast 80 km thick lithosphere, while a low
velocity layer (4.3 km/s) is present between 90 and 130 km depth. The mean structure
beneath the Mid-Atlantic ridge is on average 0.2 km/s slower down to 120 km depth.
Our results confirm that the North Atlantic lithosphere is characterized by lower veloci-
ties beneath the spreading ridge than under the old ocean basins as observed in regional
3D models obtained using surface wave phase velocities (e.g. Mocquet & Romanowicz,
1990; Silveira & Stutzmann, 2002) or Swave travel times (e.g. Grand, 1994). Compari-
son of the average 1D upper mantle structures with results for the Pacific Ocean obtained
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Figure 4.14: (c) Profile from northern Spain to northern Algeria.

e.g. by Nishimura & Forsyth (1989) shows that on average the eastern Atlantic Ocean
is characterized by higher S-velocities down to a depth of 150 km for areas of a similar
age. Despite strong differences observed in the crustal structure between the Mid-Atlantic
ridge and the Azores (Marone et al., 2003b), EAV03 does not reveal significant differ-
ences in the upper mantle S-velocity structure. However, due to the limited resolution of
our dataset in this region, we can not exclude that the Mid-Atlantic ridge and the Azores
distinguish themselves not only in the crustal but also in the upper mantle structure. With
the current extension of the MIDSEA broadband network towards the west (Van der Lee
et a., 2001; Silveira et a., 2002), availability of high quality data for the westernmost
part of the Eurasia-Africa plate boundary significantly increased, giving the opportunity
to obtain a better constrained model for this region.

4.7.2 Slab fragments in the western Mediterranean

EAV03 adds new information for a better understanding of the western Mediterranean
evolution. In particular, we have mapped a high velocity anomaly beneath eastern Spain
between 250 and 500 km depth, which could be related to the early stage of subductionin
the western Mediterranean (Fig. 4.14(c)). Although resolution tests show that the shape
of thisfeature is affected by smearing, the existence of the heterogeneity is resolved (see
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Appendix B, Fig. B.5). At similar depths, a positive anomaly, E-W trending, has also
been found beneath northern Algeria. Although this feature could have been smeared in
acoast-parallel direction, its N-S extent iswell resolved.

The strongest high velocity heterogeneity imaged in P-velocity models (e.g. Blanco &
Spakman, 1993) beneath Spain is located more south than in our model, beneath the
Alboran Sea and the Betic Cordillera. West of the Balearic islands a significant posi-
tive anomaly, however limited in size, is visible only around 500 km. The deep upper
mantle structure beneath northern Algeriaimaged by body wave tomographic modelsis
also characterized by high velocities, however localized only in northeastern Algeriaand
Tunisia

While different tomographic models and tectonic reconstructions agree on the northern
African anomaly representing detached subducted oceanic lithosphere, the processes in-
volved in the evolution of the eastern Iberian peninsula are still a matter of debate.

NW subduction of oceanic lithosphere along the eastern Spanish coast began about 80
Ma ago as consequence of the continuous Africa-Eurasia convergence (Dercourt et al.,
1986). First evidences of trench migration and back-arc extension date back 30 Ma (Fac-
cenna et a., 2001). We suggest that the deep imaged high velocity body west of the
Balearic islands could be a fragment of this subducting slab, which detached in an early
stage of the subduction. Presence deep beneath eastern Spain of subducted oceanic litho-
sphere, probably originally rich in water, is consistent with the work of Van der Meijde
et a. (2003a) showing evidence for water at 400 km depth beneath this region. How-
ever, time and origin of this event are still unclear. For instance, as suggested by Zeck
(1999), the dlab could have been segmented in three distinct arcs separated by transform
faults. Such development of the subduction system may have been controlled mainly by
the variable nature of the subducting Tethyan lithosphere and the shape of the Iberian
continental plate. A lithospheric fragment could have partly or completely detached from
a slab edge and sunk down to the transition zone. This event could be at the origin of the
unusual evolution of the Valencia trough: rifting in this extensional basin began during
late Oligocene-early Miocene and then suddenly failed (18 Ma) (Watts & Torné, 1992).
Owing to the composite nature of the subducting oceanic lithosphere, it is also plausible
that the imaged high velocity anomaly is detached from the surface due to the subduction
of asmall ridge. This suggests that subduction of oceanic lithosphere along the eastern
Iberian margin could have came to an end. A new subduction arc could have initiated
later further east. Although more investigation is needed to understand mechanisms and
chronology, the new image of the eastern Iberian upper mantle could represent a new key
element for the reconstruction of the western Mediterranean history.

4.7.3 Transition zone

Including body waves in our waveform fitting, which however do not bottom in the man-
tle beneath the realm of the surface wave modes, has provided sufficient resolution to
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image the gross-scal e structure in the transition zone beneath the studied region (Fig. 4.6)
and prevents from the tendency for the sign of the heterogeneities to reverse with depth
due to the neglect of surface wave mode coupling (Marquering & Snieder, 1996). While
the Mediterranean uppermost mantle is dominated by low rigidity material, the picture
changes dramatically in the transition zone, where extensive positive anomalies are im-
aged (Fig. 4.11). We observe high velocities in the transition zone beneath the western
Mediterranean Basin, Italy, the Alps, the Pannonian Basin and eastern Europe. Low rigid-
ity material is found in the central Mediterranean Sea and the Hellenic arc. A similar
pattern has been imaged in body wave tomographic studies (e.g. Spakman et a., 1993;
Wortel & Spakman, 2000; Piromallo & Morelli, 2003). Theimaged seismically fast struc-
ture has been interpreted as cold subducted African lithosphere, which did not penetrate
into the lower mantle and lies horizontally in the transition zone. The deep structure at the
edge of our model and in particular beneath northern Africais not well constrained and is
strongly influenced by horizontal smearing along the main path directions (Fig. 4.6).

4.8 Conclusions

We present the first regional study resolving the Eurasia-Africa plate boundary region
from Azores to the eastern Mediterranean Sea. The resolution of existing velocity models
has been complemented by the temporary deployment of 25 broad band seismic stations
(MIDSEA project) aong the suture zone and by using new S and surface waveforms
recorded at permanent European seismic stations.

Striking similarities for the extensively studied continental European region between our
shear wave velocity model and body wave tomographic images (e.g. Bijwaard & Spak-
man, 2000) have been observed. As expected, due to smoothing and different data char-
acteristics, the imaged heterogeneities in our model show a longer wavelength character
compared to P-velocity models. However, where the resolving power of the used dataset
is good, body and surface wave tomography studies (independent data with different sen-
sitivity) show consistent results. Thisis giving further confidence to our S-velocity model
for regions poorly studied before, where we could achieve an unprecedented resolution,
like in particular for the shallow mantle beneath the Mediterranean Sea, northern Africa
and the eastern Atlantic Ocean.

Our S-velocity model shows the same order of complexity as observed at the surface: the
imaged heterogeneitiesin the M editerranean upper mantle correl ate with the tectonics and
geology aong the plate boundary. The Eurasia-Africa suture zone manifestsitself in the
upper mantle mainly as a belt of high-velocity material representing subducted oceanic
lithosphere. 1t can be followed as deep as 300-500 km, depending on the region and reso-
lution. Since subduction did not occur contemporarily throughout the region and sinking
velocities are not necessarily spatially homogeneous, fragments of African lithospherere-
side at different depthsin the upper mantle. Where the processis till active (e.g. Crete), a
continuous positive anomaly is observed from the surface down to the transition zone. At
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old subduction zones (e.g. Spain), detached pieces of seismically fast material are imaged
deeper than 250 km.

In particular a new resolved feature of our S-velocity model is a positive anomaly imaged
beneath eastern Spain between 250 and 500 km depth. We suggest that this fast body
could be a fragment of subducted lithosphere, which detached in an early stage of NW
subduction of oceanic lithosphere in the western Mediterranean.

Not only convergence has been recorded in the upper mantle, but also extension has
its own signature beneath the Mediterranean. This is particularly clear for the Algero-
Provencal and Tyrrhenian Basins, where a shallow asthenospheric layer is observed.

The lithosphere-asthenosphere system of the western Mediterranean clearly differentiates
itself from the structure of the older eastern Atlantic Ocean. Differences compared to the
structure of a4 to 20 Maold ocean are also present. These observations support the idea
that, rather than a young ocean, the western Mediterranean could be a strongly stretched
continent, partly affected by spreading, formed at the back of a slab. The structure char-
acterizing the eastern Mediterranean (missing asthenospheric layer and average iasp9l
upper mantle S-vel ocities) suggeststhat thisregion is different from both an oceanic basin
and a strongly stretched continent. The imaged structure points to a continuation of the
northern African continental lithosphere beneath the sea.

Major structural differences in the eastern Atlantic Ocean are imaged between the Mid-
Atlantic ridge and the older oceanic basins: the North Atlantic lithosphereis characterized
by lower velocities beneath the spreading ridge than under the old ocean basins.

Beneath northern Africa, weimaged detached subducted lithosphere beneath northern Al-
geria.

In summary, EAV 03 is characterized by strong contrasts between the transition zone and
uppermost mantle structure. High velocity anomalies related to fragments of subducted
lithosphere have been imaged in the transition zone throughout the M editerranean region
and document its long history of subduction. The structure of the uppermost mantle is
instead dominated by rapidly laterally varying low velocity anomalies, witnessing the
complex tectonic evolution of this region.



Love and Rayleigh wave
iIncompatibility

Although current applications of the Partitioned Waveform Inversion (PWI) (e.g. No-
let, 1990; Van der Lee & Nolet, 1997) only make use of Rayleigh waves, this inversion
method can also be applied to retrieve information on the upper mantle velocity structure
from Love waves. Using the PWI formalism, Rayleigh and L ove waveforms can even be
jointly fitted.

We applied PWI in the Eurasia-Africa suture zone to retrieve the 3D crustal and upper
mantle S-velocity structure (Marone et al., 2003a,b). In particular, we modeled funda-
mental and higher mode waveforms of both Rayleigh and Love waves. The structure
information we gained, is however suggesting that it cannot be assumed that Love and
Rayleigh waves are sensitive to the same structures in a comparable way, but rather that
major differences exist, which should be understood before combining these two types of
waves in the sameinversion.

5.1 1D path average velocity models

We determined the 1D average S-velocity structure and Moho depth along wave paths
by nonlinear waveform fitting of wave trains composed of fundamental and higher mode
surface waves. We considered Rayleigh and L ove wave trainswith a good signal-to-noise
ratio and azimuth away from fundamental mode wave source radiation nodes. Although
a satisfactory fit for individual waveforms (Rayleigh or Love) using arealistic 1D veloc-
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ity model could often be obtained (Fig. 5.1), it was never possible to fit both Love and
Rayleigh waves travelling along the same path with a single velocity model (Fig. 5.2).
To better understand this phenomenon we performed severa tests, excluding that the ob-
served discrepancy in the 1D path average velocity models retrieved from Rayleigh and
Love waves is determined by methodology choices. We also show that the observed in-
compatibility of the velocity modelsis not an artefact due to unmodeled scattered energy
in the data or uncertainties in event parameters.

5.1.1 Influence of methodology choices
Misfit definition

In this study, average 1D S-velocity models, for which synthetic seismograms best fit
observed waveforms, are obtained by minimizing the following objective function F'(+)
(Nolet, 1990; Van der Lee & Nolet, 1997):

Fly) = / w(t)[Rd(t) - Rs(t,)]dt (5.1)

where d(t) is the recorded and s(t, ) the synthetic seismogram, which depends on the
model parameters~. R is afiltering and windowing operator and w(¢) aweighting func-
tion designed, using the inverse of the signal envelope, to enhance the contribution to the
misfit of the higher modes with respect to the naturally dominating fundamental mode.
The 1D average velocity model obtained for every single path is robust and does not
depend on the choice of the windowing and filtering parameters. We further tested the
robustness of the results of the nonlinear waveform fitting procedure by using two differ-
ent objective functions. The first one, in addition to the difference between observed and
synthetic waveforms (eg. 5.1), also minimizes the misfit between their dispersion curves.
Depending on the relative weighting of the two contributions, a different fit of the higher
modes waveforms was obtained, which was however not significantly influencing the re-
trieved velocity models. The fit obtained by jointly inverting Love and Rayleigh waves
was also in this case not satisfactory. A single velocity model compatible with both Love
and Rayleigh waveformswas also in this case not realistic. A second approach isbased on
a frequency dependent misfit, computed as the sum of the waveform misfits obtained in
different frequency windows defined by consecutive closely spaced filters (multiplefilter-
ing) (Lebedev, 2000). Similar average S-velocity models have been obtained as by using
the traditional misfit definition (eg. 5.1) and the discrepancy between models obtained
with Rayleigh and Love waves could, also in this case, not be explained.

Model parameterization

The average S-velocity perturbations along the path between source and receiver are ex-
pressed in terms of a number of basis functions, which are chosen as a mix of boxcar
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Figure 5.1: Waveform fitting results for the event in Egypt on November 23, 1995 recorded at
the station TAM in Algeria. Rayleigh and Love waves have been inverted separately. On the
left the observed waveforms (black lines, vertical, radial and transverse component from top to
bottom) together with synthetic seismograms (red for Rayleigh, green for Love) computed with the
corresponding 1D path average velocity models (shown on the right with iasp91 for comparison).
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Figure 5.2: Waveform fitting results for the event in Egypt on November 23, 1995 recorded at
the station TAM in Algeria. Rayleigh and Love waves have been jointly inverted. On the left
the observed waveforms (black lines, vertical, radial and transverse component from top to bot-
tom) together with synthetic seismograms (red lines) computed with the obtained 1D path average
velocity model (shown on the right with iasp91 for comparison).
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and triangular functions in order to incorporate both discontinuities and gradients in the
model. Theoreticaly, it is aways possible to fit a ssismogram, if an infinite number of
model parameters is alowed, but the resulting velocity model can be highly unrealistic.
In spite of afiner parameterization (number of parameters doubled), the joint inversion of
the 3 component seismograms did not result in any satisfactory waveform fit. In general,
the retrieved 1D velocity models showed unrealistic strong gradients.

P-velocity and density structure

The sensitivity of surface waves to P-velocity and density is much smaller than to S
velocity. However, to exclude any influence of these parameters on the observed incom-
patibility between data with primary sensitivity to vsy and to vgy, inversion runs have
been performed, where P-velocities and density structure have been included as indepen-
dent parameters. While inverting also for density perturbations did not significantly im-
prove the waveform fit and modify the obtained 1D velocity models, including P-velocity
as an independent parameter in the joint inversion of 3 component seismograms led to a
satisfactory waveform fit. The obtained P-velocity model shows however unrealistic large
perturbations with opposite sign compared to the retrieved S-velocity structure.

5.1.2 Influence of uncertainties in source parameters and unmodeled phys-
ical processes

Source parameters

Van der Lee (1998) showed that, for the combination of path lengths and frequencies
we are interested in, epicentral variations resulting from the use of source coordinates
from different catalogues are negligible factors in the waveform inversion. However,
depending on focal geometries, depth will control both amplitude and phase excitation of
the various overtones building the seismogram. Moreover, a change in depth may move
the source across the Moho discontinuity, thus strongly affecting the excitation. Although
an incorrect source depth could result in an unsatisfactory waveform fit, inversion runsfor
single paths with an artificially modified event depth between 5 and 40 km, showed that
depth uncertainties are however not responsible for the discrepancy between the average
models obtained from Love and Rayleigh waves.

The excitation factor used for the computation of the synthetics can also be affected by
uncertainties in the source mechanism. Source radiation patterns for Love and Rayleigh
waves are often complementary: azimuthswith maximum energy radiation for one type of
wave correspond to source radiation nodesfor the other. Therefore, for most simultaneous
inversions of Rayleigh and Love waveforms, the fit is dominated by the wave with the
highest energy radiation. Slight errorsin orientation of the source mechanism could cause
alarge difference in the excitation factor used for the synthetics computation, especially
for azimuths close to radiation nodes. However, tests show that rotation of the source
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mechanism up to 10° mainly influences the synthetics amplitudes, while the retrieved
path average velocity model is not significantly affected.

Scattered energy

Due to the strong heterogeneous upper mantle velocity structure in the Mediterranean re-
gion (Marone et a., 2003a), the amount of scattered energy on the recorded seismograms
can be large (Zielhuis & Nolet, 1994). Theoretical studies (e.g. Wang & Dahlen, 1995)
suggest that scattering affects both phase and shape of the waves, trandating into errors
in the results.

To study how scattered energy influences a seismogram and, in particular, how neglect-
ing it by using the phase-integral approximation affects the obtained velocity model, we
performed synthetic tests. We computed synthetic seismograms with different amounts of
scattered energy from scattersat different locations. We used the same source and path pa-
rameters as for regional seismograms recorded in the Mediterranean region, for which no
velocity model could be found, explaining both Love and Rayleigh waveforms, although
the radiation pattern was optimal for simultaneously fitting the two types of waves. Inde-
pendently from the strength of the scattered energy, it was always possibleto jointly fit the
3 component seismograms, recovering a 1D S-velocity model not significantly different
from the input structure. Thus, we exclude that the observed discrepancy in the models
obtained from Love and Rayleigh data results from unmodeled scattered energy in the
seismograms.

5.1.3 Anisotropy

The uppermost mantle velocity structure retrieved from Rayleigh data is consistently
slower (up to 4%) than velocities obtained from Love wave data. Comparing the aver-
age S-velocity models obtained by separately inverting Love and Rayleigh waveforms
with the global anisotropic model PREM (Dziewonski & Anderson, 1981), we observe
a strong analogy. This suggests that the observed incompatibility between the velocity
models obtained with the two datasets, at least in part, is due to radial anisotropy in the
Mediterranean upper mantle.

5.2 3D upper mantle velocity models

Due to the observed incompatibility between 1D average path velocity profiles obtained
from Love and Rayleigh waves, it was not recommendable to jointly invert the two sets
of linear congtraints, at least not in the PWI isotropic framework. Useful information
could instead be gained from the comparison of 3D velocity models obtained from the
inversion of homogeneous datasets. The upper mantle SV-velocity model obtained from
the inversion of linear constraints provided by analysis of Rayleigh waves is extensively
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30°

Figure 5.3: Great circle wave paths for the transverse seismograms which provided linear con-
straints.

presented in Marone et al. (2003a). The inversion of linear constraints provided by Love
waves and the resulting 3D SH-velocity model show major differences compared to the
Rayleigh waves case, which are extensively discussed in the following paragraphs.

The data coverage obtained with wave paths for analysed transverse component seis-
mograms is restricted to a smaller region than for Rayleigh waves (Figs. 5.3 and 4.3).
A comparable path density as for the Rayleigh case is observed only for the northern
Mediterranean Basin, central and eastern Europe. We would expect the SV- and SH-
velocity models for these regions obtained from anal ogous inversions with same damp-
ing and smoothing parameters to show similar characteristics (e.g. horizontal resolving
power and size of the retrieved anomalies). Comparison of horizontal sectionsthrough the
models (Figs. 5.4 and 4.11) shows that thisis however not the case. Besides the expected
higher SH-velocitiesin the uppermost mantle, as observed in the 1D path average velocity
structures, and reduced resolution of Love waves beneath 200 km, the size of the imaged
velocity anomaliesis on average larger for the SH- than for the SV-velocity model. Addi-
tionally, correlation of the uppermost mantle anomalies retrieved from Love waves with
surface geology and tectonic processes is not straightforward: the tomographic images
are mainly dominated by broad high velocity anomalies (Fig. 5.4) not directly related e.g.
to subducted lithosphere. The asthenospheric layer beneath the western Mediterranean is
hardly detected and low velocity anomalies associated with extensional basins (e.g. Pan-
nonian Basin) are not present (compare Figs. 5.4 and 4.11).

Differences are not limited to the retrieved velocity models, but are also observed for the
convergence and variance reduction of the inversion. Although the system of linear equa-
tions provided by Love waves is smaller, more iterations are necessary for the inversion
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Figure 5.4: Horizontal slices at 100 km (top) and 200 km (bottom) depth through the S-velocity
model obtained from inversion of Love waves data.
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to converge and the achieved variance reduction is smaller. In theory, if the number of
constraints is reduced, the inversion should converge earlier and a better variance reduc-
tion should be achieved. In practice, the inversion of the Love dataset shows that the
constraints obtained by the analysis of the Love waves might be more inconsistent among
each other compared to the constraints in the Rayleigh dataset.

We are actually not only inverting for the S-velocity structure, but also for Moho depth.
To reduce trade-offs between Moho depth and velocity structure around it, which are in-
herent in surface waves used here, independent estimates of Moho depth have been added
intheinversion (Marone et al., 2003b). To investigate the possible influence of trade-offs
between crustal thickness and sub-Moho mantle velocities in regions not constrained by
point measurements of the Moho depth, we performed an inversion of the Love dataset,
with the Moho depth fixed at the values of EAMO02 (Marone et a., 2003b). The obtained
3D velocity model shows significant differences only down to 80 km beneath southeast-
ern Europe, where the Moho depth resulting from the joint inversion of linear constraints
and independent Moho depth estimates is unrealistically small (< 20 km). Thisis aso
the region, for which no independent point constraints have been added. This indicates
that Love waves alone cannot uniquely determine Moho depth and velocities around it.
Additional evidence comes from the increased variance reduction and early convergence
achieved in the inversion with fixed Moho depth, despite the larger size of the system of
equations. Although by fixing the Moho depth, inconsistencies in the dataset have been
reduced, the characteristics of the retrieved model have not significantly changed.

In the following sections, we study in more details the sensitivity of Rayleigh and Love
waves to upper mantle structures, to better understand possible differences in the infor-
mation contained in these two types of waves.

5.3 Significant modes

For each surface wave mode, eigenfrequencies and corresponding partial derivatives can
be computed for an Earth model described by «(r), f(r) and §(r). Partia derivatives
show how a physical properties (e.g. phase velocity) for a particular period change in
response to a shear velocity perturbation at a specific depth, i.e. describe the sensitivity of
amode to anomalies in the Earth structure. Higher modes sense the Earth deeper, while
for a specific mode, higher frequencies indicate sensitivity for shallower structure.

The sensitivity of a seismic wave to the Earth structure depends, among others, on which
modes build the waveform. The set of modes constituting a seismogram and the relative
contribution of each mode are determined by the seismic source and the Earth structure at
the hypocenter.

To better understand differencesin Earth models obtained from Love and Rayleigh waves,
we analysed the modes composing the waveforms used in this study. In particular we de-
termined which modes are significantly contributing in the waveform fitting to determine
the 1D path average velocity structure. For every path, using the real moment tensor solu-
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Figure 5.5: Histograms of the number of significant higher modes contributing to the waveform
misfit.

tion, we computed synthetic seismograms composed only by the fundamental mode, the
fundamental and the first higher mode, the fundamental and the first two higher modes,
and so on. We selected the same time and frequency window as for the corresponding
real seismogram and computed the misfit according to eq. 5.1 between the waveform
composed only by the fundamental mode and the synthetic seismograms containing the
higher modes. Since seismograms are dominated by energy of the fundamental and first
higher modes, addition of other modes is hardly changing the waveform and therefore
the corresponding misfit. For every path, a misfit curve describing the dependence of
the misfit on the number of higher modes has been obtained. The number of significant
higher modes has been defined as the highest number, for which the difference between
the misfit and the mean of the misfit curve for that specific path does not fall within the
standard deviation. Fig. 5.5 shows the distribution of the number of significative higher
modes for all analysed waveforms. Although the mean value is around 7 for both types
of waves, the distribution shows significant differences. For Rayleigh waves, most seis-
mograms are indeed constituted by 6-7 significant higher modes. For Love waves, the
distribution is broader with a maximum observed for 4 significant higher modes. Inspec-
tion of single examples showed that often for Love waves there are two maxima in the
misfit curve, while for Rayleigh waves, on average, after growing the misfit stabilizes
around a constant value. A difference is also observed in the misfit absolute value be-
tween Love and Rayleigh waves. The misfit is on average more than 2.5 times smaller
for Love than Rayleigh waves. Love waveforms seem to be less influenced by higher
modes, suggesting that Love waves might contain less information on the Earth velocity
structure than Rayleigh waves. A dependence of the number of significant higher modes
from hypocenter depth is not observed.
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5.4 Significant linear constraints

Following Van der Lee & Nolet (1997), the average S-velocity perturbation §/5(r) along
the path between source and receiver has been expressed in terms of a number of basis
functions h;(r):

68(r)/os = Z%’“ (r) (5.2)

where ~; are the parameters to be determined by minimizing eq. 5.1 and o4 is the esti-
mated standard deviation of the distribution of existing S-velocities. Since the average
velocity perturbation along the surface wave path P; is defined as

0 = 5 [ 1900.0r) - e 53

where A; is the epicentral distance along the great circle path P; and 6]0(7") is the back-
ground S-velocity model along P;, once v = ~yop: for the minimum of F'(+) have been
determined, we have obtained M linear constraints for the Earth model 5(6, ¢, 7). If ev-
ery ; would be uniquely determined, we could obtain (6, ¢, r) by solving the system
composed by linear constraints from many paths. However, there is no guarantee that the
equations for ~; are independent. On the contrary, they often occur to be highly depen-
dent. The shape of F around the minimum ~,,,; can be used to determine new directions
in the parameter space useful to transform eg. 5.2 into a system of independent data. To

thisend, the Hessian matrix H;; = 6‘972_‘;; around the minimum v = ~y,,,¢ is diagonalized

H = SAST (5.4)
and anew parameter is defined as
n=2S" (5.5)

Since H is symmetric, v = Sn. EQ. 5.2 can now be rewritten in terms of the new
parameters

5B(r) /o5 =Y Synjhi(r) = angj(r) (5.6)

i=1 j=1

with transformed basis functions
M
=1

To investigate how many and which independent linear constraints contribute significantly
to the determination of the path average velocity structure for Love and Rayleigh waves
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Figure 5.6: Transformed basis functions g, () corresponding to the most significant independent
parameter n; for Love (top) and Rayleigh (bottom) waves. Thelargest sensitivity for Love wavesis
observed down to 130 kmdepth, without distinction between crust and upper mantle. For Rayleigh
waves more diversity is present. Largest sensitivity is observed for the upper mantle down to 200
km, while on average is reduced for the crust.
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Figure 5.7: Transformed basis functions ¢ (r) corresponding to the second most significant inde-
pendent parameter 7, for Love (top) and Rayleigh (bottom) waves.
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and therefore better understand the actual, empirical sensitivity of surface wavesto Earth
structure, we proceeded similarly asin section 5.3. Theeigenvaluesof H are used to com-
pute the standard deviations Az and therefore describe the significance of the elements of
1. For each path, we computed seismograms considering only the most significant, the 2
most significant, the 3 most significant elements of n and so on. The misfit between these
seismograms and the data has been computed according to eg. 5.1. We determined the
number of significant parameters contributing to the 1D path average vel ocity structure by
selecting the highest number after which the misfit is not significantly changing anymore,
though more parameters are added. The number of parameters significantly contributing
to the determination of the path average velocity structure for Love and Rayleigh waves
are 3 and 4 respectively. Information on the sensitivity of Love and Rayleigh waves to
Earth structures can be gained from the inspection of the transformed basis functions g;(r)
(eg. 5.7) corresponding to the significant parameters »;. Particularly striking is the differ-
ence between g, () (basis function corresponding to the most significant element of n (=
7n1)) for Love and Rayleigh waves (Fig. 5.6). The largest sensitivity for Love waves is
observed for the crust and uppermost mantle down to 130 km depth. ¢, (r) for all paths
look similar. For Rayleigh waves, the picture is much more diverse. Largest sensitivity
is observed for the upper mantle down to 200 km, while on average is reduced for the
crust. Significant sensitivity is present down to the transition zone. g (), the transformed
basis functions corresponding to the second most important independent parameter 75,
are shownin Fig. 5.7. Although the sensitivity variability for Love waves increased com-
pared to Fig. 5.6, ¢»(r) for Rayleigh waves show a larger diversity. Love waves are on
average senditive to the difference between the uppermost mantle and crustal structure.
The sensitivity of Rayleigh wavesis much more complex and different from path to path.
On average Love waves are only sensitive to the combination of crustal and upper mantle
structure. There is strong indication that no independent information on crustal or upper
mantle structure is present. This suggests that strong trade-offs between crustal and upper
mantle velocities could exist and bias the resulting 3D velocity model.

Larger trade-offs between crustal thickness and upper mantle velocities for Love than
for Rayleigh waves have also been observed. In Fig. 5.8 the misfit (eg. 5.1) as a func-
tion of changes in Moho depth and sub-Moho velocity is plotted for several examples. A
comparison of the plots for Rayleigh and L ove waves shows that the minimum in the case
of Rayleigh waves is better defined (contour lines closer together) and that the trade-offs
between Moho depth and sub-Moho velocity, athough existent for both types of waves,
are larger for Love waves.

5.5 Surface wave refraction at sharp vertical boundaries

Sharp vertical discontinuitiesinthe crust and upper mantle system such as ocean-continent
boundaries and/or regions of transition between old and thick lithosphere (cratons) and
younger continental provinces, can strongly influence the propagation of surface waves.
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Figure 5.8: Contour plot of the misfit (eg. 5.1) as a function of changes in Moho depth and sub-
Moho S-velocity (in the scale, 1 corresponds to one estimated standard deviation: 225 nvs for
Svelocity, 5000 m the Moho depth). Examples for 2 different focal mechanisms and 4 hypocenter
depths are shown. The epicentral distanceis 10°.

Since for a specific frequency, Love waves are more sensitive to shallow structures than
Rayleigh waves and the strongest vertical boundaries are observed in the uppermost man-
tle, processes such as refraction could be more important for Love waves.

Although no real ocean-continent or craton-young lithosphere boundary is present in the
Mediterranean area, a lateraly strong heterogeneous structure has been imaged in the
uppermost mantle (Marone et al., 2003a). Tectonic provinces with different structural
characteristics such as mountain ranges, back-arc basins and subduction zones are con-
tiguous. Most paths we analysed in the Mediterranean region are not confined within one
province, but cross at least one boundary.

To evaluate the possible effect of sharp vertical boundaries on the direction of the wave
propagation path, we selected several 1D S-velocity models characteristic for the Mediter-
ranean region, computed corresponding phase velocitiesfor Rayleigh and Love waves and
calculated path deviations assuming that the refraction process follows Snellius law.
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Figure 5.9: Ontheleft, angles of the path deviation at the source for different incident angle at the
vertical boundary for Love (continuous line) and Rayleigh waves (dashed line). On the right, two
1D S-velocity models representing the Earth structure on either side of the vertical discontinuity:
in black iasp91, in red a profile for an oceanic structure. Ve assumed the transition to be in the
middle between source and receiver.

5.5.1 Path deviations

We calculated the azimuthal deviation of paths at the source compared to the great circle,
if refraction at a vertical boundary is taken into account. In Figs. 5.9 and 5.10 deviations
for different angles of incidence are shown for two different structures. Positivevaluesare
obtained if the phase velocity for the first medium is slower than for the second and vice
versa. In the first example (Fig. 5.9), we simulated an ocean-continent transition. Max-
imum deviations (4°-5°) are observed for the shorter period waves, propagating through
the crust. Thedifference between Rayleigh and Lovewavesissmaller than1°. InFig. 5.10
we selected two extreme 1D S-velocity models from aregional 3D velocity model for the
Mediterranean region (Maroneet al., 2003a): one representing aback-arc basin (thin crust
and low upper mantle velocities), the other one for a subduction environment (thick crust
and high upper mantle velocities). For Rayleigh waves, significant azimuthal deviations
are observed only for periods smaller than 50 s, while for Love waves 2° path pertur-
bations are present up to periods of 80 s. However, even for a boundary between such
extreme models, the maximum deviation at the source of the actual path from the great
circleis 9° for both Rayleigh and Love wave.

To study the influence of path deviations on the waveform fit, we computed synthetic
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Figure 5.10: On the left, angles of the path deviation at the source for different incident angle
at the vertical boundary for Love (continuous line) and Rayleigh waves (dashed line). On the
right, two 1D Svelocity models representing the Earth structure on either side of the vertical
discontinuity. The profile in black represents the structure of a back-arc basin (Algero-Provencal
Basin), with a thin crust and an asthenospheric layer. The red profile shows the upper mantle
structure beneath station ITHO (Fig. 2.1) and is characterized by a 40 km thick crust and high
upper mantle velocities traceable to the subducted Hellenic slab. We assumed the transition to be
in the middle between source and receiver.

seismograms for waves travelling along refracted paths. We assumed 10° deviation at the
source. We fitted this synthetic data (L ove and Rayleigh waveforms separately) assuming
waves propagation direction and excitation at the source along the great circle path (an
exampleis shown in Fig. 5.11). In most cases we observe differences in the amplitude of
Love waves. Source radiation patterns for Love waves show in general 4 nodes, while for
Rayleigh waves in most cases only 2 are present. Therefore a wrong wave azimuth has
a stronger influence on Love waveforms, because the excitation factor is varying more
rapidly within a small angle. The obtained fit between observed and synthetic Rayleigh
waveformsis very satisfactory. Only the radial waveform is partially distorted. Although
it was not possible to obtain a perfect match between observed and synthetic waveforms,
the difference between the retrieved and the original upper mantle S-velocity models for
both Love and Rayleigh waves falls within the uncertainties. Less than 1 km difference
is observed between the original and retrieved Moho depth. Since it was also aways pos-
sible to jointly fit the 3 components of these test waveforms with a single 1D model for
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Figure 5.11: Three component synthetic seismograms for waves travelling along a refracted path
(black) for 10° azimuthal variation at the source have been fitted assuming wave propagation
direction and excitation at the source along the great circle path (in red for Rayleigh (vertical and
radial components at the top and in the middle respectively), in green for Love waves). On the
right the corresponding S-velocity models.
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Figure 5.12: Phase velacities for Love (continuous line) and Rayleigh waves (dashed ling) for the
models shown in the inset.

Love and Rayleigh waves, redlistic deviations of the wave path from the great circle do
not explain the observed incompatibility of 1D velocity models derived from Love and
Rayleigh data (section 5.1).

5.5.2 Phase velocities

Information on surface waves sensitivity to Earth structure can be gained from the in-
spection of phase velocity curves. We computed phase velocities for the fundamental
mode surface wave (both Rayleigh and Love) from a set of 1D S-velocity models. In the
first example (Fig. 5.12), we simulated a lithosphere with different thicknesses. While
Rayleigh waves clearly detect the base of the lithosphere and for long periods (sensitive
to deeper structure) the curves merge together, the sensitivity of Love waves seemsto be
reduced to the uppermost mantle. The base of the lithosphere is not detected: the phase
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Figure 5.13: Phase velacities for Love (continuous line) and Rayleigh waves (dashed line) for the
models shown in the inset.

velocity curves are parallel for periodslarger than 60 s and do not merge. Fig. 5.13 shows
phase velocity curves for models characterized by a lithosphere with different velocities
but constant thickness. Same features asin Fig. 5.12 are observed and a close comparison
of Figs. 5.12 and 5.13 shows how non-unique the information contained in phase vel ocity
curves can be. It isdifficult to distinguish between phase velocity curves corresponding
to 1D models with a thin fast lithosphere or a thick slower one. This ambiguity is more
marked for Love waves, which seem to be more sensitive to an average upper mantle
structure than to single velocity anomalies. This type of wave can aso not uniquely de-
termine the depth of similar high velocity anomalies (Fig. 5.14), while crossing phase
velocity curves for Rayleigh waves indicate anomalies starting and ending at different
depths.

Phase velocities curves for different 1D Svelocity models suggest that Rayleigh waves
can more unambiguously determine strength and depth of velocity anomalies than Love
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Figure 5.14: Phase velacities for Love (continuous line) and Rayleigh waves (dashed line) for the
models shown in the inset.

waves, which are in general only sensitive to a mean average model. A similar sensitiv-
ity difference has aso been suggested by the analysis of the significant parameters and
corresponding basis functions obtained in the waveform fitting (section 5.4).

5.6 Conclusions and outlook

We have described discrepancy between 1D path average velocity models obtained from
Love and Rayleigh waves travelling through the same region. The similarity of the re-
trieved 1D S-velocity models with anisotropic PREM (Dziewonski & Anderson, 1981)
suggests that at least part of the discrepancy could be traceable to radial anisotropy.

Therefore, the linear constraints extracted from Love and Rayleigh waves have been in-
verted separately. The obtained 3D velocity models show different characteristics, which



96 Love and Rayleigh wave incompatibility

can only partly be explained by the possible presence of anisotropy. The horizontal size of
the anomaliesin the model retrieved from Love wavesislarger than in the model obtained
from Rayleigh waves. In addition, although the system of linear equations provided by
Love waves is smaller than in the Rayleigh case, more iterations are necessary for the
inversion to converge and the achieved variance reduction is smaller. Theinversion of the
Love dataset shows that the constraints obtained by the analysis of Love waves might be
more inconsistent among each other compared to the constraints in the Rayleigh dataset.
Thelarger variance reduction and early convergence obtained by fixing the Moho depth to
the values of EAMO2 in atest inversion of the linear constraints derived from Love waves
suggest that Love waves cannot uniquely determine Moho depth and velocities around it.
Inspection of surface waves sensitivity suggests important differences in the ability of
determining the Earth structure for Rayleigh and Love waves. While the sensitivity of
Rayleigh waves is strongly diverse and is path dependent, the sensitivity variability for
Love waves is reduced. The largest sensitivity for Rayleigh waves is observed for the
upper mantle down to 200 km, while on average is reduced for the crust. Love waves
are only sensitive to the combination of crustal and upper mantle structure, while there
is strong indication that they do not contain any independent information on crustal or
upper mantle structure. This suggests that for models derived from Love waves strong
trade-offs between crustal and upper mantle velocities could exist and bias the resulting
3D velocity structure. Synthetic tests also shows larger trade-offs between Moho depth
and uppermost mantle velocities for Love than Rayleigh waves.

Although the Mediterranean crust and upper mantle are characterized by strong lateral
heterogeneities and due to refraction at sharp vertical boundaries variationsin azimuth up
to 10° with respect to the great circle path can occur, bias of the retrieved velocity model
isminimal and falls within the uncertaintiesfor both Love and Rayleigh waves. However,
at sharp vertical boundaries, a seismic wave not only is refracted, but part of the energy
is reflected and/or converted to a different mode. To better understand the information
contained in surface waves, it would be interesting to compute synthetic seismograms
for a 3D Svelocity model taking into account physical processes such as reflection, re-
fraction and mode conversion at sharp boundaries. Comparison of these 3D synthetic
seismograms with real data and synthetic waveforms computed according to path average
velocity structures could be important to determine possible differences of e.g. energy
contamination on Love and Rayleigh waveforms, which could be responsible for biases
in the imaged velocity structures and for inconsi stencies within datasets.



Conclusions

Thanks to new data recorded at 25 broad band seismic stations temporarily deployed
along the Eurasia-Africa plate boundary region (MIDSEA project) as well as at perma-
nent European seismic stations, we can present the first Moho depth map and regional
Svelocity model resolving the complete Eurasia-Africa plate boundary region from the
Azores to the eastern Mediterranean Sea. Striking similarities between our shear wave
velocity model and body wave tomographic images (e.g. Bijwaard & Spakman, 2000)
for the extensively studied continental European region have been observed. Although
the imaged heterogeneities in our model show a longer wavelength character compared
to P-velocity models due to smoothing and different data characteristics, we do observe
consistent results between body and surface wave tomography studies (independent data
with different sensitivity) where the resolving power of the used dataset is good. Thisis
giving further confidence to our S-velocity model for regions poorly studied before where
we could achieve an unprecedented resolution, like for the shallow mantle beneath the
Mediterranean Sea, northern Africa and the eastern Atlantic Ocean.

The imaged heterogeneous crust and upper mantle structure of the Mediterranean area
confirmsthe complex evolution of this plate boundary region and showsthe same order of
complexity as observed at the surface. The Moho topography aswell as the imaged upper
mantl e heterogeneities correl ate with the tectonics and geology along the plate boundary.
The suture zone between Eurasia and Africais characterized by mountain ranges, extend-
ing from northern Algeria, through Italy, the Balkans and Greece to Turkey and is outlined
by high seismicity. Thick crust (> 35 km) has been found in correspondence of the colli-
sion zones such as the Maghrebides, Alps, Dinarides and Hellenides. The Eurasia-Africa
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suture zone manifestsitself in the upper mantle mainly as a belt of high-velocity material
representing subducted oceanic lithosphere. It can be followed as deep as 300-600 km,
depending on the region and resolution. Since subduction did not occur contemporarily
throughout the region and sinking velocities are not necessarily spatially homogeneous,
fragments of African lithosphere reside at different depths in the upper mantle. Where
the process is till active (e.g. Crete), a continuous positive anomaly is observed from
the surface down to the transition zone. At old subduction zones (e.g. Spain), detached
pieces of seismically fast material are imaged deeper than 250 km.

A new, striking and resolved feature of our S-velocity model is a positive anomaly im-
aged beneath eastern Spain between 250 and 500 km depth. We suggest that this fast
body could be a fragment of subducted lithosphere, which detached in an early stage of
NW subduction of oceanic lithosphere in the western Mediterranean. Although time and
mechanisms of this event are still unclear, the new image of the eastern Iberian upper
mantle could represent a new key element for the reconstruction of the western Mediter-
ranean history.

The Mediterranean Sea exhibitsstrong lateral variationsin crustal and upper mantle struc-
ture, confirming different origin and evolution of the western and eastern parts. In the
west, the Moho discontinuity has been observed as shallow as 15-20 km. Between 80 and
200 km, S-velocitiesaslow as4.2 km/sare theindication for an asthenospheric layer. The
lithosphere-asthenosphere system of the western Mediterranean clearly differentiates it-
self from the structure of the older eastern Atlantic Ocean aswell asfrom the structure of a
young (4 to 20 Maold) ocean. The extensively stretched and partly oceanic crust together
with the uppermost mantle structure support the idea that, rather than a young ocean, the
western Mediterranean could be a strongly stretched continent, partly affected by spread-
ing, formed at the back of a dlab. The structure characterizing the eastern Mediterranean
(25-30 km thick crust, missing asthenospheric layer and average iasp91 upper mantle S-
velocities) suggests that thisregion is different from both an oceanic basin and a strongly
stretched continent. The imaged structure points to a continuation of the northern African
continental lithosphere beneath the eastern Mediterranean Sea.

Below the eastern North Atlantic Ocean the obtained Moho map shows a crust up to 5
km thicker than standard oceanic crust. From its highly perturbed relief, we interpreted
the crust here to be heterogeneous, as a consequence of periods with different magma
supply characteristic of slow spreading ridges. An additional effect contributing to the
imaging of an apparently anomalous thickness could be the serpentinization of the sub-
Moho mantle. Mgjor structural differencesin the eastern Atlantic Ocean upper mantle are
imaged between the Mid-Atlantic ridge and the older oceanic basins: the eastern Atlantic
lithosphereis characterized by lower vel ocities beneath the spreading ridge than under the
old ocean basins. Despite strong differences observed in the crustal structure between the
Mid-Atlantic ridge and the Azores, no significant differences are observed in the upper
mantle S-velocity structure.
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Airy isostatic compensation in the Mediterranean region has been assessed by compar-
ing the Moho topography obtained with the Moho depth computed assuming isostatic
compensation at 60 km depth. Most of the Mediterranean and eastern Atlantic region
appearsin isostatic equilibrium. In the eastern Mediterranean Basin strong positive resid-
uals are likely due to overestimating the crustal thickness, owing to an extremely low
average S-velocity in the upper crust due to the presence of thick sedimentary deposits.
The lithospheric low density required for isostatic compensation in the Bay of Biscay re-
gion, contrasting with observed high S-velocitiesin the top 50 km of the mantle, confirms
the presence of Archaean cratonic material.

Although only information provided by S and Rayleigh waves has been used to derive
the presented Moho depth map and upper mantle velocity model, Love waveforms have
also been analysed. Discrepancy between 1D path average vel ocity models obtained from
Love and Rayleigh waves travelling through the same region has been observed. The up-
permost mantle velocity structure retrieved from Rayleigh datais consistently slower (up
to 4%) than velocities obtained from Love wave data. Comparing the average S-velocity
models obtained from Love and Rayleigh waveforms with the global anisotropic model
PREM (Dziewonski & Anderson, 1981), we observe a strong analogy. This suggests that
the observed incompatibility between the velocity models obtained with the two types of
data, at least in part, is due to radial anisotropy in the Mediterranean upper mantle. How-
ever, comparison of the results of separate 3D inversions of linear constraints obtained
from Love and Rayleigh data suggests that the constraints obtained by the analysis of
L ove waves might be more inconsistent among each other compared to the constraintsin
the Rayleigh dataset. Inspection of surface wave sensitivity to Earth structure indicates
that such inconsistencies could arise from trade-offs between crustal and upper mantle
velocities as well as Moho depth and uppermost mantle velocities, which have been ob-
served to be larger for Love than Rayleigh waves. Bias of the retrieved velocity models
due to path deviations with respect to the great circle due to the strong laterally hetero-
geneous upper mantle structure of the Mediterranean region is instead minimal and falls
within the uncertainties for both Love and Rayleigh waves.
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Additional resolution tests

We present additional results from resol ution tests, mentioned in Chapter 4, but not shown
there.
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Figure B.1: Resolution test showing that vertical tears in the subducted lithosphere beneath the
Italian peninsula would be resolved by our dataset - (a) Horizontal slice at 150 km depth through
the synthetic input model and (b) through the recovered model.
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Figure B.2: Resolution test showing that a continuous slab under Central Italy would be well
recovered down to 500 km. From top to bottom: map illustrating the section location, vertical
cross section from northern Algeria to Romania through the obtained S-velocity model (Fig. 4.11),
the synthetic input model and the recovered model.
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Figure B.3: Resolution test showing that a horizontal tear in the slab under Central Italy would
be resolved by our dataset. From top to bottom: map illustrating the section location, vertical
cross section from northern Algeria to Romania through the obtained S-velocity model (Fig. 4.11),
the synthetic input model and the recovered model.
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Figure B.4: Resolution test showing that the horizontal orientation of the imaged high velocity
anomaly in the transition zone beneath Crete is resolved and is not an artefact due to horizontal
smearing. From top to bottom: map illustrating the section location, vertical cross section from
northern Libya to the Black Sea through the obtained S-velocity model (Fig. 4.11), the synthetic
input model and the recovered model.
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Figure B.5: Resolution test showing that the existence of the high velocity anomaly imaged in the
transition zone beneath eastern Spain is resolved by our dataset, although its shape is affected by
smearing - (a) Horizontal slice at 500 kmdepth through the synthetic input model, which simulates
the structure imaged in the transition zone in the Mediterranean region (Fig. 4.11) and (b) through
the recovered model.
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