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Abstract

The understanding of the formation history of the Alboran Sea is investigated using seismic wide-
angle refraction data in the East Alboran Basin in transition to the Algerian Basin and as second
dataset using seismological data of the Alboran region and the surrounding onshore domains.

The seismic wide-angle refraction data result in a velocity profile showing a transition from
thinned continental crust to oceanic crust. The profile is tending with a length of 250 km from
West to East and can be devided in three segments. The westernmost segment consists of crust
where the velocity structure clearly mimics continental crust. With a thickness of 6 - 7 km is this
crust extremely thinned compared to typical continental crust. The second segment in the cen-
tral part of the analysed profile describes the transition from the continental to oceanic crust. The
crustal thickness of the segment is up to 12 km which is due to the crossing of a topographic high,
the Maimonid Ridge. The main part of this segment has a crustal velocity structure of continental
crust. The transition from continental crustal velocities to oceanic crustal velocities emerge in the
last few kilometers of the central segment. In the East, the third segment of the profile is identified
with a crustal velocity structure typical for oceanic crust. The thickness of this segment is also in
the range for typical oceanic crust with 6 - 7 km.

The upper mantle velocity in the two western segments is with respect to typical continental
crustal velocities with ~7.0 km/s extremely low. Also beneath the oceanic crust low upper mantle
velocities of ~7.6 km/s result from the seismic modeling. These low velocities are comparable
to upper mantle velocities in some arc-back-arc regions (e.g. Mariana Arc and Tonga Arc). This
indicates that the Alboran Basin is a back-arc basin formed while slab rollback like the Mariana
Arc where the low upper mantle velocities are a result of the formation history.

The transition from thinned continental crust in the East Alboran Basin to oceanic crust in the
Algerian Basin and the low upper mantle velocities in the oceanic lithosphere are a support for
the Alboran Basin as back-arc basin. The transition from extremely thinned continental to oceanic
crust describes the Alboran Basin as back-arc basin formed while westward slab rollback.

The local seismicity in the Alboran region shows a thinning of the lithosphere from West to East.
In the West, lithospheric earthquakes occur down to a depth of 30 km. The East Alboran Basin
has a maximum hypocenter depth of 15 km. However, much deeper earthquakes with a depth
of up to 100 km are located mostly in the western part of the West Alboran Basin. Those can be
associated to the remnant slab of an extinct subduction zone.

Lithospheric seismicity occuring in the Alboran Basin are mainly rupturing close to topographic



features in two clustering regions. Those topographic features are the Alboran Ridge in the East
of the West Alboran Basin where the hypocenters are down to 30 km and the Carboneras Fault in

the East Alboran Basin with hypocenter depths down to 15 km.

Both datasets, the wide-angle refraction data and the seismological data, show a crustal thinning
from West to East. Additionally to the seismic velocity structure and the lithospheric seismicity,
the deep earthquakes in the West of the West Alboran Basin provide further information for the
Alboran Basin as it was available before. The slab rollback theory as formation history of the basin

is supported by the datasets.
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Zusammenfassung

Das Verstdndnis der Entstehungsgeschichte der Alboran See wurde mittels geophysikalischer
Methoden untersucht. Hierzu wurden seismische Weitwinkel-Refraktionsdaten im ostlichen Al-
boran Becken im Ubergang zum Algerischen Becken und ein zweiter Datensatz bestehend aus
seismologischen Daten der Alboran Region und umgebenden Landregionen verwendet.

Die seismischen Weitwinkel-Refraktionsdaten ergeben ein krustales Geschwindigkeitsmodell in
dem der Ubergang von ausgediinnter kontinentaler Kruste zu ozeanischer Kruste dargestellt
wird. Das Profil ist mit einer Lange von 250 km von West nach Ost ausgerichtet und kann in
drei Segmente unterteilt werden. Der westlichste Teil des Profils besteht aus Kruste in der die
Geschwindigkeitsstruktur klar kontinentale Kruste abbildet. Im Vergleich zu typischer kontinen-
taler Kruste ist diese Kruste mit 6 - 7 km Dicke extrem ausgediinnt. Das zweite Segment welches
den zentralen Teil des seismischen Profils beinhaltet beschreibt den Ubergang von kontinentaler
zu ozeanischer Kruste. Dieses Segment weist eine krustale Dicke von bis zu 12 km auf, wobei die
hohe Dicke seine Ursache in der auf dem Profil liegenden topographischen Erhebung, dem Mai-
monid Riicken, hat. Hauptsichlich betrédgt die krustale Geschwindigkeit des zentralen Segments
die von kontinentaler Kruste. Der Ubergang von kontinentalen Geschwindigkeiten zu ozeani-
schen Geschwindigkeiten entwickelt sich innerhalb weniger Kilometer im ostlichsten Teil des
zentralen Segment. Das dritte Segment besteht aus dem 6stlichsten Teil des seismischen Profils.
Ein krustales Geschwindigkeitsprofil, welches typische ozeanische Kruste abbildet ergibt sich
hier aus der Modellierung. Die krustale Dicke von 6 - 7 km ist ebenfalls typisch fiir ozeanische
Kruste.

In den beiden westlichen Segmenten ist die seismische Geschwindigkeit im oberen Mantel mit
7 km/s extrem niedrig. Unterhalb der ozeanischen Kruste im ostlichen Segment ergibt sich aus
der Modellierung ebenfalls eine niedrige seismische Geschwindigkeit des oberen Mantels mit
7.6 km/s. Beide niedrigen Geschwindigkeiten lassen sich zu Geschwindigkeiten im oberen Man-
tel von einigen Arc-Backarc-Strukturen vergleichen (z.B. Marianen Bogen und Tonga Bogen).
Dieses deutet an, dafs das Alboran Becken ein Backarc-Becken ist welches wie der Marianen Bo-
gen durch Zuriickweichen der abtauchenden ozeanischen Platte (“slab rollback”) entstand. Die
niedrigen seismischen Geschwindigkeiten im oberen Mantel sind ein Ergebnis aus der Forma-
tionsgeschichte des Backarc-Beckens.

Der Ubergang von diinner kontinentaler Kruste im ostlichen Alboran Becken zu ozeanischer
Kruste im Algerischen Becken und die niedrigen oberen Mantelgeschwindigkeiten unterstiitzen
die Interpretation des Alboran Beckens als Backarc-Becken. Der Bereich entlang des seismischen
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Profils mit extrem ausgediinnter kontinentaler Kruste zu ozeanischer Kruste beschreibt das Albo-
ran Becken als Backarc-Becken welches durch das westwértige Zurtickweichen der abtauchenden
ozeanischen Platte gebildet wurde.

Die lokale Seismizitédt in der Alboran Region stellt eine Ausdiinnung der Lithosphire von West
nach Ost dar. Lithosphérische Beben im westlichen Alboran Becken treten in einer Tiefe von bis
zu 30 km auf. Im 6stlichen Alboran Becken wurden Beben mit einer maximalen Tiefe von 15 km
lokalisiert. Die tiefsten Beben in der Alboran Region mit einer Tiefe bis 100 km treten hauptsich-
lich im westlichen Teil des westlichen Alboran Beckens auf. Diese Erdbeben konnen auf die Reste
der Lithosphdrenzunge der fritheren Subduktionszone zurtickgefiihrt werden.

Die lithospharische Seismizitdt des Alboran Beckens tritt hauptsdchlich nahe von topographi-
schen Strukturen auf. Diese verteilen sich in zwei Bereiche. Zum einen entlang des Alboran
Riickens im Osten des westlichen Alboran Beckens mit bis zu 30 km tief liegenden Hypozentren
und zum anderen nahe der Carbonera Verwerfung im 6stlichen Alboran Becken mit Beben in bis
zu 15 km Tiefe.

Beide Datensdtze, die seismischen Weitwinkel-Refraktionsdaten und die seismologischen
Daten, zeigen eine krustale Verdiinnung von West nach Ost. Zusdtzlich zu der seismischen
Geschwindigkeitsstruktur und der lithosphédrischen Seismizitdt werden mit den tieferen Erd-
beben im westlichen Teil des westlichen Alboran Beckens weitere Informationen fiir das Albo-
ran Becken bereitgestellt als bisher vorhanden waren. Diese Daten unterstiitzen das westwiér-
tige Zuriickweichen der abtauchenden ozeanischen Platte als Formationsgeschichte des Alboran
Beckens.

iv



Contents

Abstract
Zusammenfassung

1 Introduction

1.1 The Western Mediterranean Sea: Tectonic Evolution . . . . . ... ... ..
1.1.1 The two Plates in the Mediterranean Region . . . . ... ... ...
1.1.2 Formation of the Western MediterraneanSea . . . . . . . ... ...
1.2 The Alboran Sea: Tectonic Evolution . . . . .. ... .. ... ........
1.2.1 Geology of the AlboranSea . . . . . ... ... ... .........
1.2.2  Formation of the AlboranSea . . . . . . ... ... ... .......
1.3 Related Work . . . . ... ...
1.3.1 Active Seismics . . . . . . ...
132 Seismology . ... ... .. ... ...
14 Motivationof thisStudy . . . ... ... ... .. ... .. ... ...

2 Tools for Seismic Analysis

2.1 Seismic Refraction Analysis . . ... .. ... ... ... ..... .. ...
211 PhasePicking . . .. ... ... ... ... L oo
212 Rayinvr . . ... ... e
213 Tomo2D . ... ...
214 AmplitudeModeling . . ... ..... .. ... .. ... .. ...
2.2 Earthquake Analysis . . .. .. ... .. ... ... ... .. .. ...
221 SEISAN . . .. e
222 VELEST . ... .

3 Seismic Data

iii

O O W N N =

12
15
15
16
17

19
19
19
20
21
25
26
26
27

29



3.1 Seismic Refraction . . . . . . . . . . e

3.1.1 ProfileLocation . . . . . ... ... ... Lo Lo
3.1.2 Data Acquisition . . . ... ... ... .
3.1.3 DataPre-Processing . . ... ... ... ... ... ...,
314 PhasePicking . . ... ... ... ... ... o
3.2 EarthquakeDataset . . . .. ... ... . ... ... ... . ... ... ..
321 TheProject. . . .. ... ... .. ...
322 DataAcquisition . . ... ... ... ... .. 0 L
3.23 DataPre-Processing . . ... ... ... ... ... .. ...
324 PhasePicking . . ... ... ... ... .. oo

Seismic Refraction Analysis

41 ForwardModeling . ... ... .. ... ... . ... ... . .. ...
411 Modeling Strategy . . . . ... ... Lo
41.2 Resulting Forward Model . . .. ... ............ .. ...
42 Inversion . . . . . ... e
421 Modeling Strategy . . . . ... ... Lo Lo
422 ModelingResults . . . . ....... ... . o 00 0L

Synthetic Modeling of the Seismic Refraction Data
51 Modeling Procedure . . . ... ... ... .. ... .. ... .. .. ...
52 Synthetic Seismogram . . . ... ... ... ... Lo L L L

Modeling Results and Discussion of the Seismic Refraction Data

6.1 Velocity Structure . . . . ... ... ... Lo L

6.2 Formation of the analysed Profile in the AlboranSea . . . . . .. ... ...

Seismicity

7.1 Recorded Earthquakes in the Alboran Region . . . . . ... ... ... ...

72 Minimum 1IDModel . . ... ... .. oL
72.1 Minimum 1D P-VelocityModel . . . . . . ... ... ... ... ...
72.2 Inversion with P-and S-Phases . . . . . .. ... .. ... ... ...
7.2.3  Final Minimum 1D Velocity Model . . . . . .. ... ... ... ...

7.3 Results of the Seismological Analysis. . . . ... ... ............

Vi

43
43
43
43
48
48
55

63
63
64

67
67
73



8 Conclusion

A Enlarged Plots

B Data Fit and Seismograms of the Recorded Seismic Refraction Data

Abbreviations

List of Figures

List of Tables
Bibliography
Acknowledgements
Eidesstattliche Erklirung

Curriculum Vitae

vii

97

101

103

127

129

137

139

149

151

153



viii



Chapter 1

Introduction

More than 40 years before the theory about plate tectonic was accepted and propagated
by natural scientists in the 1960s, Alfred Wegner had the idea of the continental drift.
Observation of the coastlines of different continents far away from the other looked like
a puzzle and geological parallels between Africa and South America inspired Alfred We-
gener to the theory of continental drift which he first published in “Die Entstehung der
Kontinente” in 1912. His assumption was of one supercontinent that broke in parts which
drifted away, plowing through the oceanic crust. With the assumption of one superconti-
nent Wegener was right. But the way how the shells of the continent diverged and floated
over the earth was not correct. The supercontinent now is named Pangaea and was the
origin of all now existing continents.

Magnetic anomalies were discovered in the Atlantic which form a symmetric pattern
lined parallel to the Mid Atlantic Ridge. This pattern gave the idea for Dietz (1961) and
Hess (1962) to establish a theory about formation of oceanic crust by sea floor spreading
at mid ocean ridges. And when crust is formed somewhere it has to be consumed at an-
other place when there is no extension of the earth or compression of existing crust. This
was the origin of plate tectonics which had its onset in Wegeners idea about continental
drift. The main plates of the present are displayed in figure 1.1.

Plate tectonics comprise three different types of plate boundaries. The constructive plate
boundary where sea floor spreading forms new crust and the plates diverge, the destruc-
tive plate boundary known as subduction zones where plates converge and old crust
is consumed and the conservative plate boundaries, the transform boundary, where the
plates slide along the other.

For the evolution of the Alpine system and therewith the gross structure of the Mediter-
ranean region plate tectonics were responsible. Dewey et al. (1973) reconstructed the evo-
lution of this region by defining the initial positions of continental fragments, beginning
with seafloor spreading of the Atlantic ocean. Rotation of the African and Eurasian plates
and the relative motion towards each other are described by Dewey et al. (1973) from
180 Ma until present. This results in the gross structure of the Mediterranean region.
The seismic and seismological structure of the Alboran Sea in the Western Mediterranean
is investigated in this study to gain insights into the complex structure of the basin. This



INTRODUCTION

Figure 1.1: Tectonic map of present plate boundaries of the main plates (http: // pubs.usgs.gov/
gip/ dynamic/ slabs.html).

results gives more information to support a hypothesis of the formation history of this
region.

1.1 The Western Mediterranean Sea: Tectonic Evolution

The Western Mediterranean Sea is part of the Alpine System and started to form its
present structure in Oligocene. The Alboran Sea at the westernmost End of the Mediter-
ranean Sea is topic of this study. Therefore an introduction to the Mediterranean Sea and
its formation history is given in this chapter.

1.1.1 The two Plates in the Mediterranean Region
In the western mediterranean region are two plates converging. These are the Eurasian
and the African plate (figure 1.1).

The Eurasian Plate

The Eurasian plate includes most of the Eurasian continent and is one of the biggest
tectonic plates. The main part of the Eurasian plate is of continental lithosphere. In the
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Figure 1.2: Map of the Mediterranean Sea. The red rectangle denotes the Alboran Sea.

West and in the North the boundaries are of oceanic origin with divergent plate bound-
aries where new oceanic crust is formed at mid ocean ridges. Most of the southern and
eastern margin of the Eurasian plate are in a convergent setting. In South-East Asia are
present subduction zones whereas the southern and the southwestern part of the plate is
in convergent mode but has not a clear subduction zones because of continent-continent
collisions.

The northern half of the Eurasian continent is neighboured by the North-American plate
whereas the southern part is bordered from east to west by the Philippine, Australian,
Indian, Arabian and African plates (figure 1.1).

The African Plate

The African plate contains the whole African continent and has a percentally higher
amount of oceanic lithosphere compared to the Eurasian plate. Oceanic crust surrounds
the continental crust in the East, South and West (figure 1.1). In the North it is bordered by
the Eurasian plate in a convergent regime. East, South and West are in divergent regime
with production of new oceanic crust. The bordering tectonic plates are the Arabian, In-
dian, Australian, Antarctic, South American and North American plates (clockwise enu-
meration).

1.1.2 Formation of the Western Mediterranean Sea

The Mediterranean Sea is located between the European and the African continent. It was
formed while the convergent motion of the tectonic plates of Africa and Europe. Simul-
taneously with the plate convergence some basins evolved. These new evolved basins
are in the western part of the Mediterranean Sea the Alboran Sea, the Algerian-Provengal
Basin, the Valencia Trough, the Ligurian Sea and the Tyrrhenian Sea (from West to East).
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Figure 1.3: Two types of subduction: the Chilean or Andean subduction in a compressional regime
(top) and the Mariana type subduction with an extensional back-arc basin (bottom). The figure is
taken from Stern (2002) after Uyeda and Kanamori (1979).

The eastern Mediterranean Sea includes from West to East the Adriatic Sea, the Ionian
Sea and the Aegean Sea. These basins form the Mediterranean Sea (figure 1.2).

Before Oligocene (> 35 Ma)

In the Mediterranean area, the average convergence between the African and the
Eurasian plate is about 0.5-2 cm/yr in NNW-SSE direction increasing from the western
(~0.5 cm/yr) to the eastern Mediterranean (~1 cm/yr) (DeMets et al., 1990; Faccenna et al.,
2004). A decrease in convergence rate appeared during Late Paleogene / Early Neogene
due to collision of both plates (Bailey, 1992; Burke, 1996; Jolivet and Faccenna, 2000; Rosen-
baum et al., 2002). A slower convergence continued into reduction of subduction and an
increase of slab retreat which ends in an opening of back-arc basins (Jolivet and Faccenna,
2000). This stage delineates a change from compressional Andean-type to an extensional
Mariana-type subduction (figure 1.3) (Jolivet et al., 1999; Jolivet and Faccenna, 2000).

The Andean- or Chilean-type of a subduction zone subducts young lithosphere (< 50
million years old) which is thin, hot and not so dense like the underlying asthenospheric
mantle because of a thin lithospheric mantle below the crust . The slab has a small dipping
angle because of the buoyancy of the subducted material. Consequently in the back-arc
region compression appears because the slab tries to resist to be subducted and com-
presses the overriding plate. Contrary to that, the Mariana-type of subduction experi-
ences extension in the back-arc region. Cold and thick lithosphere is subducted which
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is relatively old (> 100 million years old). The thickness of mantle lithosphere can be es-
timated by thickness jith. mantie (in km) = 10 \/ age in 106 years because it cools down
and gets thicker through time. Crustal thickness stays constant over the whole time. The
average density of old crust and old and thick lithospheric mantle is higher than in the
underlying asthenosphere and therefore the subducted lithospheric slab sinks with a high
angle into the asthenosphere. The slab is pulled down and due to a developed convection
cell in the asthenosphere, the subducted slab is pulled further down and the back-arc re-
gion extends. The amount of earthquakes is lower in Mariana-type subduction compared

to Andean-type subduction because of weak coupling between the two plates and there-
fore lower resistance against subduction (Uyeda and Kanamori, 1979; Stern, 1998, 2002).
Further trench retreat and a rollback of the slab in SE direction continued in the wes-
tern Mediterranean Sea due to subduction of cold and old lithospheric material. Exten-
sion started in the overriding plate and a rifting system initiated. This was the initiation
for formation of basins which later formed the western Mediterranean (Rosenbaum et al.,
2002).

Oligocene (ca. 34 Ma to 23 Ma)

After the change of subduction type from Chilean- to Mariana-type subduction (compres-
sional to extensional subduction zone) extensional basins started to evolve. The western
rift was formed at ca. 35 Ma with evolution of the Gulf of Lion (Jolivet et al., 1999). The
subduction system has changed from a SE dipping subduction zone to a NW dipping
subduction system in the southern part of the western European continent in Oligocene
time (ca. 34 Ma to 23 Ma) (Rosenbaum et al., 2002). This results in a production of calc-
alkaline volcanism in nowadays Provencal and Sardinian area (Wilson and Bianchini, 1999;
Rosenbaum et al., 2002; Faccenna et al., 2004) which ceased ca. 13 Ma ago. The magmatism
was due to seafloor spreading in the back-arc basin of a northwestward dipping subduc-
tion zone in the area of Sardinia, Corsica and the Provence (Wilson and Bianchini, 1999).
The extensional “front” was during this period more than 1500 km long (Faccenna et al.,
2004).

With the beginning of extension and therefore counterclockwise rotation of about 30° in
the area of Corsica and Sardinia the formation of all basins in the western Mediterranean
had its initiation in the Gulf of Lion (Jolivet et al., 1999; Rosenbaum et al., 2002). Blocks were
separated from the European continent and started to rotate together with the Corsica-
Sardinia block (figure 1.4 (a) and (b)). With rotation of the Corsica-Sardinia block the
Liguro-Provengal Basin started to open from ca. 30 Ma onward. This rifting of the block
and the opening of the basin continued until ca. 21 Ma (Jolivet and Faccenna, 2000; Rosen-
baum et al., 2002; Faccenna et al., 2004; Brun and Faccenna, 2008).

During Oligocene time back-arc extension migrated further southward from the Liguro-
Provencal Basin to the Valencia Trough. The Valencia Trough was opened by rotation of
the Balearic block since ca. 26 Ma (Rosenbaum et al., 2002).
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Burdigalian (ca. 21 Ma to 16 Ma)

During the extension of the Liguro-Provencal Basin seafloor spreading formed new crust.
This ceased together with the end of counterclockwise rotation of the Corsica-Sardinia
block and hence at the end of opening of the Ligurian Sea during Burdigalian time (ca.
21 Ma to 16 Ma) (Burrus, 1984; Jolivet et al., 1999; Jolivet and Faccenna, 2000; Rosenbaum et al.,
2002; Faccenna et al., 2004; Brun and Faccenna, 2008). Because of collision of the Corsica-
Sardinia block with the Apennines the opening of the basin ceased (figure 1.4 (c) and
(d)). The slab rollback stopped and terminated further extensional processes in this basin
(Rosenbaum et al., 2002).

During 26 - 16 Ma a clockwise rotation of the Balearic block started to open the the Va-
lencia Trough (Rosenbaum et al., 2002; Faccenna et al., 2004). Subsequently, the rifted block
split into the Balearic and the Kabylies blocks. A new basin, the Algerian Basin, was
formed, opening between these two blocks. The Algerian Basin started to grow because
of slab rollback and extension. Due to fast rollback seafloor spreading started to form
new oceanic crust in the Algerian-Provengal Basin (Rosenbaum et al., 2002).

A clockwise rotation of the Betics block during Burdigalian and a coeval counterclock-
wise rotation of the Rif defines the beginning of the opening of the Alboran Sea (section
1.2.2).

Magmatism of calcalkaline type was spread in the western Mediterranean during en-
tire Burdigalian time in Liguro-Provencal Basin, Valencia Trough and in the Sardinian
area which migrated southeastward to the Tyrrhenian region and along the north African
coast (Wilson and Bianchini, 1999; Faccenna et al., 2004). Also in Morroco and northwestern
Algeria subduction related magmatism was present.

Middle Miocene (around 15 Ma)

During Middle Miocene the oceanic lithosphere of Mesozoic age between Kabylies block
and the African continent was completely subducted. The Kabylies block migrated fur-
ther southward until it collided and was accreted at the northern African margin (figure
1.4 (e)). This resulted in the end of southward rollback and extension of the Algerian

Figure 1.4: Compilation of figures of Rosenbaum et al. (2002) for the evolution of the western
Mediterranean. (a) Beginning of the evolution of the western Mediterranean in Oligocene. (b) First
stage of extension and formation of the Valencia Trough and the Gulf of Lion in Late Oligocene.
(c) Formation of the Provengal Basin in Early Burdigalian. (d) Opening of the Algerian Basin in
Late Burdigalian. (e) Collision of the Kabylies Block with the African margin and first stage of
opening the Alboran Basin in Middle Miocene. (f) Accretion of Betic and Rif on Iberia and Africa
(respectively) in Tortonian. (g) Start of formation of the Northern Tyrrhenian Sea in Messinian. (h)
Further opening of the Tyrrhenian Sea in the South in Late Pliocene.
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Basin. Thrusting started in the External Maghrebides (Wilson and Bianchini, 1999; Rosen-
baum et al., 2002). The collision of the Kabylies block with the African continent divided
the subduction zone in two segments. The western segment with a eastward and the east-
ern segment with a westward dipping subduction zone (Lonergan and White, 1997; Wilson
and Bianchini, 1999; Rosenbaum et al., 2002).

The eastern part of the subduction zone continued in the Tyrrhenian Sea while the wes-
tern part delineated the beginning of the formation of the Alboran Basin and the Gibraltar
Arc. Clockwise rotation of the Betics block and counterclockwise rotation of the Rifean
block created this region (Rosenbaum et al., 2002; Faccenna et al., 2004). Contrary to the
formation of the Algerian Basin with an extension in N-S direction, this region experi-
enced an E-W directed opening of a new basin. The retrograde migration of the slab of
the western Mediterranean subduction zone stopped and caused the end of formation of
the Valencia Trough/Balearic Basin during Middle Miocene (ca. 15 Ma) (Wilson and Bian-
chini, 1999; Faccenna et al., 2004).

Magmatism during Middle Miocene appeared in the entire western Mediterranean re-
gion and was of calcalkaline type, related to subduction processes (Wilson and Bianchini,
1999; Faccenna et al., 2004).

From Tortonian (ca. 12 Ma to 7 Ma) to present

During Tortonian (ca. 12 Ma to 7 Ma), the Alboran Sea developed in the western part of
the western Mediterranean Sea and in the eastern part the Tyrrhenian Sea was generated
(figure 1.4 (f), (g) and (h)).

A further clockwise rotation of the Betics block and counterclockwise rotation af the
Rifean block formed the Gibraltar arc connected to the formation of the Alboran Sea
which is described in section 1.2.2.

The Tyrrhenian Sea started to form since approximately 9 Ma (Middle Tortonian). Prior
there was probably a calm phase of back-arc extension in this region and during Torto-
nian a new extension between Corsica and Sardinia in the West and the Apennines in
the East developed (Jolivet et al., 1999; Rosenbaum et al., 2002; Faccenna et al., 2004). This
worked in two steps. First the northern Tyrrhenian Sea started to open during 9 Ma
to 5 Ma. At the same time the crust of the Apennines was shortened and thrusted and
a counterclockwise rotation took place. During the second phase (5 Ma to present) the
southern part of the Tyrrhenian Sea opened, controlled by slab rollback of oceanic Ionian
lithosphere beneath Calabrian arc. This was accompanied by counterclockwise rotation
of the Apennines during Tortonian to Pliocene (ca. 5.3 Ma to 2.6 Ma) in the northern re-
gion and from Pliocene until now in the southern Tyrrhenian Sea. After rifting until 5 Ma
in the Tyrrhenian Basin seafloor spreading to SE occurred until ca. 1 Ma and formed new
oceanic crust (Jolivet et al., 1999; Wilson and Bianchini, 1999; Faccenna et al., 2004; Brun and
Faccenna, 2008).

The subduction slab in the Sicily Channel broke into two pieces. One slab with further
soutward rollback to the northern African region and the other slab retreated in the Cala-
brian region to the SE (Faccenna et al., 2004). Together with a 15° to 25° clockwise rotation



1.2 THE ALBORAN SEA: TECTONIC EVOLUTION

of Calabria during Pliocene and Pleistocene (ca. 2.6 Ma to 12000 a) and clockwise rota-
tion of the Sicily block the Calabrian arc formed simultaneously to the formation of the
Tyrrhenian Basin (Rosenbaum et al., 2002; Faccenna et al., 2004).

During Early Tortonian alkaline volcanism appeared in the Valencia Trough and calcalka-
line volcanism in the whole Algerian Basin. In the southern Alboran region alkali-basalt
magmatism was present (Faccenna et al., 2004). Between 10 Ma and 5 Ma alkali-basalts
erupted in northern Tunisia, Sardinia and the southern Tyrrhenian Basin. In the Tyrrhe-
nian Basin it changed to calcalkaline volcanism and rested after 5 Ma.

The solely left subduction zone in the Western Mediterranean is in the Calabrian region
and partly in the northern Appenines (Faccenna et al., 2004).

1.2 The Alboran Sea: Tectonic Evolution

The Alboran Sea is the westernmost part of the Mediterranean Sea (figure 1.2) and lies be-
tween the convergent plates of Europe and Africa. It is bordered in the West by the Strait
of Gibraltar and in the East it continues into the Algerian Sea and the Southern Balearic
Basin. The northern and southern borders of the Alboran Sea are mountain chains formed
during the formation of the Mediterranean Sea. In the North on the Iberian Peninsula are
the Betic mountains and in the South on the African plate the Rifean mountains. Together
with Gibraltar, the mountain chains form an arc.

The formation of the Alboran Sea is until now still under investigation. There exist diffe-
rent hypotheses for the formation, e.g. the subduction related back-arc basin, the Mediter-
ranean type back-arc basin, a basin related to mantle diapir, a basin related to convective
removal of lithospheric root or a basin related to asymmetric delamination of lithospheric
mantle (Polyak et al., 1996). The main hypotheses are explained in section 1.2.2.

1.2.1 Geology of the Alboran Sea

The geology of the Alboran Sea is a result of the geodynamic evolution of the Mediter-
ranean. The convergence between the African and the Eurasian continent played a big
role in the formation of this region.

Onshore the main pre-Neogene crustal domains of the Gibraltar Arc are the External
Zone, the Internal Zone and the Flysch Trough (figure 1.5 (a)). The External Zone com-
prises the South Iberian cover on the Iberian Peninsula and the Maghrebian cover on
the African continent (figure 1.5 (a)). Sedimentary rocks of Mesozoic to Tertiary age rep-
resent the passive paleomargin of Iberia and Africa which were deformed by thrusting
and folding during the Alpine orogenesis. The sediments consist of autochthonous, pa-
rautochthonous and allochthonous non-metamorphic rocks (Coward and Dietrich, 1989;
Lonergan and White, 1997; Comas et al., 1999; Rosenbaum et al., 2002; Cavazza et al., 2004;
Frizon de Lamotte et al., 2004).

A separation of the External and the Internal Zones is done by the Flysch Trough (figure
1.5 (a)). This unit consits of Cretaceous to Early Miocene marine sediments of nappes
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Figure 1.5: (a) Geological map of the Alboran Sea and surrounding onshore (after Comas et al.
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of the Alboran Sea. Main structural features are shown.
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which were highly deformed and deposited in a trough on oceanic or very thin continen-
tal crust (Comas et al., 1999; Cavazza et al., 2004).

The Internal Zone is also known as Alboran Domain (figure 1.5 (a)). It is made of Pa-
leozoic and Mesozoic marine sediments thrust onto the External Zone during Miocene.
Deformation and partly high-pressure low-temperature metamorphism influenced the
structure. Parts of the Internal Zone are (from bottom to top) the Nevado-Fildbride, Alpu-
jarride and Maldguide complexes (Lonergan and White, 1997; Comas et al., 1999; Rosenbaum
et al., 2002; Cavazza et al., 2004; Frizon de Lamotte et al., 2004).

Magmatism in the arcuate Betic-Gibraltar-Rif mountain belt is mainly of calc-alkaline se-
ries and occured during Miocene (Duggen et al., 2008).

The Alboran Sea itself has different structural features like margins, subbasins and struc-
tural highs (figure 1.5 (b)) (Maldonado and Comas, 1992; Ballesteros et al., 2008). The main
subbasins are the West Alboran Basin (WAB), South Alboran Basin (SAB) and East Al-
boran Basin (EAB). In the WAB are different topographic highs where the prominent
features are the Xauen Bank, Tofino Bank, Ibn Batouta Seamount, South Herradura bank,
North Herradura Bank and Djibouti Bank (from West to East). Djibouti Bank, North and
South Herradura Bank are also called the 36°10” High (Ballesteros et al., 2008). At the boun-
dary to the SAB are the Alboran Channel and the Alboran Ridge with Alboran Island
ontop. The Cabliers Bank, Provencaux Bank and Alidade Bank are the main topographic
highs in the SAB (West to East). In the easternmost part of the SAB is the Habibas Escarp-
ment which forms the boundary to the EAB and the Algerian Basin. In the EAB are the
Chella Bank, Almeria Canyon, Avenzoar Bank, Maimonid Ridge, Al Mansour Seamount
and Yusuf Ridge (Northwest to Southeast).

The basins of the Alboran Sea are covered by Miocene to present sediments with a thicker
sequence in the west (up to 7 - 8 km) compared to the east (less than 4 km). This sedimen-
tary cover is of syn-rift deposits and post-rift sediments (Comas et al., 1992, 1999).

In the transition to the South Balearic and Algerian Basin an evaporitic layer is present,
developed due to the Messinian salinity crisis (Duggen et al., 2003; Booth-Rea et al., 2007;
Govers, 2009).

Strike-slip, normal and reverse faults cut the Alboran Basin (e. g. Maldonado et al., 1992).
Parallel to the Almeria Canyon runs the Carboneras Fault in NE-SW direction, a strike
slip fault. Other major faults are also strike slip and are the Jebha Fault which also trends
NE-SW and continues on land Morocco and the Yusuf Fault with an NW-SE trend, run-
ning parallel to the Yusuf Ridge (Maldonado et al., 1992).

Until Miocene volcanism influenced the morphology of the Alboran Sea, occuring mainly
in the central and eastern part (Comas et al., 1999). Magmatic style was tholeiitic (LREE!-
depleted) to calc-alkaline (LREE!-enriched) (Hoernle et al., 1999; Duggen et al., 2004, 2008)
which formed the different structural features like Alboran Island (tholeiitic) or Xauen
Bank (calc-alkaline). Tholeiitic volcanism occurs mainly in the central Alboran Sea (keel-
shaped) and calc-alkaline volcanism subparallel to the arcuate Betic-Gibraltar-Rif moun-
tain belt.

'LREE = Light Rare Earth Element
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1.2.2 Formation of the Alboran Sea

The Alboran Sea is an extensional basin formed during a compressional regime where the
continental plates of Africa and Eurasia collide. How the Alboran Sea formed during this
compressional regime is until now under discussion. There exist different hypotheses to
explain the processes until present. The main hypotheses are enumerated by e. g. Rosell
etal. (2011):

¢ convective removal of thickened lithospheric root that caused uplift and extension
(Platt and Vissers, 1989; Platt et al., 1998)

¢ lithospheric delamination caused by gravitational collapse of thickened lithosphere
(Seber et al., 1996, Mezcua and Rueda, 1997; Calvert et al., 2000)

¢ westward to southwestward rollback of oceanic slab that generated back-arc exten-
sion (Royden, 1993; Lonergan and White, 1997; Gutscher et al., 2002)

¢ south-eastward rollback of an oceanic slab attached to African plate (Doglioni et al.,
1997)

¢ south-eastward delamination of subcrustal lithospheric slab (Docherty and Banda,
1995)

¢ slab detachment: vertical broken-off piece of a previously subducting lithospheric
slab (Zeck, 1996, 1997)

Mainly represented theories are explained and summarized in the following sections.

Convective Removal Theory

A schematic view of convective removal is shown in figure 1.6. Figure 1.6 (a) is the state
with an initial thickness of the lithosphere. While plate convergence between the African
and Eurasian plate the lithosphere thickened when the two continental plates collided
(figure 1.6 (b)). The thermal gradient in the lithosphere decreased. Convection removes
the lower part of the thickened lithosphere, which is colder and hence denser compared
to the underlying asthenosphere, (figure 1.6 (c)) and results in a step of the thermal gradi-
ent (Platt and England, 1993; Turner et al., 1999). This step occures because asthenosphere
replaces the removed lithosphere and the asthenosphere is hotter compared to the litho-
sphere. The thinning of the lithosphere is accompanied by an increase of elevation be-
cause of removed dense lithosphere and an increase of the potential energy which in-
volves stress differences and are caused by differences in potential energy of different
rocks. The differences in potential energy triggers the extension of the region of thinned
lithosphere (figure 1.6 (d)). Lithospheric thinning increases the thermal gradient and shal-
lower parts are getting hotter. At last the thermal gradient decreases by re-establishing
the thermal equilibrium (Platt and England, 1993).

Convective removal is associated by magmatism through partial melting in the lower
crust (Turner et al., 1999). This volcanism is of calc-alkaline style.
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Figure 1.6: Sketch of convective removal (after Platt and England, 1993). (a) The initial state with the
initial thermal profile in equilibrium. (b) Thickened lithosphere with a reduced thermal gradient.
(c) Convective removal thinned the lithosphere and replaced removed lithosphere by astheno-
spheric mantle. The thermal gradient was induced with a step at the lithosphere-asthenosphere
boundary. (d) Extension results and the thermal gradient due to lithospheric thinning increases.
Through time the thermal gradient gets back to its equilibrium.

The results of e.g. Platt and Vissers (1989); Platt et al. (1998); Turner et al. (1999) support
convective removal as the theory for the formation of the Alboran region.

Lithospheric Delamination Theory

Lithospheric delamination is similar to convective removal. During the plate convergence
between Africa and Eurasia, the lithosphere in the Alboran region thickened. Litho-
spheric mantle started to detach from the crustal lithosphere and peels away. The re-
moved lithosphere is replaced by hot asthenospheric material. Uplift followed the de-
lamination of lithosphere and resulted in an extensional regime (Seber et al., 1996). Vol-
canism was the result of the hot asthenosphere which replaced the delaminated slab and
accompanied the extensional regime.

Low seismic velocities in the upper mantle is one result which would follow lithospheric
delamination (Seber et al., 1996).

In the Alboran region it is thought to be a complex structure where the Iberian lithosphere
delaminates to the north, the Moroccan Lithosphere to the south and the lithosphere be-
neath the Gulf of Cadiz to the west beneath the Atlantic (Seber et al., 1996).

Westwards Slab Rollback Theory

After Royden (1993) and Lonergan and White (1997) the Alboran region has its beginning in
the Alpine orogenic belt. The blocks of the Betics and the Rif originate like the Corsican,
Sardinian, Calabrian and Kabylies block from the Alpine area and were formed during
high-pressure metamorphism of the Alpine orogenesis (Rosenbaum et al., 2002). These
blocks broke away from the European continent and rotated and migrated away from
the European continent due to subduction rollback and therewith linked back-arc exten-
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Figure 1.7: Sketch of the evolution of slab rollback (Rosenbaum et al., 2002 after Lonergan and White,
1997). (a) The vertical negative buoyant force I’ of the subducting slab has the two components P
(slab pull) and R (slab retreat). If R is big enough and the asthenospheric mantle cannot support
the overlying cold and dense slab anymore, the slab starts to retreat. (b) Extension starts and
opens a back-arc basin when the velocity of the retreating slab v, exceeds the velocity of the plate
convergence v..

sion (figure 1.4 (a) and (b) and section 1.1.2 (“Before Oligocene (> 35 Ma)” and “Oligocene
(ca. 34 Ma to 23 Ma)”) ). At 30 Ma in the Gulf of Lion extension started with first stages
of opening of the Liguro-Provengal, the Alboran and the Tyrrhenian basins (Jolivet et al.,
1999). During Burdigalian the clockwise rotation of the Betics and the counterclockwise
rotation of the Rifean block began. These rotations lasted until ca. 10 Ma and were in the
Betic area about 130° to 200° and in the Rif ~ 100° (Lonergan and White, 1997; Rosenbaum
et al., 2002). A curvature in the western end of the subduction zone in the Mediterranean
Sea produced a westward rollback of the subduction hinge, separating the new formed
Alboran Basin from the Algerian Basin. This rollback migrated further to the SW until
the subduction zone reaches the African margin in the south. From there on the rollback
continued simply westward further into the area with oceanic lithosphere of the Atlantic
(figure 1.4 (e)). Rapid westward rollback thinned the continental crust to approximately
15 km during the period from Early Burdigalian to Early Tortonian (Wilson and Bianchini,
1999; Lonergan and White, 1997; Rosenbaum et al., 2002; Faccenna et al., 2004). The end of
back-arc extension was when the rollback of the subduction slab reaches Gibraltar and
accretion of the continental blocks of the Betics onto the Iberian margin and of the Rif
onto the northern African margin occurred during Middle to Late Tortonian (Lonergan
and White, 1997; Rosenbaum et al., 2002; Faccenna et al., 2004) (figure 1.4 (f)). The Betic and
Rif block form the External Zone in these areas.

Its origin has the slab rollback in old oceanic lithosphere which is colder and dense com-
pared to the underlying asthenosphere and therewith can sink into the asthenosphere.
A sketch of subduction rollback is shown in figure 1.7. Back-arc extension occurs when
subduction rollback exceeds the plate convergence. Slab rollback ends when all oceanic
lithosphere is subducted (Lonergan and White, 1997).
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Over the whole time of formation of the Alboran Basin about 210 km crust was extended
(Faccenna et al., 2004). Observations in the Betics and the Rifean cordillera like the rota-
tion analysis support the slab rollback model (Rosenbaum et al., 2002). Thursting in the
External Zone and coeval extension in the Internal Zone of the Betic, Rif, Gibraltar and
Alboran regions approve the theory of slab rollback (Gutscher et al., 2002). Lonergan and
White (1997) depicted that the diffusely located volcanism also supports the slab rollback
theory in an eastward dipping subduction zone with westward rollback of the slab. Also
the types of volcanism of calcalkaline, alkaline and basaltic style can be due to slab roll-
back because extensional volcanism and volcanism associated to a formation of an arc
occure in regions which are formed during slab rollback and which are present in the
Alboran region.

1.3 Related Work

1.3.1 Active Seismics

The Working Group for Deep Seismic Sounding in the Alboran Sea 1974 (1978) performed
a seismic sounding experiment in 1974 where onshore stations in Spain and Morocco
recorded seismic data from offshore shots with the goal to determine the run of the
Moho depth. They found a shallow Moho in the Alboran Sea with a depth of ~16 km and
low mantle velocities.

Seismic studies close to the coast were analysed by Comas et al. (1992) for the Spanish
and Bourgois et al. (1992) for the Moroccan coast. Both analysis are based on industrial
multichannel seismic studies (MCS) and analyse the sequences above the basement to
gain an insight into the formation history of this region.

In 1992 a survey to gain multichannel deep seismic data called ESCI-Alb was conducted
in the Alboran Sea. First interpretation is published by Comas et al. (1995). ESCI-Alb is a
subproject of the spanish national program “ESCI' project: Seismic Studies of the Iberian
Crust”. The onshore part is the subproject ESCI-Béticas (Garcia-Duefias et al., 1994).
ESCI-Alb contains two profiles with altogether ~400 km of multichannel deep seismic
data. ESCI-Alb 1 is running in NNE-SSW direction from the northern margin of the Al-
boran Sea to the center. The interpretation together with ESCI-Béticas 2 is published by
Gallart et al. (1995). ESCI-Alb 2 trends in WSW to ENE and provides information of the
upper structure of the central Alboran Sea to the Algero-Balearic basin. A reinterpreta-
tion of further processed data of two parts of the ESCI-Alb 2 profile (ESCI-Alb 2b and
ESCI-Alb 2c) was done by Booth-Rea et al. (2007). They interpreted the structure of the
crust as tripartite. The westernmost part is continental crust modified by arc magmatism,
changing to a magmatic arc crust and altering the structure to oceanic crust in the eastern
part of the profile.

1ESCI = Estudios Sismicos de la Corteza Ibérica
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1.3.2 Seismology

Different studies were conducted by using earthquake data to model the deeper structure
beneath the Alboran region (e. g. Serrano et al., 1998; Gurria and Mezcua, 2000; Buforn et al.,
2004; Thiebot and Gutscher, 2006; Ferndndez-Ibdriez and Soto, 2008). The different studies
used earthquake data from several years to obtain a sufficient amount of data. Stations
were only onshore and therewith the interpretation of the offshore structure contained
an error due to runtime errors of an earthquake (Serrano et al., 1998; Gurria and Mezcua,
2000; Ferndndez-Ibdfiez and Soto, 2008).

In other studies earthquake data were used to specify the focal mechanism of earthquakes
and performed a seismotectonic interpretation (Buforn et al., 2004). The seismotectonic
structure of the Alboran region is diffuse and the stress is released by continuous seismic
activity with moderate magnitude. The plate boundary between Africa and Eurasia is
not outlined by the hypocenters.

Figure 1.8 shows a map of Buforn et al. (2011) of the Alboran region with shallow, in-
termediate and deep earthquakes. Shallow earthquakes (< 40 km) occur in the eastern
part of the Alboran region. Earthquakes in the intermediate depth (40-150 km) occur in
the western part of the Alboran Sea which could indicate the remaining slab of the sub-
ducted crust. Deep earthquakes rarely occur in this region. One of the deep earthquakes
is the magnitude 6.2 earthquake in 2010 close to Granada in a depth of 650 km (Buforn
et al., 2011). Stronger earthquakes are also rare in this region. The Granada event was the
recent strong event. In 1954, a magnitude 7.8 event ruptured also beneath Granada in a
depth of 630 km (Chung and Kanamori, 1976). A historic event with a magnitude of 6.1
ruptured in 1910 offshore Adra (~16 km deep) (Stich et al., 2003b).
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1.4 Motivation of this Study

The geophysical investigation in the Alboran Sea has its aim to gain a structural model of
the lithosphere. Refraction analysis is done with wide-angle data collected in 2006. The
dataset is used to model the crustal stucture and depth of the Moho (chapter 4). Deeper
structure below the Alboran Sea is modeled with the usage of earthquake data to develop
a 1D-velocity model (chapter 7). The motivation for both studies is summariezd in a good
way by Maldonado and Comas (1992):

A general consensus was reached at the workshop® to recognize the importance of
the Alboran Sea and surrounding mountain belts, not only for the analysis of the
geodynamics of the African and Eurasian plates, and probably for the evolution of the
adjacent continental margins of the central North Atlantic, but also to understand
mechanisms of creation of small seas and oceans interior to orogenic inland arcs.

By modeling the structure of the Alboran Sea, a base for the interpretation of the forma-
tion of the region is provided. The resulting models make it possible to determine which
formation hypothesis enumerated in section 1.2.2 is plausible and which one is implau-
sible.

Main questions which are the goal to be answered by an analysis of available data are:

¢ Which kind of crust is present in the eastern Alboran Sea?

¢ Which kind of crust is present in the transition from the Alboran Basin to the
Algero-Balearic Basin?

¢ Which formation history has the Alboran Basin?

¢ How is the structure of the mantle along the analysed seismic refraction profile
defined?

* How is the seismicity distributed in the Alboran Sea (especially for shallow and
deep events)?

2CIESM, XXXI Congress and Plenary Assembly 1988 (International workshop in Athens, Greece)
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Chapter 2

Tools for Seismic Analysis

In this thesis seismic refraction and wide-angle data are used for the study of the crustal
structure and recordings of local earthquakes to delineate a simple 1D model for the
structure of the mantle.

For the interpretation of seismic data recorded traveltimes and amplitudes need to be
interpreted. In active seismics, traveltime data are inverted for seismic velocities, imaging
the crustal and upper mantle structure. Similar approaches can be applied to passive
data, i.e. earthquakes.

In this chapter, tools and inversion techniques will be briefly outlined.

2.1 Seismic Refraction Analysis

The aim of the seismic refraction and wide-angle profiling is to gain a 2D velocity struc-
ture by using traveltimes of reflected and refracted acoustic waves. Therefore two diffe-
rent approaches are used: a forward method and tomographic inversion. Each method
is done with a distinct program. The forward modeling was done with the ray tracing
program rayinvr (Zelt and Ellis, 1988; Zelt and Smith, 1992). For the inversion of the tra-
veltimes the Tomo2D code from Korenaga was used (Korenaga et al., 2000, 2001).

For the validation of the resulting 2D velocity structure an amplitude modeling ap-
proach was used. Therewith resulting amplitudes of the velocity structure are compared
to recorded data (section 2.1.4).

2.1.1 Phase Picking

Phase picking for the refraction analysis is done with the zplot program (Zelt, 1997). Col-
lected data are converted with segy2z into the z format which is used for the program
zplot. Interactive plotting, picking, filtering and data editing are the main usage of the
program. Different phases which are identified while picking are related to a number for
further usage with other programs. The number is a phase ID and makes it possible to
distinguish between for example Pg-, PmP- and Pn-phases !.

lPg = seismic refraction from crust; PmP = seismic reflection from Moho; Pn = mantle diving
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Figure 2.1: Example for a model layering from rayinvr (Zelt and Ellis, 1988).

With the small program headup the picked phases are stored in a file together with the
phase relating ID. For usage with rayinvr (section 2.1.2) these picks are converted to a
tx.in file which is ascii-format. Tomo2D (section 2.1.3) needs a different kind of format
which can be produced out of the tx.in file.

2.1.2 Rayinvr

Rayinvr is a program for ray tracing via forward and inverse modeling by Zelt and Ellis
(1988). The forward modeling method (which is used in this study) is based on a 2D trial-
and-error forward modeling approach with a simple, layered, large-block velocity model
parameterisation and uses the converted output of the zplot output file (section 2.1.1).
The parameters of the model are quasi horizontal layers where the depths of the separa-
ting boundaries and the velocities in this layers are defined in a simply to change file. The
depth values of one boundary are defined at different x-positions of the model. The ve-
locities are defined at top and bottom of a layer for x-coordinates. This results in a model
with trapezoidal blocks (figure 2.1). The velocities in the trapezoidal blocks are linear in-
terpolated between the upper and lower velocity values.
To test the constructed model the ray tracing equations are solved numerically. When the
raypaths are near-horizontal,

dz dO (v, — vy cot ©)

T cot©® and - . (2.1)

and for near-vertical raypaths

do =tan© and s = (v:tan© = v,) (2.2)
dz dz v
are solved, where O is the angle between the tangent to the ray and the z-axis.
Through the model Snell’s law has to be satisfied for each ray at every point of the model.
Each ray is divided into several small segments (A) where the length of each segment is
dependent on the velocity gradient in the velocity model and therewith the ray bending.
Is the velocity gradient in a layer large, the length of a ray segment is small. Is the velocity
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Figure 2.2: Grid structure of a velocity model. A mesh is hanging below the seafloor with a spacing
increasing with depth. The used grid spacing of the x-axis for this study is 0.5 km, which is due
to distinguishability not visualised in this grid.

gradient small, the length of a segment is large:
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(2.3)

« is a parameter for the step length and is chosen after consideration of RMS traveltime
error and computational time.

More complex structures of a velocity model can be constructed with pinch-out layers.
These layers have in some blocks of the model a thickness of 0 km and are needed to
model a subduction zone or just an isolated block.

Rays are traced through the model as ray families. These ray families are turning rays,
reflections or head waves. The endmodel is constructed after trial-and-error forward mo-
deling when the RMS traveltime error of the computed traveltimes is small compared to
the observed data.

2.1.3 Tomo2D

The tomographic inversion of the 2D seismic traveltime data is done with the Tomo2D-
code from Korenaga et al. (2000). It is a jointly inversion of refracted and reflected phases
which are identified and picked in the program zplot (section 2.1.1).

The parameterisation of the starting 2D velocity model is a sheared mesh hanging be-
neath the seafloor and/or land surface (Korenaga et al., 2000). Therefore designated x-
coordinates are chosen which can differ in distance to the next node. The finer the node-
spacing, the finer the resolution of the velocity model. But with an increasing number
of nodes the computational time increases and a too coarse node spacing can result in
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inaccuracy. The node spacing of the z-coordinate can be equidistand or differ in depth.
A finer spacing in the upper parts of a model is useful to resolve stronger variations in
the velocity structure which is due to geological settings. In the lower parts of a model
a wider spacing of the depth nodes is good enough because the structure is not as good
resolved in the dataset as in the upper part where more rays are passing through and
defining this domain. The resulting grid has the topography as its top and each layer of
the mesh is parallel to the topography (figure 2.2). This mesh is balanced in resolution of
geological structures and computational effort.

A further input file can be a reflector file. This reflector can be the crust-mantle boun-
dary which is used to model the PmP phases. It is defined as a simple x-z-file where
the first column contains the x-coordinates and the second column the corresponding
z-coordinate. The number of coordinates is arbitrary.

Forward Problem

Tomo2D includes a forward and an inverse approach for a velocity model. The forward
approach is a combination of two methods: the graph method, which is also known as
shortest path method, and the ray bending method. The combination of these two me-
thods has its purpose in efficiency of memory and computational time (Korenaga et al.,
2000). van Avendonk et al. (2001) tested if the shortest path method on a finer grid can de-
crease the error efficiently in a calculation or if a combination of the shortest path method
with ray bending is more efficient. A mix of both methods is useful during similar com-
putational time and results in higher accuracy and a lower error.

The graph method after Moser (1991) which
is based on Nakanishi and Yamaguchi (1986)

5 x 10 forward star

AN

uses the traveltimes of a seismic wave as the 0 / m ?’ ©
traveled distance through a mesh. The prin- : 71\ \“ O
ciples of Huygens and Fermat and Snell’s o 9 \ >

law are the basis for this: each point is a point

\

source which propagates in 360 degrees ar-

Y O

round the source, a seismic waves uses the
fastest way through a medium and that the
angle of incidence at a boundary between
two media with different seismic velocities
defines the emergent angle ( % =) 0 |
In refraction tomography the graph method °
computes the shortest path from one node to

Depth

Di
the next and through the whole mesh from Istance

the source to the receiver. The resulting path  Figure 2.3: Forward star of 5 x 10 nodes used
is a good approximation to the global mini- in the graph method. Circles mark grid nodes
mum of traveltime and the associated path of the used mesh.
(Moser, 1991). To compute the rays for the approximation, a mixed fifth/tenth forward

star is used like in Korenaga et al. (2000) where the nodes which are connected to the cur-
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Figure 2.4: Comparison of a ray path with the graph method (a) and with a combination of graph
method and ray bending (b). A hybrid method results in a smoother ray and higher accuracy of
traveltime with a lower RMS error.

rent source of the ray are defined (figure 2.3). This means, that a node is only connected
with nodes in its neighbourhood and not to all nodes in the mesh to minimize the com-
putational time and to gain a good approximation to the first arrivals. A higher order
of the forward star with finer grid spacing would result in a better approximation of the
traveltime through a mesh with a much longer computational time. Instead of this, a com-
bination with the ray bending method is used. Applying the graph method for solving
the ray path, a number of points is connected with straight lines (figure 2.4 (a)). Using
additionaly the ray bending method it results in a lower RMS error and smoother rays
(tigure 2.4 (b)).

Moser et al. (1992) developed a ray bending method which is introduced by Korenaga et al.
(2000) in their Tomo2D code. A good initial guess is needed for the ray bending method
to result faster in the global minimum because otherwise it is not definite if the travel-
times result in a local or the global minimum. Therefore the output of the graph method is
used as an initial guess which is close to the global minimum of traveltimes. The compu-
tational time of the ray bending method is proportional to the number of rays (Korenaga
et al., 2000) and much lower than the computational time of a solution with the graph
method with the same resolution.

By using the conjugate gradient method the traveltimes of rays are minimized. This is
done iteratively. The stopping criterium is a threshold value for the calculated travel-
times. Rays which define the path through a mesh are interpolated as beta-splines which
are curves that are defined by a small number of controlling points. With the small num-
ber of controlling points, the minimization of traveltime through a mesh is more efficient
than the graph method through the same mesh. Or it is much more accurate than just the
graph method.
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Inverse Problem

For inversion an initial reference model is needed. The traveltime residual along a path
of a refracted ray is described by

0T :/ dudTl’ (2.4)
L5

with 47} as traveltime residuals, du as slowness perturbations and I'; as ray paths (Kore-
naga et al., 2000). Reflections can be described by

T
oT; = / susT + °L
T, 0z

dz(xj) (2.5)

with z; as reflecting point of the jth ray. The equations 2.4 and 2.5 can be expressed in
one equation with d as the traveltime residual vector, G as the Fréchet derivative matrix
and dm as the unknown model perturbation vector. The resulting matrix equation is

d = Gém. (2.6)

The Fréchet derivative matrix contains the information about the path length distribution
of rays to relevant velocity nodes which describes the velocity sensitivity and the depth
sensitivity which is given by the reflectors dip, incident angle of a ray and the velocity
at a reflecting point (Bishop et al., 1985). Equation 2.6 defines the beginning of Korenagas
traveltime tomography.

A fast convergence of equation 2.6 is only possible when the starting model is not far
away from a true model. Otherwise more iterations have to be applied to result in a con-
vergence of the model.

Through the traveltime tomography an error of the picked phases can be assessed to
correlate them to some extent. An application of horizontal and vertical smoothness con-
straints for depth and velocity perturbations is used to gain an unique solution of the
undetermined equation 2.6. The correlation lengths are two 1D smoothness constraints,
for horizontal and vertical directions, with less memory storage compared to one 2D
smoothing constraint with a dense matrix (Toomey et al., 1994). A Gaussian smoothing
with one decay length is applied on all smoothing matrices (horizontal (Lp,) and ver-
tical (Ly, ) smoothing matrix for slowness perturbation and smoothing matrix for depth
perturbation (L)) (Toomey et al., 1994). Additionaly a depth kernel weighting parameter
w is adapted for the weighting of depth sensitivity in the Fréchet matrix. A regularized
linear system of equation 2.6 is

d G, wGy

0 )‘ULH»U 0 1(5mv (2‘7)
0 )‘ULVU 0 Eémd

0 0 wAgLyg

with subscripts v for velocity and d for depth components (Korenaga et al., 2000). With
respect to the resolution of the data weights for the slowness (\,) and reflector depth (\g)
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perturbations control the relative importance of the smoothing constraints.

Equation 2.7 is solved with LSQR (Paige and Saunders, 1982). If the starting model is far
away from a solution some residuals can be large and make the inversion unstable be-
cause of large outliers. To keep the inversion stable, additional damping is introduced in
equation 2.7 (Korenaga et al., 2000):

d G, wGy |

0 AoLim, 0

0 _ [MLy, 0 lamU] 28)
0 0 U))\de %5md '
0 a, D, 0

| 0] .0 way, Dy |

with the velocity damping matrix D,, the depth damping matrix D, and the damping
controlling parameters a,, and a3. D, and Dy are similar to the damping of van Avendonk
et al. (1998) derived from the penalty function for the magnitude of the model perturba-
tion.

Four weighting parameters, two for smoothing and two for damping, have to be selected
before solving equation 2.8. Korenaga et al. (2000) suggest to first test the two smoothing
parameters with a single inversion run and then fix each parameter to the best value. The
decision for a parameter is dependent on the constraints (like model roughness) of the
user.

Resulting velocity models of the joint refraction and reflection tomography are non-
unique. This non-uniqueness is observable in the depth of the during inversion com-
puted reflector and the velocity field. Lower crustal velocities are primarily resolved by
traveltimes of reflections and not by refracted rays. The depth kernel weighting parame-
ter w has large influence on the resulting velocity profile for regions with low resolution.
A value of 1 for w characterizes an equal weighting of depth and velocity nodes. A higher
value w specifies higher depth perturbation and a lower velocity perturbation. Regions
with a sparse ray coverage better recover the velocity structure with a higher depth ker-
nel weighting parameter than a low w which compensates insufficient recovery of the
velocity model with velocity perturbations, even when the traveltimes of both are nearly
the same (Korenaga et al., 2000). The range of possible velocity models for different values
of w can be tested by using this parameter as a single controlling parameter and the result
shows the velocity-depth ambiguity (Bickel, 1990).

The choice of parameters for the analysis in this study is described in section 4.2.1.

2.1.4 Amplitude Modeling

Amplitude modeling is done with the reflectivity method. With the reflectivity method
synthetic seismograms are computed to compare the results with recorded data. The goal
is to model seismograms which look like a reproduction of the measurements.

While computation of seismograms a velocity profile is the input and different parame-
ters can be set. The combination of velocity profile and parameters have to be adjusted to
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gain the best fit to the data. The method is used as a helping tool for the interpretaion of
amplitudes. Base for the reflectivity method is the work of Fuchs and Miiller (1971) which
is an extension of Fuchs (1968). A detailed description is published by Miiller (1985).
Calculation of the reflectivity method is based on the ray theory with included trans-
mission and reflection coefficients. This method integrates wavenumber or slowness to
compute a seismogram. The model is of a number of homogeneous layers where an inho-
mogeneous layer is divided into several homogeneous layers. For the reflectivity method
all reflections and multiple reflections above and below a layer are summed up to result
in a synthesis of wave-fields (Miiller, 1985). In each layer reflection and transmission for
hundreds of slownesses and, because of the frequency dependency, a number of frequen-
cies are computed. This is the most time consuming part of this computational method.
Several input parameters and the model setting are defined in one model file. Parameters
are amongst others the size of the window with the step size, reduction velocity and mi-
nimum time of the seismogram, the minimum and maximum phase velocities, frequency
range, time increment and duration of a signal. Specifications of each single homogenous
layer are made for depth, P- and S-velocity, a quality factor () for P- and S-waves and the
density. The quality factor () is defined as loss of energy by damping compared to the
residual maximal energy per period:

27 Amaz
@= §A

(2.9)

A high @ represents a low damping and a low @ a high damping, thus Q" is the damp-
ing parameter.

Usage of the reflectivity model is for regions with little threedimensional effects because
the input model is a onedimensional velocity profile. A comparison to measured three-
dimensional affected data and therewith interpretation of those is impracticable.

2.2 Earthquake Analysis

For earthquake analysis two software packages are used. SEISAN comprises a program
for phase picking of events. With VELEST an inversion of a 1D velocity profile is done
to compute a minimum 1D velocity model. The aim of the computation is to find a good
velocity model for the research area to locate the hypocenters of the events.

2.2.1 SEISAN

SEISAN is a SEISmic ANalysis software package for earthquake analysation (Havskov and
Ottemoller, 1999; Ottemdller et al., 2010). It is freeware which is upgraded continuously by
the developers and users of the software with improvements of the existing software
package or new programs.

SEISAN can process different data formats. The standard formats are SEISAN waveform
file format (Ottemodller et al., 2010, Appendix B), GSE (GSE = Group of Scientific Experts,
GSETT-3 (1997)), SEED/MINISEED (SEED = Standard for the Exchange of Earthquake
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Data, IRIS Consortium (1993)) and SAC binary and SAC ASCII (SAC = Seismic Analysis
Code, Goldstein (1999)). The supported data formats of original digital waveform data
tiles of the identified events (section 3.2.3) are stored in a folder which is accessed by
the SEISAN programs. Earthquake readings and full epicenter solutions of each event
are written in a treelike subdirectory structure of the experiment after date (yearly and
monthly subdirectories). These files are S-files in Nordic format (Ottemoller et al., 2010,
Appendix A), include phase readings and source information and direct to the wave-
forms of the experiment. The used database is for a simple organization of several events
recorded on a number of stations and for an easy use of this dataset with the software.
SEISAN and the subprograms can be used under EEV, a program to work interactively
with the dataset. Out of this programs many SEISAN subprograms can be started. The
program HYP is a modification from the HYPOCENTER program (Lienert and Havskov,
1995) and is used for location of the events, if these are local, regional or global events. It
uses specified velocity models to calculate the hypocenter. Plotting of the location of the
hypocenter with the location error is also part of HYP. MULPLT is used for trace plotting,
phase picking and spectral analysis. The location of the theoretical phases can also be
done out of this program for a quick location as reference for further phase identification.
An epicenter of an event can be plotted with the EPIMAP program. It uses a file in Nordic
format which can be the output of HYP, SELECT or COLLECT. SELECT searches in the
database for events with distinct criteria and stores these in Nordic fromat. COLLECT
just collects S-files of events from the database in a Nordic format file. The output files of
HYP, SELECT and COLLECT can be used for SPLIT to split the Nordic format files into
single S-files of events into the database or a specified folder. For the final location of the
events the database is updated with the UPDATE program. The S-files are updated with
the picks and the location of each event.

These are the main programs of the SEISAN software package which are used in this
study. There exist more programs for displaying a Wadati diagram, calculating a fault
plane solution, the magnitude ect., which is too extensive to list and describe in a com-
pact way. For further information look at Ottemdller et al. (2010).

2.2.2 VELEST

VELEST is a software to work out a minimum 1D velocity model (Kissling, 1995; Kissling
et al., 1994). The aim of the resulting model is for a better earthquake location or as a
reference model for further seismic tomography. To gain the final minimum 1D velocity
model the with the SEISAN software package (section 2.2.1) picked phases of events are
converted from the file with the picks in Nordic format to a CNV format used in VELEST.
Further to the input file with the picked phases, a file with listed stations which recorded
the events, a model file with the starting velocity model and a command file with several
input parameters for VELEST are needed. The station file comprises the name of a sta-
tion, the coordinates, depth or height of the situation and possibly a time correction for
the station which compensates differences to a reference station in subsurface geology
and height. The input model defines the layering of the model with the starting veloci-



28

TOOLS FOR SEISMIC ANALYSIS

ties and can include a damping value. In the VELEST command file different parameters
can be set like number of earthquakes in the CNYV file, a vp/vp-ratio, damping values,
number of iteration of the inversion etc. (for further information see Kissling (1995)). With
the command file the inversion of the starting velocity model is defined by the included
parameters. The inversion of the starting velocity model runs for the assigned number of
iterations and a reduction of the RMS error is the goal. Layering stays the same during
inversion and the hypocenter location and velocities are inverted and a station correction
for runtime correction of the differences of the geology below a station are computed.
Results are summarized in an output file with the calculated velocity profile and the as-
sociated RMS error. A file with the hypocenters calculated with the resulting velocity
profile and a station list completed with the runtime corrections are further output files.
The usage of VELEST demands to test a number of different starting models and param-
eters to recognize the differences of the results and find a good endmodel. The definition
of an endmodel needs a comparison of several models to find one model with a low RMS
error and a reasonable velocity structure. There is not the one correct solution. For a good
result a good starting model is needed.



Chapter 3

Seismic Data

The structure beneath the Alboran Sea is, as mentioned before, still under investigation.
Different types of data were collected and analysed in this study to gain more information
about the structure of the lithosphere and therewith find evidences for a formation theory
of this region (hypotheses presented in section 1.2.2). Different datasets and different mo-
deling methods are used to define the present structure below the Alboran region. There-
fore active seismics for seismic refraction analysis are used to model the crustal structure
(section 3.1) and passive data are recorded over a time period to gain information of the
deeper structure below the Alboran Sea (section 3.2).

3.1 Seismic Refraction

3.1.1 Profile Location

The Alboran Sea is the westernmost part of the Mediterranean Sea. Until now the forma-
tion of the Alboran Sea during the formation of the whole Mediterranean Sea is not well
understood. There are some hypotheses for the formation of the Alboran Sea which could
explain its main features (section 1.2.2). For getting a better understanding of the Albo-
ran Sea Basin, seismic refraction and wide-angle data were collected. These data were
acquired during a cruise of the german research vessel FS Meteor from 29th of August
to 20th of September 2006. Profile 02 of this cruise is WSW - ENE oriented and is located
in the eastern part of the Alboran Basin in transition to the Algerian Basin (figure 3.1). It
is oriented like this because Multichannel Seismic data were acquired along this profile
in 1992, analysed by Comas et al. (1995) and reprocessed and analysed by Booth-Rea et al.
(2007) (section 1.3.1). The profile starts at height of Melilla, a spanish exclave in North
Morocco, circa 65 km off the coast in the Alboran Trough, north of the Alboran Ridge. It
continues 250 km in ENE direction and ends north of Mostaghanem in Algeria.

3.1.2 Data Acquisition

During the cruise M69-2 with FS Meteor 25 Ocean Bottom Seismometer (OBS) and Ocean
Bottom Hydrophone (OBH) stations were deployed on profile 02. In the East, there are 5
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Figure 3.1: Location of profile 2 of the Meteor cruise M69-2. Yellow circles are the OBH and OBS
positions.

OBS stations equipped with a hydrophone and a three-component seismometer (figure
3.2 left). Continuing to the West are 20 OBH stations deployed, just equipped with a
hydrophone (figure 3.2 right). Each station has a distance to the next one of around 5 nm.
The 25 stations were deployed in a 135 nm long profile line which is 250 km in a 75° angle
from ENE to WSW.

Instruments

Ocean Bottom Hydrophones and Ocean Bottom Seismometer Ocean Bottom Hy-
drophones (OBHs) are equipped with a HTI hydrophone of the High Tech Inc. company!
or an OAS hydrophone of the Optimum Allpied Systems company?. Additional to a HTI
or OAS hydrophone there are Owen geophones on a OBS station with 4.5 Hz.

For storing the data of the instruments, there is a recorder from SEND Off-Shore Elec-
tronics GmbH?. This recorder is of the type Marine Longterm Seismocorder (MLS) or
Marine Broadband Seismocorder (MBS) which save the data on compact flash disks. The
recorder has an inner clock syncronized with the GPS signal and is stored during ope-
ration in a titanium cylinder together with a power supplying battery. This cylinder is
attached to the flotation and connected to the measuring hydrophone and geophone (fi-
gure 3.2: pressure tube).

Main part of an OBH or OBS is the flotation and is designed like the titanium cylinders
and the releasers by K.U.M. Umwelt- und Meerestechnik Kiel GmbH *. For deployment it

1http: / /www.hightechincusa.com
*http:/ /www.oas-inc.com

3http: //www.send.de

*http:/ /www.kum-kiel.de
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is connected to an anchor weight in order that the instrument sinks to the seafloor (figure
3.2). It can be recovered when an accoustic signal is send to the releaser of the station.
The releaser drops the anchor weight and the OBH/OBS rises back to the seasurface.

Seismic Signal For creating a seismic signal two BOLT® airguns were used with a vol-
ume of 32 litres each. The airguns are triggered to shoot every 60 s by a speed of approx-
imately 4 knots. This results in a ~123.5 m spacing of shots.

The guns operate at 150 bar to generate a seismic signal. The air gets compressed in the
chamber of the airgun. A trigger signal gives the impulse to release the air out of the
pressure chamber. This generates a pressure wave which propagates through the water
column to the seafloor and penetrates into the subsurface (section 3.1.2 “Seismic Wave”).
Along the 250 km long profile, more than 2200 shots were fired.

Seismic Wave

The seismic wave generated by two BOLT airguns (section 3.1.2 “Seismic Signal”) is re-
flected and refracted along seismic interfaces in the ground and recorded from OBH and

*http:/ /www.bolt-technology.com


http://www.bolt-technology.com

32

SEISMIC DATA

OBS as motion of hydrophone and geophone. A traveltime of a wave from the source to
the receiver is gained from the shooting time compared to the time the wave is recorded
from the stations recorder. The time the wave uses to reach the receiver depends on the
speed of the seismic wave through the subsurface.
There exist different types of seismic waves: compressional wave, shear wave and sur-
face waves. Compressional waves are longitudinal waves and are also called P-waves or
primary waves because they travel faster than the secondary waves and are registered
first. Secondary waves (S-waves) are shear waves which can travel only through solid
material because liquids are not shearable. A surface wave travels, as the name says, like
a water wave along the earth’s suface.
The seismic speed depends on physical properties: density of the material p and elasticity
due to shearing ;1 and compression « of the material. The speed of a P-wave is defined
by
4
vp = ’Hpg“. (3.1)

The velocity of S-waves depends on shear modulus and density

Vg = \/E (3.2)
p

3.1.3 Data Pre-Processing
First Steps

After recovering the OBH/OBS, the recorders are stopped and syncronized again with
the GPS time to gain the time shift of the recorders inner clock during the whole opera-
tion. This is important to get the correct traveltimes of seismic waves. The next step is
to copy the data of each OBH/OBS from the flash cards to a linux computer for further
processing.

The recorded data is in a format specific from recorders manufacturer SEND. These raw
data are converted to a s2x-format, resampled and converted into a pseudo SEG-Y for-
mat (steps in figure 3.3). Resampling corrects time slips on MTS or MLS recorders which
occur due to temperature dependencies of the recorders GPS clock. The conversion to a
pseudo SEG-Y format is done with seg-ywrite and produces for each channel one conti-
nuous data file. With the Passcal Quick Look (PQL) program® a fast check of the data can
be done. Each channel of the recorded data (one hydrophone channel for OBH plus three
geophone channels for OBS) is displayed in this program as amplitude over time.

To cut the pseudo SEG-Y data into traces, the ukooa file is used. The ukooa file is seper-
ated in four parts. The first part is the header which contains information about the cruise
like which survey it is, the date of the survey and the contractors. The second part con-
tains information about the synchronization times before starting and after ending the
recorder of each OBH/OBS and the skew time. The third part contains coordinates and

Shttp:/ /www.passcal.nmt.edu/ category /related-topics/pql


http://www.passcal.nmt.edu/category/related-topics/pql

3.1 SEISMIC REFRACTION

33

;

[mbsread / misread / mtsread|

resample for mts/ mls

[seg-ywrite] ———» Figure 3.3: This diagram
v

illustrates the steps for

[ukooa file] ——————[dat2segy| ———— > [imagerelobs|  data pre-processing. The

steps are run on board the

vessel. The final output is

a dataset in SEG-Y for-

mat which is used to pick

the phases of the seismic
waves (section 3.1.4).

trigger file; pxx.trig
ukooa input: pxx.inp
ship navigation: pxx.nav

O

8

(]
(=]
~

depth of each OBH/OBS. And the last part contains information about each shot: GPS-
time, shot number, GPS-coordinates and water depth. All parts are merged to one ukooa
tile out of three files containing an ukooa input file, trigger information of the shots and
the ships navigation. This ukooa file is used to get the correct position of each airgun shot
of the SEG-Y traces. Dat2segy uses the ukooa file to convert the pseudo SEG-Y traces into
SEG-Y traces with the right geometry and correcting the output by taking the skew time
into account.

To correct the position of the OBH/OBS, a relocalization has to be done. An exact po-
sitioning of the station is important for exact traveltimes of a seimic wave and further
modeling. Due to few differences in OBH/OBS position because of drifting and/or little
error in deployment position a slightly wrong position is logged and wrong traveltimes
and an asymmetry in the data are the result. The relocalization is done with the relobs
program which outputs a new OBH/OBS position after picking a few phases of the wa-
ter wave. Afterwards an update of the ukooa file with the new position has to be done
to ensure a correct geometry of the SEG-Y data files. New SEG-Y files are generated with
the new ukooa file which contain the corrected geometry.

Filtering

To gain better data quality, the recorded data have to be debiased, filtered and deconvo-
luted before usage. The signal-to-noise ratio will be improved by the use of these steps.
The filtering procedure uses a high-pass-filter to remove noise and improve the signal
generated by the airguns. Deconvolution has the goal to get the raw signal of the earth
in the SEG-Y data. Therefore the signal of the wavelet will be removed and a the Wiener
filter (Wiener, 1949) is used.
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Figure 3.4: Data of OBH 36 in the program zplot. In this program for phase picking, different
parameters can be adjusted for a better view on the data and therewith better picks of phases.

3.1.4 Phase Picking

For phase picking of seismic refraction data the program zplot is used (section 2.1.1; Zelt
(1997)). Therefore the SEG-Y data are converted into a z-format.

While using zplot, different parameters like a zoom into the data, an additional filtering
in the program or others can be adjusted to improve the view on the data for a better
picking result. In figure 3.4 seismic data of OBH 36 is displayed in the zplot program.
Phase identification is done in zplot by considering changes in slope angle and /or ampli-
tude. The different phases are marked by colors where each color stands for one number
(like a phase ID) that is stored with each pick in a picking file (x-coordinate, traveltime,
estimated picking error and phase ID). This makes it possible to assign a pick to a phase
for programs which are used for later modeling.

On the 24 OBH and OBS stations which recorded data, 13685 picks are made on a 250 km
long profile with a maximum offset of 60 km for the most stations. Identified phases are
refractions and reflections. Refractions are picked from the sedimentary layer (abbrevia-
tion is Ps), upper (Pu) and lower crust (Pg) and the Moho (Pn). Reflections are identified
at the Moho (PmP), but also in the sedimentary layer between layers with a sharp con-
trast of the P-wave velocity.

Pick uncertainties are applied on each picked phase by estimating the errors of the picks
from the signal to noise ratio. These uncertainties are important to estimate the error of
the resulting velocity model compared to the recorded data.

For the forward modeling of the picks with the rayinvr program (section 2.1.2), the file
with the picks is converted to a tx-format. In the Tomo2d inversion (section 2.1.3) a fur-
ther conversion from the tx-format to a suitable format is made.
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3.2 Earthquake Dataset

For additional information about the structure below the Alboran Sea a project called
TOPO-MED 7 was set up in this region. It is a subproject of the TOPO-EUROPE ® project,
which has the purpose to map the structure of Europe. With geosciences uplift and sub-
sidence of parts of the european continent is mapped for the present state. Further up-
lift and subsidence could trigger geohazards like erosion or desertification (by declining
sealevel or uplift) and flooding (by rising sealevel or subsidence). The influences of to-
pography on possible geohazards is a reason for the investigation of the european con-
tinent with the TOPO-EUROPE project. To map the present state and the changes of the
continent gives the possibility of a forecast for the evolution and possible geohazards.
The subproject TOPO-MED contains the Mediterranean region. The aim is to investigate
the present structure of this region. In section 1.1.2 the evolution of the western Mediter-
raneans is described. The last stage is the end of the subduction zone from the Gibraltar
to the Calabrian Arc. The TOPO-MED project investigates the last stage of the subduction
zone and the evolution of the Mediterranean Sea and a possibility of a new subduction
zone along the north African margin. These investigations are an analysis for possible
geohazards in the future.

3.2.1 The Project

From August 2009 to January 2010 seismic data were recorded in the Western Mediter-
ranean as part of the TOPO-MED project. Therefore 30 OBS and LOBSTER (section 3.2.2)
were deployed in August 2009 for longtime recording. Additionaly to these instruments
landstations in the southern part of the Iberian Peninsula and in northern Morocco were
available for a larger dataset (figure 3.5).

The offshore data were collected in combination of two cruises with the german reserach
vessel FS Poseidon. In August 2009 while the FS Poseidon cruise POS389, the 30 OBS and
LOBSTER were deployed for the longtime recording. The recovery of the station was con-
ducted while the cruise POS393 in January 2010. A first report of this project is published
as IFM-GEOMAR Report (Grevemeyer, 2011).

Most times the seismic activity in the Alboran region and the surrounding area is of low
to moderate magnitude. The aim of this part of the TOPO-MED project is to record the
seismic activity and use the records for a modeling of the crustal and upper mantle seis-
mic velocities.

3.2.2 Data Acquisition
Instruments

For the recording of earthquakes different instruments are used. Offshore and onshore
instruments have different requirements.

"http:/ /www.esf.org/activities/ eurocores /running-programms / topo-europe/ the-crps/topomed.html
$http:/ /www.esf.org/activities / eurocores /running-programms / topo-europe.html


http://www.esf.org/activities/eurocores/running-programms/topo-europe/the-crps/topomed.html
http://www.esf.org/activities/eurocores/running-programms/topo-europe.html
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Offshore Offshore instruments are OBS and LOBSTER’. The OBS are described in sec-
tion 3.1.2 “Ocean Bottom Hydrophones and Ocean Bottom Seismometer”. A LOBSTER is a
“Longterm OBS for Tsunami and Earthquake Research” designed like the OBS by K.U.M.
Umwelt- und Meerestechnik Kiel GmbH. Because of the possibility to equip a LOBSTER
for a longterm experiment (a second battery tube for extra power supply of the recorder),
four additional floating disks can be added for a higher buoyancy compared to an OBS.
The sensors on a LOBSTER are a hydrophone and a broadband seismometer. The Hy-
drophone is of the type HTI like the hydrophone used for OBS. Guralp systems provide
the CMG-40T broadband seismometer '°. It has three components and can afford 30 s to
50 Hz bandwidth output. For long periods it can supply 1s,2s, 10 s or 60 s and a high
frequency option with 100 Hz.

The recorder for a LOBSTER is a MCS, a Marine Compact Seismocorder, from SEND Off-
Shore Electronics GmbH. Data are stored on a harddrive inside the recorder box and the
inner clock is more stable compared to other models of SEND recorders (e. g. those which
are used for recording seismic wide-angle data in section 3.1.2 “Ocean Bottom Hydrophones
and Ocean Bottom Seismometer”). The power supply for the recorder is done by a battery
pack, which is stored together with the recorder in a titanium cylinder. This cylinder is
fixed to a frame on the LOBSTER and connected to the sensors.

Deployment and recovery of a LOBSTER is similar to the OBS (section 3.1.2 “Ocean Bot-
tom Hydrophones and Ocean Bottom Seismometer”).

Onshore For the onshore network a system from Nanometrics Inc. is used. The seis-
mometer is the Trillium 120'!. It is a three component broadband seismometer with a
low noise level and has a working field in a broad temperature range (+45°C'). The band-
width is 120 s to 145 Hz. Taurus'? is the used datalogger which is also a product of Nano-
metrics Inc.. It contains a precise GPS clock for accurate time recordings and has a long
operating time. Data are stored on a removable hard disk drive up to a size of 64 GB.
Power supply is provided by two 18 W solar panels.

Additional to these stations, permanent onshore stations are used for this study. Those
are part of the permanent network of Spain.

3.2.3 Data Pre-Processing

Resulting data of the offshore stations are downloaded from the flash cards or hard drives
of the recorders and converted to SEG-Y data format. During the recording time a time
shift of the recorders inner clock has occured which is assumed to be a linear shift. This
has to be corrected on the data time series.

Time corrected data are triggered with an algorithm to recognise seismic events in the
records of a station. The algorithm detects possible earthquakes by applying different

*http:/ /kum-kiel.de/eng/pdf/Lobster_eng.pdf

Yhttp:/ /www.guralp.com/products /40T

http:/ /www.nanometrics.ca/products /trillium-120-ppa
http:/ /www.nanometrics.ca/products /taurus


http://kum-kiel.de/eng/pdf/Lobster_eng.pdf
http://www.guralp.com/products/40T
http://www.nanometrics.ca/products/trillium-120-ppa
http://www.nanometrics.ca/products/taurus
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Figure 3.6: An example of the STA /LTA trigger algorithm: (a) The filtered seismic signal. (b) STA
and LTA average amplitude of the seismic signal. (c) STA/LTA ratio with the window of trigger
activity between the trigger ratio (left dotted line) and the de-trigger ratio (right dotted line). The
pre-event time (PEM, dotted reclangle) and the post-event time (PET, dashed reclangle) complete
the by this algorithm selected event. (d) The selected seismic signal of the event. From Trnkoczy
(2002).

parameters on the timeline. Before adopting the trigger algorithm, the data have to be fil-
tered. The filter is a band-pass filter to reduce the backround noise and results in a signal
where even small events are detectable by the trigger algorithm.

Short Time Average over Long Time Average (STA/LTA, Trnkoczy (2002)) is the used
algorithm (figure 3.6) where the average amplitude of a short time window (STA) is com-
pared to the average amplitude of a long time window (LTA) by dividing STA by LTA.
The length of the STA time window is commonly used between 0.3 s and 2 s for local and
regional events (used value is parameter s in table 3.1). Is this value too low, false signals
like spikes can also be detected as an event. Is it too high, small events are not detected.
For the LTA time window a common value is 60 s (1 in table 3.1). A too low value can
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result in no triggering because the threshold for triggering is not reached. Therefore a too
high value is better but can result in triggering of a non seismic signal. The threshold for
triggering is the trigger ratio, a STA/LTA value (t in table 3.1). A common value is 4. 8
or higher is for an unquiet site of the instrument with seismic signals made by humans.
Sites with a low noise value can work with a trigger ratio below 4 without detecting too
many wrong events. The end of triggering is set by a de-trigger ratio, also a STA/LTA
value (d in table 3.1). This threshold is commonly set between 2 and 3 for relatively quiet
seismic sites and higher for sites with high noises. A lower value would cause a later
de-triggering. Additionaly to the trigger interval defined by the trigger and de-trigger
ratio pre-event time (PEM for pre-event memory) and post-event time (PET) are added
to the detected event. PEM is set to a value which includes maximum time between P-
and S-wave arrival to assure that also the P-wave is part of the selected timewindow plus
a noise timeline before the event. The resulting PEM window depends on the size of the
network and is for example for a network with 200 km radius 40 s. PET has to be as long
as the end of the event is reached to get the whole seismic signal and do not cut off the
end of an event. An appropriate value for local events is 30 s and for regional events 60
t0 90 s.

An example of the STA/LTA trigger algorithm and the parameters is displayed in figure
3.6 and table 3.1.

For a better possibility of the earthquake analysis a minimum number of stations on
which an event is detected can be set. For the analysis of the events the detected time
windows are cut out of the timeline and each event is stored in a single file. The SEG-Y
traces are converted for further processing with the SEISAN software package (section
2.2.1) into a SEISAN waveform and listed in a SEISAN database.

Parameter S 1 m t d S M
Value 1.0s 60 s 250 s 4.6 1.0 3 30s

Table 3.1: STA/LTA parameter used in this study. s = length of short term window, I = length of
long term window, m = mean removal window length, t = trigger ratio, d = de-trigger ratio, S =
minimum number of stations with detected events, M = network trigger time window length. S
and M are typical used values. The other parameters are determined for this study.

3.2.4 Phase Picking

The identification of phases of a seismic event is done with the MULPLT program of
the SEISAN software package (section 2.2.1). By the STA /LTA trigger algorithm detected
events are read in the program. The aim is to identify P- and S-phases on as many stations
as possible.

Because of noises the identification of P-phases can be difficult. A S-phase identification
can get difficult due to noises and interference with parts of earlier phases. Examples of
waveforms are shown in figure 3.7. The examples are from the event on 30 October 2009
at 07:01 am and show two different kinds of waveforms. The upper one (figure 3.7(a)) is
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(a) Record of an event on a station (OBS08) with high signal to noise value.

Max anp: 5090.6

(b) Record of another station (M004) of the same event with much noise.

Max amp: 2188.3 Filter: 5.000 10.000

(c) Filtered record of station M004.

Figure 3.7: Examples of records of an event for (a) good and (b) bad data quality. Filtering while
picking can help to identify phases which are hidden in the noise. (c) is the filtered record of (b).

Max anp: 4045.7

(a) Zoom into P-arrival.

1 1 1 1 SEG |

Max amps  17242.9

(b) Zoom into S-arrival

Figure 3.8: The waveforms show a zoom into a P- and a S-arrival on OBS08 for the event on 30
October 2009 at 07:01 am. (a) A clear P-arrival is shown with low noise on the station. (b) The
S-arrival is also well identifiable.

a clear waveform with a low noise value. A zoom into the P- and the S-arrival is shown
in figure 3.8 where the phases are well identifiable. In figure 3.7(b) a record of a station
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with a low signal to noise ratio is shown. Without a filter the P- and S-arrivals are not
to identify. Applying a filter on the waveform (figure 3.7(c)) makes some phases easier
to identify but can also cause an error by phase shifting. While applying a filter on the
record it is important to compare the picked phases afterwards with the unfiltered arrival
to make sure that a phase shift does not lead to a wrong pick. Therefore also an error as-
sesment can be included into the picking. Picks can be weighted by defining the picking
uncertainty and adding a weight factor. Adressing a 4 to the picked phase, the weight of
the pick is 0 and it will not be used for hypocenter determination and traveltime inver-
sion. An adressed 3 on the pick weigths it with 0.25, a 2 with 0.5 and a 1 with 0.75. Is no
weighting value assigned to a pick, it will be weighted with 1. The weighting factors are
assigned when an uncertainty in picking has to be estimated. Relatively to other readings
of the same earthquake the weighting factors are added to a pick. No clear time frame of
uncertainty can therefore be assigned to one weighting factor because in each earthquake
this time frame can vary.

During the recording time of over five months between August 2009 and January 2010,
229 analysable events were detected. Alltogether 6446 picks of P- and S-phases are made
for these 229 events on 155 stations.
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Chapter 4

Seismic Refraction Analysis

Collected seismic data are picked and modeled to analyse the structure of the lithosphere
beneath the eastern Alboran Sea (for location of the seismic profile see figure 3.1). The
modeling is done with two different strategies. The first phase is a forward modeling
(section 4.1) where the resulting model is used as an input model for the second phase,
an inversion (section 4.2).

4.1 Forward Modeling

4.1.1 Modeling Strategy

Forward modeling is done with the program rayinvr (section 2.1.2). The picks (section
3.1.4) are converted into the tx-format, an ascii-format, which is used in this program.
The approach for the forward modeling is interactively from top to bottom.

The starting model for the forward modeling is a flat layered model with the during the
cruise M69-2 recorded bathymetry along the profile as the top layer, the seafloor.

Depth and velocity nodes are adjusted to fit the traveltimes which are picked. The num-
ber of nodes is relatively low with a spacing along the profile of 3 to 10 km for the depth
nodes and a velocity node spacing of 30 km (figure 4.1). Spacing of the nodes is defined
by necessity of a change in topography of a layer or a change in velocity along the defined
layer. The resulting model is interactively defined until the best fit is gained.

4.1.2 Resulting Forward Model

While forward modeling some basic structures occur in the velocity model (figure 4.2) in
the eastern Alboran Sea (for profile location see figure 3.1). In the central to eastern part of
the velocity model a low velocity zone (LVZ) is modeled. The existence of this structure is
consolidated by reflections from the bottom of the low velocity zone and reflections from
the bottom of the basement, recorded and visible on seismograms (example displayed in
tigure 4.3) and by an MCS study where data were recorded along this profile in 1992, the
interpretation published by Comas et al. (1995) and reinterpreted by Booth-Rea et al. (2007).
Below the basement a crust consisting of an upper and a lower crust is existent. The up-
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Figure 4.1: Distribution of the (a) depth nodes and (b) velocity nodes in the forward model. (a)
Squares define the position of depth nodes. The upper layer, which simulates the seafloor, has a
fine spacing of 0.5 km because of measured bathymetry data. Below the seafloor a spacing of 3
to 10 km is defined through the modeling phase. (b) Triangles define the velocity nodes. Those
triangles with apex down are velocity nodes which define the velocity at the top of a layer. Apex
up triangles show the position of nodes which define the velocity at the bottom of a layer. The
distance between velocity nodes is 30 km.

In addition to the node spacing the layering of the final forward model is illustrated (left = West,
right = East).

per crust is thinnest in the eastern central part of the profile (ca. km 135 - 180, thicknesses
listed in table 4.1). The lower crust has three different parts with different thickness: the
westernmost part of the profile (ca. km 0 - 40) has a lower crustal thickness of 5 to 6 km.
Thickenning to the center of the profile appears in a distance of few kilometers to a ma-
ximum thickness of 9.8 km. In the easternmost part of the profile a thin lower crust is
present with a thickness of 3 to 4 km.

More detailed thickness structure of the resulting model is summarized in table 4.1.

The final forward velocity model (figure 4.2) is separated in three parts, like the layering
indicates from the different crustal thicknesses (also visible in figure 4.1): the western-
most part of the profile from ca. km 0 to 40, the western to central part from ca. km 40 to
140 and the eastern part from ca. km 140 to 250.
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Time - Dist/6 [sec]

Distance [km]

Figure 4.3: Closeup of the seismogram of
OBH33. Reflections of the bottom of the
low velocity zone and the bottom of the
basement are recorded (red arrows).

distance ) upper crust lower crust
along water sefilment thickness [km] thickness [km] mantle
) depth thickness
profile [km] [km] (depth at top (depth at top depth
[km] [km]) [km])
10 1.81 1.50 1.99 (3.31) (5.30)
20 1.81 1.71 2.13 (3.52) 5.05 (5.65) 10.70
30 1.80 1.70 2.33 (3.50) 5.37 (5.83) 11.20
40 1.78 1.70 2.17 (3.48) 5.95 (5.65) 11.60
50 1.76 1.49 1.75 (3.25) 7.50 (5.00) 12.50
60 1.59 0.90 2.16 (2.49) 9.15 (4.65) 13.80
70 1.62 0.79 219 (241) 9.80 (4.60) 14.40
80 1.34 0.91 245 (2.25) 9.80 (4.70) 14.50
90 1.73 1.00 219 (2.73) 9.28 (4.92) 14.20
100 1.75 1.31 1.99 (3.06) 8.35 (5.05) 13.40
110 1.83 1.30 2.02 (3.13) 7.85 (5.15) 13.00
120 1.88 1.17 2.18 (3.05) 6.97 (5.23) 12.20
130 2.23 1.18 1.72  (3.41) 5.87 (5.13) 11.00
140 2.38 1.29 1.38 (3.67) 5.15 (5.05) 10.20
150 2.45 1.52 1.15 (3.97) 483 (5.12) 9.95
160 2.55 1.54 1.29 (4.09) 452 (5.38) 9.90
170 2.56 1.92 1.07 (4.48) 430 (5.55) 9.85
180 2.61 2.09 1.40 (4.70) 3.70 (6.10) 9.80
190 2.61 2.21 204 (4.82) 3.25 (6.60) 9.85
200 2.62 1.94 2.19 (4.56) 3.15 (6.75) 9.90
210 2.63 2.09 213 (4.72) 3.00 (6.85) 9.85
220 2.63 2.14 213 (4.77) 3.00 (6.90) 9.90
230 2.63 2.07 2.10 (4.70) 3.30 (6.80) 10.10
240 2.63 1.90 2.17 (4.53) 3.50 (6.70) 10.20

Table 4.1: Thickness and depth of the layers in the final forward velocity model.
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Figure 4.4: Top: Coverage of the resulting model with the forward modeling method. Bottom:
Fitting of the data (colored bars are the error bars for the different phases) on the resulting velocity
model. Left = West, right = East.

In the first 40 km of the profile a sedimentary thickness of ~1.8 km with a P-wave velocity
of 1.8 km/s at top and 2.5 km/s at bottom of this layer. The crustal thickness is 7 to 8 km.
v, increases from 4.4 to 5 km/s at the border between upper and lower crust and from
5.8 to 6.3 km/s in the lower crust. The mantle velocities are relatively low with ~7.3 km/s
directly at the Moho.

Between km 40 and 140, the crust is the thickest along the profile. This is the part of the
profile where the topographic feature Maimonid Ridge is crossed (for location see figure
1.5(b) and 3.1). Sedimentary thickness is ~800 m to 1.5 km, thinnest at top of the topo-
graphic high. The velocity is slightly increasing from west to east in this part: from 1.8 to
2 km/s at the top and from 2.5 to 2.7 km/s at the bottom of the sedimentary layer. In the
thicker crust the velocity increases from ~4 km/s in the upper crust to 6.7 km/s at the
deepest part of the profile with a upper mantle velocity of ~7.3 km/s.

From km 140 to the end of the profile the crust thins to 5 to 6 km with v, increasing
from ~4.2 km/s at top of the upper crust to 6.6 to 6.4 km/s at the Moho. Ontop the crust
a sedimentary layer of ~2 km thickness is existent. This layer comprises a low velocity
zone (LVZ) with velocities of ~2 to 2.6 km/s below sediments with v,, of 2 km/s right
below the seafloor increasing with depth to 3 to 3.3 km/s. The upper mantle velocitiy is
~7.6 km/s.

In figure 4.4 (top) the coverage of rays traced forward through the modeled velocity pro-
file is illustrated. The resolution of the velocity profile is until a depth just under the
Moho. Error estimation is displayed in figure 4.4 (bottom). Color bars denote the error
assessment of picks for first arrivals, which is assigned to the picks while phase picking.
Fitting to the picks (black lines in figure 4.4 bottom) was improved while forward mode-
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ling. The RMS traveltime residual of all traced rays is 0.118 s.

The resulting velocity model has an abrupt transition of P-wave velocities at layer bound-
aries. This is not close to a possible reality where a slight change of velocities would be
realistic. Therefore an inversion is used and described in the following section with the
rayinvr velocity model used as a starting model.

4.2 Inversion

An inversion of seismic data is used to gain a velocity model of the researched profil
(figure 3.1) which has a good fit to the recorded data and could be a plausible subsurface
structure.

4.2.1 Modeling Strategy

The modeling strategy for the inversion is to use the forward model which is provided
after fitting the recorded data to a discrete layered model with the rayinvr program (sec-
tion 4.1). The used program for inversion is Tomo2D (section 2.1.3).

H Ps ‘ Pu ‘ Pg ‘PmP‘ Pn ‘ Table 4.2: Chosen parameters for ditferent

phases. The tested modeling steps are named
Lht 1 1 1 1 1

after the last added phase (e.g. parameter test
Lhb 1 1 1 1 1

for sedimentary layer, upper and lower crust re-
Lvt 0.1 0.1 0.5 0.4 0.6 fractions and mantle reflections (Ps, Pu, Pg and
Lvb 1 1 5 5 4 PmP) is named PmP). Parameter abbreviations

LhR 1 1 1 1 4 are explained in the text.

Sv 20 20 40 30 100
SD 10 10 10 10 20

DV 10 20 40 80 50
DD 20 20 20 20 40

Q 1074 [ 107* | 1076 | 107* | 1076

Parameter Adjustment for Tomo2D

The grid size for the model is set to 501 x 92 (figure 2.2), which is every 500 m along the
profile and an increasing grid size with depth (~50 m at the seafloor and ~550 m in a
depth of 22 km). A fine grid size is needed to suffice an accurate traveltime modeling. A
too coarse grid would not fit the data with an acceptable error and a very fine grid would
increase the computational time and result in a finer velocity model but not improve the
data fit.

For Tomo2D different parameters have to be chosen for further modeling:

¢ Lht = horizontal correlation length (at top of model)
¢ Lhb = horizontal correlation length (bottom)
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* Lvt = vertical correlation length (top)

¢ Lvb = vertical correlation length (bottom)
* LhR = correlation length for the reflector
® SV = velocity smoothing

¢ SD = depth smoothing

* DV = velocity damping

¢ DD = depth damping

* Q = tolerance for LSQR algorithm

The choice for parameters is made after some tests with the rayinvr model and different
values for each parameter. Parameters with a low error and low to moderate roughness
are chosen as further modeling parameters (summarized in table 4.2). Parameters are
determined for each modeling step:

1. sedimentary layer refractions (Ps)
2. sedimentary layer and upper crust refractions (Ps and Pu)
3. sedimentary layer, upper and lower crust refractions (Ps, Pu and Pg)

4. sedimentary layer, upper and lower crust refractions and mantle reflections (Ps, Pu,
Pg and PmP)

5. sedimentary layer, upper and lower crust and mantle refractions and mantle reflec-
tions (Ps, Pu, Pg, PmP and Pn)

When one parameter is varied while it is tested, the other parameters are kept fixed to
the values of

Lht Lhb Lvt Lvb LhR SV SD DV DD Q
4 10 0.1 3 2 100 100 10 10 1073

The starting model is for each tested parameter the same: the final model of the forward
modeling (figure 4.2).

The correlation length is defined in four parameters: horizontal and vertical correlation
length for the top and the bottom of the model. Low horizontal and vertical roughness
and a low error is gained with a low horizontal correlation length at top and bottom of 1
for all inversions. The vertical correlation length differs for the different modeling steps.
At the top the parameter with the best error/roughness ratio is between 0.1 to 0.6 and at
the bottom between 1 and 5 (table 4.2).

For the reflector which is included in the modeling for the modeling steps with Pn- and
PmP-phases a correlation length of 1 respectively 4 (included Pn phases) is the best para-
meter.

Smoothness of the model is determined by the velocity and depth smoothing parame-
ter (SV and SD). Velocity smoothing uses higher parameters for phases which penetrate
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Figure 4.5: Testing of the velocity smoothing (SV) for the modeling step with PmP-phase. (a)
x? and corresponding horizontal and vertical roughnesses for different SV values. (b) RMS and
corresponding horizontal and vertical roughnesses for different SV values. Chosen parameter was
for the PmP-phase the value 30 because of a Iow error and low roughness.

deeper into the model. For Ps and Pu a value of 20 is chosen, for Pg a 40, for PmP a 30 and
for Pn a 100. In figure 4.5 the error and roughnesses for tested values of SV are plotted
for the PmP modeling step. A low error and coeval low horizontal and vertical model
roughness is gained with a SV parameter of 30.

For depth smoothing the best tested parameter is 20 for the Pn modeling step and 10 for
the others.

Damping values for velocity increases from 10 for the Ps modeling step to 80 for the PmP
modeling step. The Pn modeling step gains best results with a DV value of 50.

Depth damping values are determined to be 40 for the Pn modeling phase and 20 for the
Ps, Pu, Pg and PmP modeling phases.

The tolerance for the LSQR algorithm gains best parameter test results with 10~ for the
Ps, Pu and PmP modeling steps and 10~ for the two other modeling steps.

These determined parameters are used for the following inversion to gain a good velo-
city model with low errors and not to intense horizontal and vertical roughness.

After some models correlation lengths are changed due to too fine structures to values of

Lht Lhb
4 10

Lvt Lvb LhR
0.5 2 6

This results in a little higher error for the velocity models but a smoother structure. Too
fine structures are not resolved by the inversion. Those would be artefacts made by the
inversion and not reasonable fine structures which image the real subsurface structure
and are recorded by the data.
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inverted  with
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Figure 4.9: Dif-
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deling. Center:
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with a 2 km
thick  velocity
transition zone
between crust
and mantle
and a 0.5 km
thick  velocity
transition zone
between other

layers. Iso-
lines are every
0.5 km/s and

from 7 km/s
onward every
0.1 km/s. The
thick black
line shows one
of different
tested  Mohos
inverted  with
this starting
model.
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Figure 4.10: Re-
sulting models
after inversions
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Top: Inversion
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with a velocity
gradient below
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sion result of a
starting model
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: : : ‘ ‘ 4.8,  bottom).

Bottom: Inver-
sion result with
the forward
model result as

starting model
(figure 4.9,
bottom). Iso-
lines are every
0.5 km/s and
from 7 km/s
onward every
0.1 km/s. The
thick black

line shows the
resulting Moho.
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4.2.2 Modeling Results

With the determined parameters different starting models have been tested (examples
are shown in figure 4.7, 4.8 and 4.9).

Tomo2D is not made for modeling a low velocity zone (LVZ). Therefore the LVZ which is
forward modeled with rayinvr based on reflections (see section 4.1.2) is included into the
different starting models. The existence of a LVZ is also supported by the “steps” of the
refraction arrivals in seismograms (example in figure 4.6) which supports the decision of
inclusion of the LVZ in the different starting models.

The tested starting models differ in most parts in the sub-basement structure. Some start-
ing models are for example with different velocity gradients below the basement (exam-
ples in figure 4.7) and others are with different structures below the basement (examples
in figure 4.8). One model is the result of the forward modeling. The model is tested with
an abrupt velocity transition between layers (figure 4.9, top) and with a velocity gradient
at layer boundaries (figure 4.9, center and bottom).

Resulting velocity models show similar structures, if the starting model was the result of
the forward modeling, a model with structure or a model with a onedimensional velocity
gradient below the basement (figure 4.10). An inversion of Ps, Pu, Pg and PmP results in
a flat Moho in a depth between ~9.5 and 11 km for the western part of the profile. Be-
tween km 40 and 140 of the profile, a thicker crust is present. In the eastern part of the
profile the Moho is thinner and lies for most models in a depth between ~10 and 11 km.
At the edges of the profile, the Moho depth is massive influenced by the depth of the
Moho before inversion. These first and last kilometers of the profile are only resolved in
the upper few kilometers of the velocity model and not in the depth which would be
needed to model the Moho depth.

The velocity structure of the inversions are as well similar. The sedimentary cover is com-
posed of velocities of ~2 to 2.6 km/s with a LVZ in the eastern part of the profile. In the
different starting models the LVZ was included which, after inversion, is confirmed be-
cause it is not removed in any inversion. This LVZ lies beneath a layer of higher velocities
of up to ~3.6 km/s. The thickness of the sedimentary cover is 1 to 1.3 km at the topo-
graphic high, 1.5 - 1.7 km in the West and ~2 km in the East.

The upper crust has a higher velocity gradient compared to the lower crust. Below the to-
pographic high, the gradient is higher compared to the parts of the profile east and west
of this feature. An increasing velocity from ~4 km/s to ~5.5 km/s in a layer of 1.5 to 2 km
thickness is followed by a ~4 to 9 km thick lower crust with a small velocity gradient.
Below the topographic high the crust is thickest with a ~9 km thick lower crust. This part
has a structure in the velocity model with a shallowing and deepening 6 km/s isoline,
varying slightly between different inversions. The westernmost part and the eastern half
of the profile has a more layered structure in the crust. Velocities directly above the Moho
are 6.5 to 7 km/s.

Structure of the Moho is in all inversions similar with most differences in the eastern
half where the resolution is getting worse due to availability of fewer PmP arrivals. The
depths of the Moho in this part is driven by the depth of the Moho before inversion. Es-
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pecially between ca. km 160 and 210 the Moho differs. The Moho depth is successively
deepening until the profile end or deepens relatively abrupt in a few kilometers and con-
tinues until the end of the profile more or less horizontal (figure 4.10).

For inversion of Pn phases, a resulting model of inversion of Ps, Pu, Pg and PmP phases is
used with an included high velocity gradient at the Moho. Without changing the velocity
model in the upper mantle, the inversion with Tomo2D does not result in a reasonable
structure. The gradient at the crust-mantle transition is reduced while inversion which
results in steeply through the velocity model traced rays. The error gets worse compared
to a velocity model where the crust-mantle boundary velocity is influenced after inver-
sion of Ps, Pu, Pg and PmP and before inversion of Pn phases.

An average of models is calculated to show the average inversion result for the crust
(figure 4.11, top). The structure is as described above. In figure 4.11 (bottom) the stan-
dard deviation of the averaged models is shown. The highest standard deviation is in the
transition from the sedimentary layer to the crust. In some parts it is as high as 0.5 km/s.
This is due to the differences in the starting models. The averaged inversion includes mo-
dels with an abrupt velocity transition from the sedimentary layer to the crust as starting
model and models with a narrow transition zone at this boundary. During inversion the
velocity structure does not change so much that the extreme differences of these two dif-
ferent kinds of starting models results in nearly the same velocities. A starting model
with an abrupt velocity transition keeps after inversion a high velocity gradient in this
part of the profile where a model with a transition layer between sedimentary layer and
crust results in a lower velocity gradient. The standard deviation of the velocity structure
is in most parts of the rest of the profile smaller than 0.2 km/s.

The Moho depth differs in the West up to £0.5 km (grey shaded in figure 4.11). The thick-
est part of the crust has a standard deviation of the Moho of nearly 1 km and decreases
to 0.1 km in the central part of the profile. In the most easter part of the profile the Moho
depth is modeled with ~0.5 km uncertainty comparing a set of inversion results.
Inversion results of Ps, Pu, Pg and PmP phases have a Gaussian distribution of travel-
time misfit (figure 4.12 (b) and (d) ). Maximum misfit of single rays is 200 ms. Before
inversion the error is equally distributed for simple starting models with low similarity
to the resulting model (figure 4.12 (a) ). These models can have a RMS of traveltime misfit
of more than 300 ms. The forward model result has residuals centered around ~150 ms
but is not Gaussian distributed (figure 4.12 (c) ). The average residual is -92 ms with an
RMS of 191 ms. After inversion the residuals of both different starting models are similar:
a Gaussian distribution centered around 0 ms (figure 4.12 (b) and (d) ). Both have an RMS
of the residuals of ~67 ms.

An error assessment is also done in other ways than looking at the traveltime residuals.
The derivative weighted sum (DWS) is computed and a checkerboard test is carried out.
The DWS describes the weighted ray length in a cell of the grid. This is a relative value.
A higher DWS describes that more rays pass this cell and it is better resolved. But it does
not include information of the direction of the rays which is important to estimate the
qualitiy of the model. A model with good quality would include many crossing rays. To
analyse the quality of the model, a checkerboard test is performed after DWS calculation.
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Figure 4.13 shows the resolution of the model just with Ps, Pu, Pg and PmP phases. The
western to central part of the model shows in most parts a good to acceptable resolu-
tion. In the East the PmP rays resolve the model not as a whole block. This part includes
regions with no resolution (empty white spots) and with acceptable to (at some points)
good resolution. The sedimentary layer and the upper crust have a good resolution over
the whole model. The quality of the inversion result has to be checked with a checker-
board test which is done after inclusion of available mantle reflections.

The result of the inversion with mantle phases is shown in figure 4.14. Inversion of the
averaged model of inverted Ps, Pu, Pg and PmP phases (figure 4.11) results in a gradi-
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ent at the crust-mantle boundary. Directly below the Moho, the mantle velocity lies in
the West around 7 km/s and in the East around 7.6 km/s. The diving rays do not dive
deep in the mantle, what would be unrealistic, but relatively shallow along the Moho. Pn

phases improve the ray coverage in the lower crust especially in the eastern half of the

profile. Further discussion about the velocity structure follows in chapter 6.
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Figure 4.12: The histograms show the traveltime residuals for two different modelings. (a) Resi-
duals for a starting model with a velocity gradient (figure 4.7, top). (b) Resulting residuals after
5 inversion interations. (c) Residuals for the starting model of forward modeling result with an
inserted velocity gradient between sedimentary layer and crust and between crust and mantle
(tigure 4.9, bottom). (d) Resulting residuals after 5 inversion iterations.
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For the illustration of the data quality and data fit, the modeled phases are plotted onto
the seismograms (figure 4.15). All modeled phases for all stations and their fit onto the
picked data are shown in the appendix in figure B.1. The seismograms of all OBH and
OBS stations and channels are shown in figure B.2 to B.40 in the appendix.

The relatively small offset of the recorded data is evident (figure 4.15). The data examples
show a good fit of the modeled phases on the recorded data. It supports the low RMS of
~67 ms calculated after inversion of the seismic data (histograms in figure 4.12 (b) and
(d) and explanation on page 56).

Figure 4.15(a) shows the fit for OBH 38. In the near offset of +60 km, no Pn phases are
clearly identified. The identified PmP phases are for the resulting velocity model good re-
covered. Also available crustal refractions (upper and lower crust) and the Ps arrivals are
recovered by the velocity model in a good way. OBH41 (figure 4.15(b)) has also a good
data fit to the picked phases. For this station, also Pn are identified while data picking
which also show a good recovery with the resulting velocity profile.

The resolution of the modeled velocity structure is tested with a checkerboard test. Dif-
ferent sizes of a checkerboard pattern are percentally added to the final velocity model.
With the for this model calculated traveltimes and the final model as starting model the
recovery of the checkerboard is the goal. In figure 4.16 different sizes of a checkerboard
are compared. Figure 4.16 (a), (c) and (e) are the constructed checkerboards, figure 4.16
(b), (d) and (f) the recovered models.

Figure 4.16 (a) and (b) show a fine checkerboard with a size of 10 km in width and 2 km
in depth. The recovered model shows a good resolution in the sedimentary layer and
the upper crust. Also a part of the lower crust is resolved. Just at the edges of the profile
the pattern is smeared in the upper part of the profile. This result demonstrates a good
resolution of the finer structure in the first ~3 to 5 km of the subsurface.
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A rougher grid is shown in figure 4.16 (c) and (d). The grid size is 20 x 3 km. The gross
structure is resolved. Just the thicker part of the crust with the root-like structure shows
in the deeper parts the prefix of the checkerboard pattern without the correct intensity.
The rest of the model recovers the checkerboard in a good way.

A checkerboard grid of 50 x 5 km (figure 4.16 (e) ) is recovered good in size and intensity
for the crust (figure 4.16 (f) ). The result shows that very rough structures are resolved by
the inversion.
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Figure 4.15: Data example for (a) OBH38 and (b) OBH41.
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Figure 4.16: Checkerboard test with an anomaly of 5%. (a), (c) and (e) are the inserted anomalies, (b), (d) and (f) the results of the checkerboard
test, respectively. (a) Checkerboard grid size of 10 km x 2 km. (b) Recovery of the 10 km x 2 km checkerboard grid. In the upper ~3 to 5 km the
resolution of the velocity model is fine enough to resolve the checkerboard structure. This includes the sedimentary layer and the upper crust.
Only the westernmost part of the model does not resolve the checkerboard structure. (c) Checkerboard grid size of 20 km x 3 km. (d) The larger
grid cells are resolved in the sedimentary layer and the crust. Only in the thicker crust the lower crust is not resolved very good. (e) Checkerboard
grid size of 50 km x 5 km. (f) Huge grid cells of the checkerboard are resolved in the whole crust.



Chapter 5

Synthetic Modeling of the Seismic
Refraction Data

Additionally to the forward modeling and inversion of recorded data, an amplitude mo-
deling with the reflectivity method was carried out. The aim is to reproduce the recorded
seismogram as a synthetic seismogram.

5.1 Modeling Procedure

Due to a validity for only onedimensional velocity structure, the amplitude modeling
could merely be made for the eastern part of the analysed seismic profile. These are the
OBS stations 25 to 29. After the modeling procedure, the synthetic seismograms are com-
pared to the recorded data.

The velocity profile of compressional waves (v,,) is taken from the resulting tomographic
inversion (chapter 4.2.2). Shear wave velocities v, are calculated by the reflectivity pro-
gram with the relation z—’s’ = /3. Additional to these two parameters (v, and vy, see figure
5.1 continuous red line (v,) and dashed red line (v;) ) the density p is also an input pa-
rameter for the calculation of synthetic seismograms with the reflectivity program. With
Birch’s law (Birch, 1961), an approximation of the density is made (p = 0.252 4 0.3788 v ).
Damping values are set for the different depths by the Quality Factor (). A high () de-
scribes a low damping and vice versa. The damping values are tested to identify the best
titting value for a synthetic seismogram which resembles the recorded data. Normal val-
ues for the Quality Factor are lower for the sediment and increase with depth to high
values in the lower crust and mantle. A relation of @), and @, is used to estimate the
Quality Factor for S-waves (Q, = 2.25Q, ; Miiller, 1985).

For the definition of the Quality Factor of P-waves different values are tested and there-
with identified for the synthetic modeling. Values of (), are illustrated in a Quality Factor
— depth diagram in figure 5.1 (Q,: continuous black line; ),: dashed black line). The se-
diment has a low Quality Factor which desribes a high damping. In the upper crust the
damping decreases a little bit while in the lower crust the Quality Factor increases rapidly
(damping decreases rapidly). Damping in the upper mantle is small.
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5.2 Synthetic Seismogram

After determination of the parameters for the reflectivity method, a synthetic seismo-
gram is calculated. The seismogram of recorded data of OBS 26 is displayed in figure 5.2.
Figure 5.3 shows the synthetic seismogram with the in figure 5.1 imaged values of v,, v,
@Qp and @, as input parameters. For a better comparison of the seismic records, noise is
added to the synthetic data.

Complexity of the modeling were existing in the sedimentary layer and the transition
from crust to mantle. In the sedimentary layer the low velocity zone (LVZ) gave the chal-
lenge to model the abrupt ending of the seismic signal with the transition to the crustal
phases. This LVZ was confirmed through the modeling phase (forward modeling and
inversion, chapter 4). The LVZ is needed also in the velocity profile to model a synthetic
seismogram with a step-like structure at the end of Ps arrivals (figure 5.2 and 5.3). Du-
ring amplitude modeling, the LVZ was introduced in the velocity profile. The abrupt end
of the signal was derived by the velocity structure and, in addition, a high damping in
the sedimentary layer, decreasing slightly with depth (from @, = 10 to 40). After syn-
thetic modeling, the LVZ in the sedimentary layer is not developed as intensive as in the
recorded data.

The damping in the upper crust is produced by a Quality Factor of 40 to 50. Damping
decreases further with depth by an increasing value of the Quality Factor to 250 at the
bottom of the crust. The mantle is modeled with a low damping.

The crustal structure around OBS 26 is not completely onedimensional. This causes espe-
cially in the upper crust slight differences of the synthetic seismogram compared to the
measured data.

Crustal refractions are modeled with a higher velocity gradient in the upper crust and a
lower gradient in the lower crust. This part of the crust has a high damping which leads
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Figure 5.3: Recovered seismogram after amplitude modeling for OBS26.
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Figure 5.2: Recorded seismogram of OBS26.
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to just a small rest of the signal which dives through the mantle. Hence the mantle phases
are only modeled where refraction and reflection interfere (figure 5.3). The recorded data
show a longer record section of mantle refractions with ~ 50 km offset. Less noise added
to the synthetic data would result in more arrivals visible with a longer offset to the OBS
position but with too less noise added compared to the recorded data.

Synthetic data show, that a lot of noise is present in the Alboran Sea where the seismic
data were recorded. This noise hides signals of the lower crust and the mantle. The ve-
locity structure which was modeled with forward and inverse method was supported.
With damping and added noise, the velocity structure results in a similar seismogram
modeled with the reflectivity method (figure 5.3) compared to the measured data (figure
5.2).



Chapter 6

Modeling Results and Discussion of
the Seismic Refraction Data

During the modeling procedure different techniques were used to gain an image of the
structure below the Alboran Sea. Recorded seismic data of a profile in WSW to ENE
direction (figure 3.1) were used to image the structure (chapter 4) and modeling of a
synthetic seismogram (chapter 5) was made to gain information about damping in the
subbottom and to support the recorded data with their relatively small offsets and their
amplitudes.

6.1 Velocity Structure

The final velocity profile is displayed in figure 4.14 (enlarged view in figure A.1 in the
appendix). This profile can be divided in three different sections: the westernmost part,
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the central part and the eastern part.

West of the Maimonid Ridge, the first 40 km of the seismic refraction profile define the
westernmost domain. This part has a crustal thickness of ~6 to 7 km (see figure 4.14, A.1
and table 6.1) with seismic velocities which resemble velocities of continental crust. In
figure 6.1, a velocity profile below OBH 48 (green dashed line) is displayed. Grey shaded
is drawn a velocity structure for average continental crust after Christensen and Mooney
(1995). The crustal part of the velocity profile lies in the range of continental crustal velo-
cities. A comparison to velocity profiles for oceanic crust would show a too slow crust in
this part of the profile. Thus, the crust clearly resembles continental crust. But this crust
is thinned compared to average continental crust.

Additionally to a velocity profile of the westernmost part of the seismic line, four seismic
velocity profiles from km 40 to 140 of the seismic refraction profile are also shown in fi-
gure 6.1. This is the part below the Maimonid Ridge. All four velocity profiles below the
Maimonid Ridge show crustal velocities in a range for continental crust. Crustal thick-
ness is at the deepest part more than 12 km because of the root-like structure in this part
of the profile. A thin sedimentary layer lies ontop this topographic high with a maximum
thickness lower than 1.5 km, in most parts below 1.3 km.

station sediment crustal station sediment crustal
thickness | thickness thickness | thickness
OBH 49 1.56 6.37 OBH 36 1.28 6.81
OBH 48 1.70 6.37 OBH 35 1.41 6.08
OBH 47 1.70 6.83 OBH 34 1.60 5.86
OBH 45 1.38 9.64 OBH 33 1.63 6.19
OBH 44 0.82 11.90 OBH 32 1.97 6.39
OBH 43 0.81 12.13 OBH 31 2.13 6.64
OBH 42 0.92 11.30 OBH 30 2.25 6.64
OBH 41 1.00 9.70 OBS 29 1.90 6.85
OBH 40 1.30 9.46 OBS 28 2.12 6.42
OBH 39 1.30 9.74 OBS 27 2.14 6.44
OBH 38 1.20 9.58 OBS 26 2.10 6.61
OBH 37 1.27 8.40 OBS 25 1.89 6.94

Table 6.1: The thicknesses of the sediment and the crust after seismic inversion are listed in this
table for profiles below each seismic station. Sedimentary thickness is calculated by substracting
the water depth from the basement depth, which is taken from the forward modeling. Due to
damping in the sedimentary layer while inversion with the program Tomo2D, the basement depth
does not change between forward modeling and inversion. For the crustal thickness, the basement
depth is substracted from the Moho depth, which is a result of the inversion.

In the first 140 km of the seismic refraction profile, the sediment layer (0.8 - 1.7 km thick,
see table 6.1) comprises velocities increasing from 1.8 to 3 km/s. In the upper crust, a
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Sub-Basement Depth [km]

atlantic crust 59-127 Ma
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Figure 6.2: Comparison of velocity profiles of
the eastern half of the seismic section with

8 — — — the velocity structure of typical oceanic crust
2 : ! ° . ® ! s °  in the Atlantic ocean (59 - 127 Ma old) after
Velocity [km/s] White et al. (1992) (grey shaded).

steep velocity gradient from ~3.5 km/s to 5.5 - 6 km/s with a layer thickness of 1.5 -2 km
is present. A low velocity gradient characterizes the lower crust. From the transition from
the upper crust to the Moho, the velocity increases slightly to ~6.5 - 6.7 km/s. At the Moho
in the upper mantle, low velocities of 6.9 - 7.4 km/s are completing this velocity profile.
The easternmost part of the profile (km 140 - 250) shows similarities to oceanic crust.
Figure 6.2 provides a comparison to 59-127 Ma old oceanic crust of the Atlantic. Four
crustal velocity profiles from km 156 to 230 are shown in the diagram. The part more
close to the center of the profile has an upper crust with a thickness of ~1.5 km. A steep
velocity gradient from 3.5 to 5.5 - 6 km/s defines this part of the crust. The lower crust
shows a lower gradient, increasing in ~4 - 5.5 km to 6.7 - 7.2 km/s. The last ~60 km of the
profile has a thicker upper crust of ~2.5 km where the velocity increases to 6 - 6.4 km/s.
With a lower velocity gradient in the lower crust, the seismic velocity increases to 6.9 -
7.2 km/s at the base of the crust. A lower crustal velocity up to 7.6 km/s is present be-
neath km 200 - 220 of the profile at the base of the crust (figure 6.2, blue line and also
figure 4.14). This part of the profile shows no steep velocity gradient to the mantle. At the
Moho in the upper mantle for oceanic crust relatively slow velocities of 7.5 - 7.6 km /s are
present.

In the sedimentary layer velocities increase from ~2 to 3 km/s. This part of the profile
includes a low velocity zone between ~km 150 eastward to the end of the profile starting
in a depth of ~1.5 km below the seafloor. This LVZ is attributed to a layer of evaporites
existent in this region in the sedimentary layer. It was seen in the MCS data collected by
spanish scientists in 1992. An interpretation of the MCS data was published by Comas
et al. (1995) and Booth-Rea et al. (2007). In figure 6.3, the MCS data and the interpretation
of Booth-Rea et al. (2007) are plotted ontop the resulting velocity profile of this study.

The evaporites are deposited in the Messinian salinity crisis (e.g. Govers, 2009). They are
defined by higher velocities compared to other parts of the sedimentary layer. Due to this
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Figure 6.3: The interpretation of Booth-Rea et al. (2007) of the in 1992 recorded MCS data ploted
over the resulting velocity profile of this study (figure 4.14 / A.1), illuminated with the MCS data.
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Figure 6.4: Section of the by Booth-Rea et al. (2007) analysed MCS profile. Arrows denote identified
faults. I to Il are the defined sedimentary units and MCR is the mid crustal reflector. White and
grey dots define the unit boundaries and black dots the acoustic basement. (Booth-Rea et al., 2007)

layer of higher velocities, a LVZ compared to the overlying sediments is present below
the evaporites. In the MCS data evaporites are in the easternmost part of the profile in
the reflections visible as a diapiric structure (figure 6.3).

A relation from the LVZ to the amplitude modeling is seen in the step-like structure of
the refraction arrivals in the seismograms in the easternmost part of the profile (example
in figure 5.2 and 5.3). A break-off of the Ps arrivals is an evidence for the LVZ in the seis-
mograms. In the amplitude modeling, a LVZ is needed to model this break-off of the Ps
arrivals (figure 5.3).

Over the whole seismic profile an undulating 6 km/s isoline is found. This is not a fea-
ture of the inversion but attributed to the formation of this region. The 6 km/s isoline
is a robust feature and appears in all inversions made in this study. It can be explained
as normal faults in the crust. Booth-Rea et al. (2007) also mentioned in their interpretation
of the MCS data that there are evidences for normal faults in the crust along this profile.
In figure 6.4, a section of the by Booth-Rea et al. (2007) analysed MCS data with marked
faults (arrows) is shown. This part of analysis of the MCS data is not the main goal of
their study. They found no evidence for major faults. But identified faults fit to the in this
study modeled block structure. The westernmost part shows little evidence for normal
faulting, to the East more faults are seen in the MCS data.

The existing faults and the undulating isoline in the crustal velocity structure mark a
block structure in the crust. This block structure is a remnant of the extension in this re-
gion.

Another possible source for the undulating 6 km/s isoline could be magmatic intrusions.
Samples collected in the Alboran Sea show historic volcanic activity (e.g. Duggen et al.,
2004). The sampled volcanic rocks are analysed and indicate similarities of the magmatic
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styles found in this region to lavas of a volcanic front and rear-arc lavas from the Izu
Bonin Arc (Duggen et al., 2004).

A combination of both possible sources for the 6 km/s isoline could also be the expla-
nation of the structure along the seismic refraction profile. Beneath the Maimonid Ridge,
an intrusion causes higher velocities in the crust. In the easternmost part of the profile,
normal faults due to extension as remnants of the formation history of the region result
in small undulations of the 6 km/s isoline (see figure 4.14 or A.1).

Examining the Moho, Moho reflections analysed by Booth-Rea et al. (2007) coincide with
the resulting Moho of this seismic refraction analysis (figure 6.3: Moho reflections identi-
fied by Booth-Rea et al. (2007) coincide with the in this study identified Moho (transition
from yellowish to red color).).

Tomographic inversion results in a Moho with a root-like structure (figure 4.14, enlarged
in figure A.1). This structure is part of the Moho and no midcrustal reflection. The origin
of this structure in the Moho can be associated to the topographic feature, the Maimonid
Ridge. An analysis of this structure as Moho is supported by the by Booth-Rea et al. (2007)
analysed Moho reflections.

The analysis of the root-like structure as Moho is supported by PmP reflections recorded
at stations along the whole profile (see reflections in figure B.1). The upper mantle veloci-
ties beneath the as Moho analysed reflector are compared to typical upper mantle veloci-
ties relatively low. In the easternmost part of the profile, velocities of 7.5 to 7.6 km/s are
modeled. The crustal velocities are similar to oceanic crust but upper mantle velocities
are lower compared to typical upper mantle velocities for oceanic lithosphere.

Also in the westernmost and central part of the profile, the upper mantle velocities are
low. With 6.9 to 7.4 km/s, those velocities are much lower compared to upper mantle
velocities of typical continental lithosphere which this part of the profile resembles in
crustal velocities.

Considering the modeled reflections especially in the central part of the profile as mid-
crustal reflections, the modeled velocities of 6.9 - 7.4 km/s must be lower crustal veloci-
ties. This would be too high for the lower crust compared to typical values in continental
crust.

Deliberating both possibilities, the reflector as Moho or as mid-crustal reflector, the ana-
lysis of the reflector as Moho is supported. A mid-crustal reflector would not have con-
tinuous reflections as strong along the whole profile as they exist in the data. And the
modeled velocities below the reflector are too high for the crust. The continuous over the
whole profile existing reflections are PmP reflections of the Moho with relatively low up-
per mantle velocities.

Both methods, MCS data and seismic refraction data, consistently show similar struc-
tural features. The MCS data resolve the layering in the sedimentary layer and show
some midcrustal and Moho reflections while the refraction data show the crustal struc-
ture. With the resulting velocity profile of the refraction analysis, the structure of the crust
and therewith the evolution of this crust can be analysed.
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Figure 6.5: [llustration of the resulting velocity profile. The crust can be separated in three dif-
ferent parts. From West to East the crustal styles are of continental crust, transitional crust with
more similarities in the crustal velocities to continental crust and oceanic crust.

The two westernmost segments can also be seen as one part because both have a crustal velocity
structure similar continental crust. The transition to oceanic crustal velocities is relatively abrupt
at the end of the central segment (km 40 - 140).

6.2 Formation of the analysed Profile in the Alboran Sea

The resulting velocity structure along the profile in the eastern Alboran Sea makes it pos-
sible to yield insights into the formation history of this region.

In the easternmost part of the profile, crust with a velocity structure of oceanic crust is
present. Continuing to the West, there is crust which closely resembles continental crust
as it is expressed in seismic velocities. This is the region where the Maimonid Ridge is
crossed. The westernmost part of the seismic profile is crust of continental style which
is, compared to typical continental crust, very thin. This style of separation of the crust
along the seismic profile is ploted in an illustration in figure 6.5.

The two segments in the West (km 0 - 40 and km 40 - 140 along the profile) can also be
analysed as one part. Both have crustal velocities similar to continental crust and differ
mainly in their crustal thicknesses. This is due to the crossing of the topographic feature,
the Maimonid Ridge. A transition from the segment with the Maimonid Ridge to the
easternmost segment is relatively abrupt. The velocity structure changes in a few kilome-
ters from continental crustal style to typical values for oceanic crust.

Convective removal (section 1.2.2 “Convective Removal Theory”) as formation history for
the Alboran Sea would result in thinned continental crust. After removal of thickened
lithosphere due to the convergence of the African and European plate, the region would
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result in an extensional phase due to no equilibrium in potential energy. Extension con-
tinues until an equilibrium in potential energy, and therewith in the thermal gradient
in the lithosphere is gained. This extension would result in thinned continental crust. A
thinned continental crust is present in the westernmost part of the analysed profile. But
in the East, oceanic crust is present. This part of the seismic profile from the easternmost
Alboran Sea in transition to the Algerian Basin would not be a result of convective re-
moval, because crustal thinning stops before continental crust is thinned until it breaks
and oceanic crust would start to form.

Lithospheric delamination (section 1.2.2 “Lithospheric Delamination Theory”) also results in
an extensional regime. In the convergent stage between Africa and Europe, a thickened
continental lithospheric mantle starts to detach from the crust. Asthenosphere replaces
the detached lithosphere. As result of the thermal gradient, extension starts until an equi-
librium is reached. This results, similar as for convective removal, in thinned continental
crust. Oceanic crust would not be a result of lithospheric delamination because extension
stops before the crust breaks and oceanic crust starts to form.

Slab rollback (section 1.2.2 “Westwards Slab Rollback Theory”) thins, due to the pulling
force of an old subducted slab, the crust of the overriding continental plate. An end of
slab rollback and therewith extension of the overriding plate is gained when all oceanic
crust of the subducted plate is consumed. This makes it possible to form a new back-arc
basin on the overriding plate in the extended crust. During the formation of a back-arc
basin, continental crust of the overriding plate is extended until seafloor spreading starts
and forms new oceanic crust.

The analysed seismic refraction data show in the westernmost part of the profile a ve-
locity structure of thin continental crust which is merely 6 to 7 km thick. The transition
to oceanic crust occurs in the region of the profile where the Maimonid Ridge is crossed.
East to the Maimonid Ridge the back-arc basin with oceanic crust is present. Further to
the East, there were data collected for other profiles of the project. These refraction seis-
mic data result after modeling in oceanic crust (unpublished data). One profile which
lies in the Algerian Basin is about 50 km away from the eastern end of the analysed pro-
file. This describes the to the East continuing back-arc basin with its velocity structure of
oceanic crust.

A further support for the westward slab rollback of the subducted slab is the extension
from East to West where an indication for this style of extension is the undulating 6 km/s
isoline (see e.g. figure 4.14 and A.1). This isoline indicates an existence of a block struc-
ture marked by normal faults along the profile, which are characteristics of an extensional
crust. Faults are also seen in the MCS data interpreted by Booth-Rea et al. (2007) (figure 6.4
and explanation to it on page 71).

Also the interpretation of the 6 km/s isoline beneath the Maimonid Ridge caused by in-
trusions support the slab rollback theory. Sampled volcanic outcrops of the Alboran Sea
analysed by Duggen et al. (2004, 2008) refer to a volcanic front and rear-arc lavas.

Duggen et al. (2004) analysed the Alboran region with geochemical methods. Occuring
magmatism is associated to subduction of oceanic lithosphere and slab rollback. Litho-
spheric delamination can not be the source for the geochemistry of the analysed igneous
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rocks. Volcanic activity and the transition from tholeiitic and calc-alkaline to shoshonitic
and lamproitic volcanism is the result of westward slab rollback (Duggen et al., 2004). The
tholeiitic and calc-alkaline volcanism is refered by Duggen et al. (2004) to occurence in a
back-arc setting. Their resulting analysis of the igneous rocks and the age dating of those
showed an end of slab rollback because no subduction related volcanism is seen in their
data after Messinian (Duggen et al., 2003, 2004).

Duggen et al. (2008) analysed the rock samples and separated the Alboran region in zones
of different styles of lava. This zonation resulted in a North-South symmetry and an East-
West asymmetry of the studied region. The styles of the igneous rocks in the different
zones and the zonation itself support the slab rollback theory as formation history of the
Alboran Basin.

Comparing the results of this study to other regions in the world, the very low upper
mantle velocities are supported by studies of Takahashi et al. (2007, 2008) and Contreras-
Reyes et al. (2011). In the Izu-Bonin-Mariana Arc region and Tonga, the arc-back-arc sys-
tem is accompanied by slow upper mantle velocities.

Takahashi et al. (2007) and Takahashi et al. (2008) analysed seismic refraction data in region
of the Mariana arc-back-arc system. A first analysis of the velocity in the Mariana arc—
back-arc system shows slow velocities in the lower crust (< 7.3 km/s) and in the upper
mantle (~7.7 km/s) for the arc (Takahashi et al., 2007). Especially the upper mantle velocity
is significantly lower than the global average of 8.1 km/s. In the back-arc basin, the Mari-
ana Trough, the velocity structure differs to that of the Mariana Arc. Crustal velocities are
up to 7.4 km/s fast. This crust is in thickness and velocity structure indistinguishable to
oceanic crust. The upper mantle benath the Mariana Trough has velocities of ~7.9 km/s
(Inkahashi et al., 2008). Those mantle velocities are still low compared to the global aver-
age.

In the Tonga Arc, the by Contreras-Reyes et al. (2011) analysed wide-angle data show slow
upper mantle velocities. The upper mantle velocities of 7.5 km/s beneath the arc are sig-
nificantly lower than the average (~8.1 km/s). Contreras-Reyes et al. (2011) refer those slow
velocities to hydration or magmatic underplating.

A comparison to arc-back-arc systems shows, that slow velocities in the upper mantle
are present in these systems. The velocities modeled in this study are also low com-
pared to those arc-back-arc regions. In the upper mantle, consistently lower velocities are
present. The westernmost two segments of the analysed seismic refraction profile have
with ~7.0 km/s an extremely slow upper mantle. This is comparable to extrem slow velo-
cities found by Contreras-Reyes et al. (2011) in the Tonga Arc. But also the not so extremely
slow velocities in the Mariana Arc are comparable to the in this study found seismic up-
per mantle velocities. The upper mantle velocities of ~7.6 km/s in the easternmost part of
the analysed profile are comparable to the slower upper mantle velocities in the back-arc
basin in the Mariana Arc and Tonga Arc. The crustal structure in back-arc regions are like
typical oceanic crust. This is similar to the easternmost part of the in this study analysed
seimic profile.

The comparison to the Izu-Bonin-Mariana Arc and the Tonga Arc shows similarities of
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the analysed seismic data to the seismic velocity structure of arc-back-arc systems and
supports the interpretation of the Alboran Sea as a back-arc basin formed by slab roll-
back.

The results of this study support the slab rollback theory as formation theory of the Al-
boran Sea. Those results are one more piece of the puzzle in the Alboran Sea to explain
the formation history of the region. When the blocks which nowadays are the Betic and
Rif blocks, thrusted onto Iberia and Africa respectively, broke away from the European
continent, back-arc extension began with the opening of the Gulf of Lion (Rosenbaum
et al., 2002). Slab rollback continued during Miocene (Rosenbaum et al., 2002) and started
to open the Alboran Sea. The slab nowadays must lie further in the West of the location
of the seismic profile.



Chapter 7
Seismicity

Additionally to the seimic refraction data, seimological data were analysed in this study.
In this chapter, the seimological data are discussed. Therefore stations which recorded
earthquakes for a longtime period were deployed in the Alboran Sea while the cruise
POS389 of the german research vessel FS Poseidon and recovered while cruise POS393 to
gain an analysable dataset for a seismological anlaysis.

7.1 Recorded Earthquakes in the Alboran Region

TOPO-EURORPE is a project for the understanding of the european continent and is di-
vided into several subprojects. One of these subprojects is TOPO-MED which has the goal
to investigate the crustal structure and the mantle below the Gibraltar Arc and the Albo-
ran region. Data of the Alboran region were recorded between August 2009 and January
2010. During this time 30 OBS were deployed in the western part of the Alboran Sea. For
additional information landstations in Morocco and on the Iberian Peninsula were used
for the location of the hypocenters of the recorded earthquakes. Altogether 155 stations
were available.

The arrivals of the primary wave (P-wave) of an earthquake and the secondary waves
(S-wave) were picked on stations where this information was provided (section 3.2.4).
During the studied time 229 earthquakes with available P- and/or S-waves were de-
tected. The picking of the arrivals were done with the SEISAN software package (section
2.2.1). These earthquakes had in general a low magnitude (My < 3).

The determination of a minimum 1D velocity model was done with the VELEST software
(section 2.2.2). Due to reliability different criteria must be fulfilled by each recognised
earthquakes. The criteria are

¢ minimum depth of 2 km
¢ recording on minimum 6 stations

e GAP betweeen 0° and 180°.

77



78

SEISMICITY

earthquake A station

Figure 7.1: Sketch to illustrate the GAP value. The yellow stars are the hypocenters of an earth-
quake and the red triangles are stations which recorded this earthquake. In (a) a GAP value of
about 110° is displayed. (b) shows a value of 210° where information from just one side of the
hypocenter is provided for the location of the earthquake and the minimum 1D velocity model.

A minimum depth of the pre-located (in SEISAN located) earthquakes is chosen to re-
move earthquakes which are located as too shallow. This could be due to inaccurate pick-
ing of phases or just too few stations with recordings for a better location. A recording on
minimum 6 stations with picked phases is required to develop a qualitative minimum 1D
velocity model. The GAP describes the maximal azimuthal gap in degree between two
neighbouring recording stations (sketch in figure 7.1). Is the GAP value too high (figure
7.1(b) ), information from just one side of the hypocenter is provided for further data pro-
cessing. This can result in a wrong location of the hypocenters and therewith an error in
the minimum 1D velocity model. In figure 7.1(a) the GAP is smaller than 180°. Data for
the hypocenter is provided from all sides of the earthquake.

The earthquakes which fulfill the minimum criteria are used for the next step to model
an average velocity profile for the area. This is the minimum 1D model.

7.2 Minimum 1D Model

A minimum 1D model is computed with the VELEST software package (section 2.2.2).
It describes an average velocity model of the researched area. The Alboran Sea is a rela-
tively narrow area which is about 170 km wide in its north-south direction. The norther
part continues into the Betic mountains on the Iberian peninsula and in the southern di-
rection are the Rif mountains. All these geologically very different areas are included in
the earthquake data because stations which recorded the earthquake are located in the
whole region (figure 7.2).
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Figure 7.2: Network of the TOPO-MED project (rectangles) and stations of the refraction wide-
angle profile 2 of M69-2 (circles).

The hypocenters of the earthquakes which are used to derive the minimum 1D model
are almost all located in the Alboran Sea. This is the matter because it is the center of the
network. The requirement of the GAP and the minimum number of recording stations
excludes most of the non local (regional and distant) earthquakes which lie outside the
Alboran Sea. Local earthquakes from outside the Alboran Sea are mostly not recorded
by the OBS and thus not part of the used dataset selected with a trigger algorithm (see
section 3.2.3).

Initially the velocity profile from the westernmost part of the refraction analysis (chapter
6) is chosen for the upper part of the model, the crust. The lower part of the model is
completed with the lower part of a velocity profile for the Alboran region from Stich et al.
(2003a). This model is in this study named “Alboran model”. For the modeling OBS 9 was
chosen as the reference station. This is due to the fact that it is located close to the center
of the network and is a reliable station with clear recordings. There was no station in the
center region of the network which is not close to a lithological structure. Stations on land
are influenced by the mountains and are far away from the network center. OBS in the
westernmost Alboran Sea are seated ontop a thick sedimentary layer (Comas et al., 1992,
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1999). The eastern part of the network is close to the Alboran Ridge and other structures
(see figure 1.5). The vicinity of the reference station to lithological changes will influ-
ence the results and the error estimation but in this study it is not possible to get around
this problem. The reference station is chosen to calculate station corrections relative to
it, which is part of the minimum 1D model calculation. Station correction compensates
differences in elevation and subsurface geology.

Station elevation is neglected in this study. Differences in elevation are up to 3.6 km. The
highest situated station lies in 1690 m (EBER) and the deepest one is OBS 2 at 1876 m
depth. Not to use the station elevation is due to the fact that the number of earthquakes
is relatively low and for this reason the model resolution will not be the best. The dif-
ferences in elevation are then compensated with the station correction additional to the
subsurface geology.

The “Alboran model” shows a finer layering in the upper part and a very rough differen-
tiation of velocity layers in the lower part of the model. The resulting minimum 1D velo-
city model is compared to other different starting models. Stich et al. (2003a) presented in
their publication three different velocity models. Each of their models is constructed for a
tectonic setting in the Betic-, Rif- and Alboran-region. In this study the models are named
Stich-A, Stich-B and Stich-C. Stich-A describes the western Mediterranean and particu-
larly the Alboran Sea and is generally ment for the offshore regions. The mountains of
the Iberian and Maghrebian region are part of the Stich-B model. Hercynian (late Palaeo-
zoic) basement and Mesozoic platforms are describet with the Stich-C model. All three
models of Stich et al. (2003a) have a relatively coarse velocity profile with a maximum of
six layers in the profile. Most of these layers are in the upper 25 km of each model.
Additional to the so far mentioned models other models are tested and compared among
each other.

7.2.1 Minimum 1D P-Velocity Model

The first step of the modeling is done just with picked P-phases. This results in a mini-
mum 1D P-velocity model. The selection of earthquakes which is done with the in sec-
tion 7.1 mentioned criteria results in 40 to 80 analysable earthquakes from the 229 picked
earthquakes, depending on the starting model. This small number of analysable earth-
quakes is the result of many earthquakes with just few readings or earthquakes which
originate at the edge of the research area.

The ray coverage and depth distribution of selected events for one starting model is
shown in figure 7.3. Most events lie in the eastern part of the research area of the Al-
boran Sea (2.5°W - 3.5°W) in a depth of 5 to 20 km. Just few of the analysable events are
deeper then 25 km and few epicenters are lying outside of the Aboran Sea. The fact that
only a hand full of earthquakes occur outside of the Alboran Sea depends on the selec-
tion criteria of earthquakes which had to be picked. All the earthquakes are selected with
an algorithm (section 3.2.3) which was for this study applied to the OBS data. The OBS
mostly recognized just the earthquakes of the Alboran region and not further landward
events.
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Figure 7.3: Example for selected earthquakes of a velocity model with the criteria enumerated in
section 7.1. Blue triangles show the stations and red circles the events. Light grey lines illustrate
the ray coverage by connecting each event with the stations that recorded this event. Right is
a depth distribution of the earthquakes projected along a N-S oriented line. In the lower plot a
projection of earthquakes along an E-W oriented line is shown. The histogram in the lower right
corner shows the number of earthquakes for depth intervals of 2.5 km.

Tested velocity models are displayed in figure 7.4. Most velocity models have depth steps
around 3.5, 12.5, 20 and 120 km. Very different models are tested to analyse the behaviour
of the velocity models in the VELEST routines. Some are quite far away from a possible
solution and the reality with very slow or very fast velocities.

The first tested model, the Alboran model, has a slow upper part which is the sedimen-
tary layer of the refraction analysis with just 2.5 km/s. A steep velocity gradient for the
upper crust and a slight gradient in the lower crust result in a mantle velocity of 8 km/s
in the starting model. Through the modeling, the upper part did not change very much.
The two depth intervals between 7 and 25 km result in one thicker layer with a velocity
of 6.7 km/s, which is the average of the starting velocity of both layers, and the mantle
velocity slightly increases to 8.05 km/s. The RMS error for the Alboran model has a value
of 0.403979 s. This relatively high value has its origin in the complexity of the region the
starting model is ment for. The Alboran model is derived from the westernmost part of
the refraction profile. However, the minimum 1D model is an average for the whole Albo-
ran region and the surrounding land region. The Alboran Sea differs in its structure from
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Figure 7.4: Tested starting velocity models (left) and their results (right). Light grey shaded is the
range of resulting velocities (except some transition zones where the depth step is different to the
most other models). Dark grey shows the velocity range where more than 75 % of the resulting
velocity models are included.

the West to the East. The easternmost part of the seismic studied area is described by the
western end of the refraction analysis, which is the upper part of the starting Alboran
model but differs from the West Alboran Sea. And especially the Betic and Rif mountains
have a very different subsurface compared to the Alboran region. The Alboran model is
therefore too far away from the most reasonable minimum 1D P-velocity model for the
whole studied region.

The test with the first starting model results is a trial and error approach with many diffe-
rent models. The upper layer of each model (2.5 to 5.5 km thick) is not well defined by the
existing earthquake data. An insufficient number of earthquakes originate in this layer to
identify a narrow band of possible velocities. The resulting velocity models include ve-
locities from lower than 2 km/s up to 6.6 km/s. The layer is quite thin in comparison to
the depth range of the model. Most rays pass this layer vertically because the hypocen-
ter is located much deeper and the fastest way through the upper layer to the recording
station is the vertical path. Hence, the thinness of the layer and therewith the velocity in
this layer has not so much influence on velocities in deeper layers. This results in a not
definable upper layer velocity which can be fixed with the damping values in SEISAN to
a probable velocity for further modeling of the minimum 1D velocity model. This value
is set to an average value of the tested models. A sedimentary velocity of 2.5 km/s is
too low for a 1D velocity model of the Alboran-Betic-Rif region and the fastest modeled
velocity of 6.6 km/s is too high. The velocity of this layer is set to 4.25 km/s, which is the
resulting velocity of an inversion with the Stich-A model and it is close to the average of
all modelings.

The next layer reach down to a depth of ~12 km, depending on the starting model. After
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Figure 7.5: Results of the inversion with extremely slow and fast starting models. More informa-
tion see text.

inversion of different models, velocities betweeen 5.6 and 6.6 km/s are the result. More
than 75 % of the models lie in the range of 5.85 to 6.5 km/s. Until the depth of ~20 km
the solutions are scattered between 5.6 and 8 km/s where more than 75 % lies between
6.35 - 7.4 km/s. Between ~20 and 120 km more than 75 % of the models have velocities
between 7.7 and 8.25 km/s. The velocity profiles are displayed in figure 7.4, where the
light grey area marks all models and dark grey defines the array where more than 75 %
of the modeled velocity profiles are within this range.

The Stich-B and Stich-C models result in comparison to other tested velocity profiles in
models with a higher RMS error. Stich-B gains a RMS error of 0.437485 s, similar to the
RMS error of Stich-C with 0.431798 s. Both velocity profiles were ment for on land with
geologically uniform regions (Stich et al., 2003a). These profiles do not show a close ap-
proximation to a minimum 1D P-velocity model for the researched region.

The Stich-A model results in a lower RMS error of 0.398120 s. The model is ment for the
region of the Alboran Sea and includes onshore parts of the lithosphere. The error still is
not very good, which would be an RMS error of 0.15 s, but one of the best gained results.
This is due to the regional very different lithosphere below the Alboran-Betic-Rif region.
Offshore is combined with different onshore structures into one model. Additionaly to
these sturctural differences, just few analysable earthquakes suffice the minimum criteria
(see page 77) for further calculation of the minimum 1D P-velocity model.

The result of the P-velocity modeling with the Stich-A model is compared to extrem mo-
dels with very low or very high velocities (figure 7.5). Therefore values of 0.5 and 1 km/s
are added or substracted to or from the Stich-A model and inverted. The results show in
most cases a convergence to the inversion result of the Stich-A inversion.

The upper layer betweeen 0 and 3.2 km is very inconsistent and does not show a conver-
gence to one velocity. This behaviour is discussed before and was expected. Between 3.2
and 12.3 km the velocities converge to the velocities of the Stich-A inversion of 6 km/s:
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Figure 7.6: The resulting ray coverage for the final minimum 1D P-velocity model with 61 ana-
lysed events. Subfigures and symbols are explained in figure 7.3.

the faster velocities in the starting model compared to Stich-A get slower and the slower
models increase the speed through the inversion. One layer deeper, 12.3 to 20.9 km depth,
the inversion of the slower models tend to form one layer with the overlying layer. The
faster models behave in different ways: the slower version forms also one layer with the
layer above, but the faster version increases the speed through the inversion to compen-
sate the lower velocities in the over- and underlying layer. Between 20.9 and 120 km the
results of the inversion converge to the Stich-A inversion with a value of 7.75 km/s.

The test with extreme velocity profiles as the starting models shows a convergence to a
velocity profile which is similar to the result of the Stich-A inversion. This test and the
different tested starting models result in a kind of frame of possible solutions for the mi-
nimum 1D P-velocity profile which is displayed in figure 7.4. Light grey surrounds the
range of modeled velocities and dark grey defines the more than 75 % boundary for rea-
sonable and possible P-velocity profiles.

The resulting ray coverage of the final minimum 1D P-velocity model is displayed in
figure 7.6. The ray coverage shows a best resolution in the central Alboran Sea. Most
epicenters originate in the eastern Alboran Sea in a depth above 30 km, mainly up to a
depth of ~15 km. In the central western Alboran Sea, the hypocenters are mainly located
between 50 and 100 km depth. The number of recorded earthquakes is higher in the east-
ern part of the Alboran Sea. In the West and therewith in a higher depth, there are just
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Figure 7.7: Resulting velocity profiles with different starting v, /v¢-ratios.

few events which satisfy the requirements of analysable earthquakes which are listed in
section 7.1.

7.2.2 Inversion with P- and S-Phases

After the minimum 1D P-velocity model is calculated, the S-arrivals are included into the
inversion. The SEISAN package includes a calculation of the v, /v-ratio. The average
value of the v, /v,-ratio for 146 earthquakes with P- and S-arrivals is 1.70. For the mini-
mum 1D P-velocity profile different values of the v, /v,-ratio is included into the model
and compared among each other. Values between 1.60 and 1.85 in steps of 0.05 are used
(tigure 7.7).

With the defined P-velocity model and the v, /v -ratio the S-velocities are calculated by
including the v, /v -ratio into the velocity model. During the inversion the P-velocities
are overdamped to fix them to the calculated values of the minimum 1D P-velocity
model. The S-velocities are not damped to adjust the S-velocities to a low RMS error of
the whole model (P- and S-velocities). The uppermost layer (0 - 3.2 km) is damped with a
low damping value because of the same reason in the inversion of the P-velocities: there
are too few earthquakes in this layer to result through the inversion in a narrow band of
reasonable velocities. The influence to deeper layers is little. The resulting S-velocities of
the upper thin layer with the slight damping are 2 - 2.4 km/s, which is a slight reduction
of the starting velocities during the inversion. The second layer (3.2 - 12.3 km) shows very
similar results of all five models. The S-velocities in this layer are around 3.5 km/s. Be-
tween 12.3 and 20.9 km the inversions of the models with the different v, /v-ratios result
in slightly different values between 3.75 and 4.1 km/s. But the deepest and thickest layer
of the model (20.9 to 120 km) shows a behaviour like the second layer: all models result
in a S-velocity close to 4.5 km/s.

The resulting v,,/v,-ratios of the different starting models are in most parts of the models
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very similar. In the depth betweeen 3.2 and 12.3 km, the v,,/v,-ratio is 1.7 to 1.74. Just one
model has a higher value of 1.77, which is compensated in the layer below with a very
low value of 1.64. This layer has for all models very different v,,/v,-ratios between 1.64
and 1.77. The thick layer from 20.9 to 120 km has very similar v, /v -ratios between 1.72
to 1.76 for all different starting models.

7.2.3 Final Minimum 1D Velocity Model

The final minimum 1D velocity profile is listed in table 7.1. During the inversion the RMS
error of P- and S-arrivals is calculated and gains in the final model a value of 0.444063 s.
This high error is the result of an attempt to form one 1D velocity profile for geologi-
cally very different regions. Although the center of the region is the Alboran Sea and the
dataset only contains earthquakes which are at least recorded by three stations in the Al-
boran Sea (requirement in the trigger algorithm, section 3.2.3), the impact of the crust and
mantle below the southernmost Iberian Peninsula and northern Morocco is high. Stations
on Iberia and in Morocco give additional information for the localization of earthquakes.
Without onshore stations, the evaluable dataset would be too small to invert a velocity
profile and result in a reasonable model for the geology of the Alboran region.

‘ Depth [km] H vy, [km/s] ‘ v [km/s] ‘ v,/ Vs-ratio ‘

0 4.25 2.37 1.79
3.2 6.16 3.48 1.77
12.3 6.72 4.09 1.64
20.9 7.86 4.48 1.75
120 8.20 4.82 1.70

Table 7.1: The final minimum 1D velocity profile showing the result of the inversion with a start-
ing v, /vs-ratio of 1.70.

After inversion for the final minimum 1D velocity model, a v, /vs-ratio is calculated (ta-
ble 7.1). The resulting v, /v,-ratio is mainly lying for the different layers between 1.7 and
1.8. This indicates that no large-scale serpentinization is present in the Alboran region.
For a high grade of serpentinization a higher v, /v -ratio as determined in this study
would be needed.

With the resulting velocity profil (table 7.1), station corrections are calculated for all
stations which recorded the analysed earthquakes. In figure 7.8, station corrections are
shown on a map. Compared to the reference station (OBS 09, south of the Alboran Ridge),
a negative station correction is calculated for the stations in the Alboran Sea East of the
reference station. In the central part of the Alboran Sea, station corrections are relatively
low. The westernmost stations show a positive station correction. These differences are
the result of different subsurface structures. In the West, a thicker sedimentary cover is
present (up to 7 km thick) compared to the Eastern Alboran Sea with just a thin sedi-
mentary layer (e.g. Comas et al., 1992, 1999; Polyak et al., 1996), which makes it necessary
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Figure 7.8: A regional map with the station correction for all used stations for the calculation of
the minimum 1D velocity profile is shown. The reference station is marked as a grey square (OBS
09). Stations with crosses have a positive station correction compared to the reference station.
Circles denote negative station corrections. The size of the symbols describe the magnitude of
station correction.

to result in different algebraic signs for the station corrections when the reference sta-
tion lies between these two regions. Land stations are influenced by the different crustal
structure compared to station in the Alboan Sea and by the elevation of the station. In
the Betic mountain chain, station corrections are positive. The higher the station eleva-
tion, the higher the station correction. North of the Betics, stations in the Sierra Morena
result in negative station corrections. On the African continent stations in the Rif moun-
tain chain have low values for station correction. In the Middle Atlas, negative station
correction are needed to correct the different elevation and crustal structure compared to
the reference station in the Alboran Sea.

In figure 7.9, a graph is shown with a comparison of station elevation and station correc-
tion. A correlation between station elevation and correction is identifiable. The higher the
station on a continent is, the higher the resulting station correction is for the calculated ve-
locity profile and further earthquake location. The northern- and southernmost stations
(in figure 7.9 the last stations in the right and first stations in the left, respectively) do
not show a correlation as good as for station which lie in the Betic or Rif mountain chain
or the Alboran Sea. Those are stations in the Sierra Morena and Middle Atlas which are
far away from the center of the network and the located earthquakes. But the trend cor-
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Figure 7.9: Station correction (red line) of all used recording stations are plotted for comparison
together with the station elevation (blue line) in a graph. Landstations are sorted from South to
North (left to right).

relates: the higher the station in these two regions, the higher is the station correction
compared to another station correction of a station which is also located in this region.
The ray coverage of all recorded and localized earthquakes of the whole dataset where
the hypocenter is located below 2 km depth is presented in figure 7.10. Additionally to
the events which are used for the determination of the minimum 1D velocity model, the
earthquakes which did not satisfy the criteria for the modeling of a minimum 1D velocity
profile are shown. Station corrections are used for this final earthquake location to correct
the existing differences in elevation and subsurface structure. Comparing figure 7.10 to
figure 7.6, also earthquakes with a GAP (see figure 7.1) higher than 180° are included. The
location of all earthquakes is done with the final minimum 1D velocity model. The ray
coverage in the Alboran Sea, on the southern Iberian Peninsula and in northern Morocco
is improved. Many epicenters with a GAP higher than 180° are located in northern Mo-
rocco and offshore Morocco close to the coast in a depth range from near the surface up to
a depth of ~50 km. These earthquakes are in a depth interval where just few information
was available for the modeling.

7.3 Results of the Seismological Analysis

The final minimum 1D velocity model for the Alboran region including the Alboran Sea
surrounding continental parts (South Iberia and North Morocco) show after location a
distinct distribution of the hypocenters for the analysed earthquakes (figure 7.10). The
depth distribution of all located earthquakes can be separated in deep earthquakes (in
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Figure 7.10: The ray coverage of all earthquakes in the dataset with a hypocenter deeper than
2 km. Subfigures and symbols are explained in figure 7.3.

this study ~70 to 120 km deep) and shallow ones (up to ~30 km depth). Between 30 and
70 km there are some earthquakes located in this intermediate depth.

Figure 7.10 shows in the subfigure at the right a depth distribution of the hypocenters
projected along a North-South profile. A distinct distribution, where the deeper and the
shallower earthquakes are occuring is not distinguishable. Contrary to this, along the
West-East profile, the projected earthquake hypocenters (figure 7.10 lower subfigure) can
be divided into regions with earthquake hypocenters in different depth positions. Most
of the shallow earthquakes (up to 30 km depth) are located in the East Alboran Basin
(EAB) and in the South Alboran Basin (SAB) and in the East of the West Alboran Basin
(WAB). Earthquakes within the intermediate depth (30 to 70 km) are rare and occur in the
SAB and onshore Morocco. The deepest earthquakes located in this study (70 to 120 km)
are released in the WAB and in northern Morocco.

Polyak et al. (1996) analysed the heat flow in the Alboran Sea. Their result is shown in
tigure 7.11. There exist obvious differences of heat flow between the WAB and EAB/SAB.
In the WAB, heat flow increases from West to East. Over this region, an average heat flow
of 69 + 6 mW /m? was measured. In contrast to this, heat flow in the EAB and SAB was
measured nearly twice as high as in the WAB with an average value of 124 + 8 mW/m?.
In this region, the heat flow is nearly constant with just some local anomalies.
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Figure 7.11: Heat flow measurements analysed by Polyak et al. (1996) in mW/m?. Left: West Al-
boran Basin, right: East and South Alboran Basin. Isolines of the bathymetry are in an interval of
200 m. DB = Djibouti Bank, SAB = South Alboran Basin, YB = Yusuf Basin.

Comparing the resulting pattern of heat flow measurements of Polyak et al. (1996) to the
hypocenter distribution in this region, a correlation is visible. In the WAB, where heat
flow values are low, deeper earthquakes are detected during the recording time of the
network. Only where low heat flow values were measured by Polyak et al. (1996), deeper
earthquakes were located. Contrary to this, in the EAB and SAB where high heat flow was
measured most shallow earthquakes and some earthquakes in an intermediate depth are
located.
Doser and Kanamori (1986) compared heat flow measurements to hypocenter depths for
the Imperial Valley and Peninsular Ranges (USA). They also found a correlation between
both values. Shallower earthquakes appear in the Imperial Valley compared to those in
the Peninsular Ranges where concomitant the heat flow is nearly twice as high in the
Imperial Valley as in the Peninsular Ranges. The lowest heat flow was measured where
the hypocenters are deepest.
Taking the heat flow measurements of Polyak et al. (1996), an estimation of maximum
depth for occurrence of earthquakes can be made. A simple estimation for conductive
heat flow is computed. With the formular for calculation of simple geotherms

A 5 Qo

T(z) = 5% + 5 + To, (7.1)

the maximum depth for earthquakes can be calculated after reorganization of equation
7.1

Qo Q3 . kdT
Qo is the surface heat flow measured by Polyak et al. (1996), A the heat production, k the
thermal conductivity and dT" = T'(z) —Tj the temperature difference between the seafloor



7.3 RESULTS OF THE SEISMOLOGICAL ANALYSIS

91

Depth of Earthquakes

@0 -15km @15 - 30 km
@30 - 70 km O> 70 km

36°

35°
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quakes.

and temperature in depth.

In a depth where 600 °C is reached, no earthquakes occur anymore in the lithosphere. At
the seafloor ~0 °C are present. An estimation for heat production and thermal conductiv-
ity is made. Values for the heat production and the thermal conductivity are taken from
Fullea et al. (2007) who analyse the Gibraltar Arc system. With A = 1.25 yW/m? and k =
2.5 W/(m K), a maximum depth for earthquakes in the EAB and SAB (Q = 124 mW/m?)
is calculated with 13 km. For the WAB (Q( = 69 mW /m?) a depth of 30 km is calculated.
The calculated depths for the 600 °C isotherm below which no earthquakes occur in the
lithosphere fit to the resulting earthquake location of this study (figure 7.10). In the EAB,
a maximum depth of ~15 km can be determined (figure 7.10 and 7.12) for located earth-
quakes which is close to the calculated maximum depth of 13 km with equation 7.2. In
the WAB where the heat flow is about half of the heat flow in the EAB, the calculated ma-
ximum depth of 30 km is the same as lithospheric earthquakes are located in this region .
Even when equation 7.1 describes an a lot simplified estimation of geotherm calculation,
the resulting depths for the 600 °C isotherm, and therewith the maximum earthquake
depth, fit to the maximum depth of the in this study located earthquakes.

Deeper located events (figure 7.10 and 7.12; events below ~30 km) can be related to the old
remnant slab in this region and not to the lithospheric earthquakes. Those earthquakes
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only occur in the western part of the studied area, in the WAB and beneath Morocco on
the African continent.

Having a look at the epicenters of the located earthquakes, the distribution shows two
clusters as the different depths of lithospheric earthquakes are refered to with the com-
parison to the heat flow measurements. One in the EAB and the other in the WAB.

In the EAB, in the surrounding of the Carboneras Fault (figure 7.12) in the North of the
Alboran Sea a number of events are released during the recording time of the seismic
network. Those are the shallow located earthquakes up to a depth of ~15 km.

The second cluster of located earthquakes lies in the East of the WAB close to the coast
of Morocco and onshore Morocco (figure 7.12). The offshore events are mainly those in a
depth up to ~30 km. Onshore Morocco, the main earthquakes occur in a depth between
30 and 70 km but also in a shallower depth.

The location of the two clusters of earthquakes can be refered to topographic features
(figure 7.12). Events in the WAB occur close to the Tofino Bank and along the Alboran
Ridge. The northernmost events in the Alboran Sea are located close to the Chella Bank
and the Carboneras Fault. Deeper earthquakes are located in the West of the WAB and
are not related to litospheric earthquakes. Those are the events which can be related to
the remnant slab.

In the region of the Tofino Bank and the Alboran Ridge, recorded seismicity with higher
magnitudes are for example two events close to Al Hoceima in northern Morocco. In
1994, a Myy= 5.9 earthquake ruptured in the region on 26 May. Ten years later, a My = 6.3
on 24 February 2004 ruptured close to Al Hoceima (Stich et al., 2005). These earthquakes
and the associated aftershocks are mainly strike-slip events in a depth between 10 and
16 km (Stich et al., 2005).

Around the Chella Bank and the Carboneras Fault, predominantly strike-slip events oc-
cur. In the vicinity of Adra and Almeria (southern Spain), many devastating earthquakes
ruptured. Offshore Adra, a historic strike-slip-to-normal faulting event ruptured on 16
June 1910 (figure 7.13; Stich et al., 2003b) with a magnitude of My, = 6.1. Almeria, which
lies next to the onshore continuation of the Carboneras Fault, was hit in the past by a
number of historic events with destructive dimensions: 1487, 1522 (IX MSK), 1658 (VIII
MSK), and 1804 (IX MSK) (Gracia et al., 2006).

By Stich et al. (2003a, 2006, 2010), different time periods with recorded local seismicity in
the Alboran region were analysed. In the periods of the three publications (November
1995 - March 2002, beginning 2002 - May 2005 and mid 2005 - end 2008, respectively),
moment tensor solutions were defined. These solutions show mainly strike-slip faulting
in the Alboran region (figure 7.13). Those strike-slip events occur in the two clustering
regions, as defined by the in this study analysed local seismicity, roughly along the Albo-
ran Ridge and the Carboneras Fault. The localized earthquake activity along the Alboran
Ridge and the Carboneras Fault is defined as the Trans Alboran Shear Zone (e.g. Stich
et al., 2006).

The focal mechanisms also show that the Alboran Basin ist not merely dominated by
strike-slip motion. Also a combination with normal and reverse faulting is present
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Figure 7.13: Focal mechanisms in the Alboran Basin. Data of different studies are shown (see
legend).
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Figure 7.14: Earthquakes of the NEIC Catalog (1990 - 2012). Additionally, three different possible
plate boundaries are shown for the Alboran region: NUVEL-1A model (DeMets et al., 1990, 1994),
PB2002 (Bird et al., 2002; Bird, 2003) and the Trans Alboran Shear Zone (simplified illustration).
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(figure 7.13).

Regional seismicity is displayed in figure 7.14 (data of the NEIC Catalog from 1990 to
2012). Most events, like the in this study localized earthquakes (figure 7.10 and 7.12),
occur in a shallow depth up to 30 km (red dots in figure 7.14 and red and green dots in
figure 7.12). Deeper events occur mainly in the West of the WAB.

The distribution of the shallow regional events form a z-shaped structure running along
the Betics, crossing the Alboran Sea mainly along the the Carboneras Fault and the Albo-
ran Ridge (Trans Alboran Shear Zone) and continuing eastwards on the African continent
along the coast (figure 7.14). Some studies analyse this as the possible plate boundary be-
tween the Eurasian and African continents (straight line in figure 7.14; e.g. Gutscher et al.,
2009). A rough model of the plate boundary in the Alboran region is presented by the
NUVEL-1A model (dashed line in figure 7.14; DeMets et al., 1990, 1994). The PB2002
model of the plate boundaries runs mainly along the African coast (dotted line in figure
7.14; Bird et al., 2002; Bird, 2003). By the analysed data, a plate boundary model can not
be verified (see earthquake distribution in figure 7.12). The localized earthquakes of the
local half-year period of seismic recording coincide with the main regional earthquake
distribution (figure 7.14). Those events were recorded along the Trans Alboran Shear
Zone in the Alboran Sea (figure 7.10 and 7.12). The recording period was too short and
the located events are too few to analyse the present location of the plate boundary in the
Alboran region. The events rupture along a zone of faults in the Alboran Basin which is
not running parallel to the Alboran Ridge as a main topographic structure in the Alboran
Sea but along the Trans Alboran Shear Zone. Some events occur at the Alboran Ridge but
most events within the latitudes of the Alboran Ridge originate few kilometers further to
the West.

The magnitude of the located earthquakes are in general relatively low. Moment magni-
tudes are in almost all earthquakes smaller than 3. The number of located earthquakes
is relatively small to analyse the release of seismic energy. Including earthquakes of the
NEIC catalog to consider the release of seismic energy in this region, the main release
is continuously. There exist some historic events with higher magnitudes. These are e.g.
the 6.1 Adra earthquake in 1910 (Stich et al., 2003b), the 7.8 Granada Earthquake in 1954
(Chung and Kanamori, 1976) and the 6.2 Granada earthquake in 2010 (Buforn et al., 2011).
But the main release of seismic energy is in the Alboran region continuously.

The distribution of the located earthquakes which are mainly from low magnitude
(Myy < 3) shows a regional separation which is consistent with heat flow measurements
and other studies which analyse the local and regional seismicity in the Alboran region.
A plate boundary is not clear visible as in subduction zones. This was expected. But the
regional separation shows also differences in lithospheric thicknesses. In the WAB, events
occur in a higher depth than in the EAB. This describes, that the lithosphere is thicker in
the WAB than in the EAB. A drastic decrease in lithospheric and crustal thickness from
the WAB to the EAB was analysed, parallel to the heat flow measurements and including
those into their calculations, by Polyak et al. (1996). This supports the in this study first
analysed dataset, where a thinning of the crust was analysed from the EAB in the transi-
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tion to the Algerian Basin (chapter 6).
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Chapter 8

Conclusion

In this study, the structure of the Alboran Sea was surveyed with seismic refraction and
wide-angle data (eastern Alboran Basin in transition to the Algerian Basin) and local
earthquake data (whole Alboran Basin and surrounding onshore domains). The aim was
to analyse the available datasets and provide further data for the support of a formation
history hypothesis for the Alboran Basin. What kind of crust is present along the recorded
transect and how is the local earthquake distribution and what does this imply for the
formation history of the Alboran Basin.

The refraction and wide-angle data were recorded along a pre-existing MCS profile (Co-
mas et al., 1995; Booth-Rea et al., 2007). On 24 stations, refracted and wide-angle reflected
arrivals were traced through the subseafloor. The resulting seismic velocity structure
shows a segmentation of the profile into three parts.

The first 40 km of the profile, the westernmost kilometers, consist of continental crust.
The crustal velocities in this segment are similar to typical continental crust and too slow
for oceanic crust. This part is with respect to typical continental crust with a thickness of
6 - 7 km extremely thinned.

Continuing to the East, the second segment is present. It includes km 40 - 140 of the
seismic profile. This segment is crossing the Maimonid Ridge diagonally. It describes a
transition zone between the first, the westernmost, and the third, the easternmost, seg-
ment. Due to the topographic feature, the Maimonid Ridge, the crustal thickness of this
part is the thickest along the refraction profile. An up to 12 km thick crust is modeled
along this part of the profile. It looks like a root-like structure. Thinnest at both ends of
the segment and the highest thickness in the central part where the highest part of the
Maimonid Ridge is ontop. The velocity structure is similar to continental crust, but, as
the westernmost segment, extremely thinned compared to typical continental crust.

In the third segment, the easternmost part of the seismic profile from km 140 - 250, a
completely different velocity structure is present. This part resembles oceanic crust. Also
the thickness is typical for oceanic crust with 6 - 7 km.

Overall, the refraction seismic profile indicates extremely thinned continental crust in the
eastern Alboran Sea. The two westernmost segments have a velocity structure similar to
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that of typical continental crust. Both segments mainly differ in their crustal thicknesses.
The transition to a completely different velocity structure occurs in the central segment of
the analysed seimic profile where the Maimonid Ridge is crossed. It is the transition from
the East Alboran Basin to the Algerian Basin. In relatively few kilometers, the crustal
velocities change to that of oceanic crust. This is the style of the third, the easternmost,
segment which lies in the Algerian Basin.

The structure of the Moho is affected by the topographic feature Maimonid Ridge where
a root-like structure is formed. In the other two segments, the westernmost and eastern-
most part of the profile, a relatively flat continuous structure of the Moho is existent.
Upper mantle velocities are especially in the western part of the recorded profile with
~7.0 km/s extremely low compared to typical upper mantle velocities in regions of con-
tinental crust. In the East, upper mantle velocities of ~7.6 km/s are also lower compared
to expected values in oceanic lithosphere.

The segmentation of the profile and the velocity structure, also the slow upper mantle
velocities beneath all three segments show similarities to arc-back-arc structures (e.g.
Mariana Arc (Inkahashi et al., 2007, 2008) and Tonga Arc (Contreras-Reyes et al., 2011)).
These similarities support, together with the velocity structure, the analysis of the Al-
boran Basin as a back-arc basin formed while westward slab rollback. The westernmost
segment describes the thinned remnant continental crust which was thinned due to the
westward slab rollback. The easternmost segment is the western end of a back-arc basin
consisting of oceanic crust and continuing to the East. The transition from continental
to oceanic crust and therewith from the thinned continental crust to the back-arc basin
floored with oceanic crust is present along a few kilometers in the eastern part of the cen-
tral segment.

Additional to the support of the slab rollback theory as formation history, the seismic
data show a low velocity zone at the bottom of the sedimentary layer of easternmost seg-
ment. This can be attributed to fast evaporites compared to the sediments lying ontop of
the LVZ. Those evaporites are deposited while the Messinian salinity crisis (e.g. Duggen
et al., 2003; Booth-Rea et al., 2007).

The analysed earthquake dataset results in a rough velocity profile describing the Al-
boran Basin and the surrounding onshore domains. Therefore offshore and additional
onshore stations were used to locate earthquakes which were recorded in the Alboran
Sea.

The v, /v,-ratio was determined as 1.7 - 1.8 for the different layers of the velocity model.
This implies that no largescale serpentinization is present in the researched region, which
would result in a higher v,, /v -ratio.

A second result of the earthquake analysis is that mainly low magnitude earthquakes are
recorded while the network was established in this region. Events with higher magni-
tudes are rare but occur (e.g. 6.1 Adra earthquake in 1910 (Stich et al., 2003b), 7.8 Granada
Earthquake in 1954 (Chung and Kanamori, 1976) or 6.2 Granada earthquake in 2010 (Buforn
et al., 2011)) and were not recorded while the station network was deployed. A continu-
ous release of the seismic energy is present in the Alboran region.
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The distribution of the located earthquake hypocenters shows a distinct pattern. In the
Alboran Basin, most earthquakes are shallow. Deeper earthquakes are located in the wes-
tern part of the West Alboran Basin (WAB).

The shallow earthquakes can be separated in two areas: the WAB and the East and South
Alboran Basin (EAB and SAB). In the WAB, earthquakes occur until a depth of ~30 km. In
the EAB and SAB, the maximum depth of the hypocenters are ~15 km. This is consistent
with heat flow measurements by Polyak et al. (1996) and a rough assessment of the ma-
ximum earthquake depth with the formular for calculation of simple geotherms, using
the heat flow measurements of Polyak et al. (1996). The earthquakes in the Alboran Basin
occur mostly in the lithosphere. The results of the maximum earthquake depths show the
decreasing lithospheric thickness in the Alboran Basin from West to East. In the WAB, a
thicker crust and lithosphere is present, thinning to the East.

Deep earthquakes occuring mainly in the western part of the WAB can be related to the
remnant subducted slab in the West of the analysed region.

The two areas where the shallow events occur can be related to topographic expressions
in the Alboran Basin. Earthquakes rupture mainly close to the Alboran Ridge and the
Corboneras Fault. This is consistent to previous analysis, e.g. Stich et al. (2003a, 2006,
2010), where moment tensor solutions were determined with mainly strike-slip faulting
in the Alboran region. The analysed events were mainly located along the Alboran Ridge
and the Corboneras Fault.

The earthquake distribution shows the same result as the wide-angle refraction data
show: a crustal and lithospheric thinning from West to East. Together with the occu-
rance of the deep earthquakes, the depth distribution of the recorded seismicity fits to
the theory of westward slab rollback as formation history of the Alboran Basin. The two
analysed datasets give additional information for the Alboran region and the interpreta-
tion of slab rollback as the formation history.
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Enlarged Plots
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Figure A.1: The final inversion model. Isolines are every 0.5 km/s. Left = West, right = East. This is an enlarged plot of figure 4.14.



Appendix B

Data Fit and Seismograms of the
Recorded Seismic Refraction Data

Figure B.1: Observed and calculated traveltimes. The observed traveltimes are the picked tra-
veltimes with errorbars in grey. Red are the calculated traveltimes of refractions and blue are

reflected calculated traveltimes. OBH/OBS are enumerated from the westernmost (OBH49) to
the easternmost station (OBS25).
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Figure B.1: (continued)



106

DATA FIT AND SEISMOGRAMS OF THE RECORDED SEISMIC REFRACTION DATA

Time -Distance/8 [s]

Time -Distance/8 [s]

Time -Distance/8 [s]

Time -Distance/8 [s]

Distance [km]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
6
5 L
Tanl®
44 -
3 L
2 L
14 L
obh32
T T T T T T T T T T T T T T T T 'A T T T T T T T
Distance [km]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
5 L
4 - 4
=N ///
44 -
3 L
2 L
. L
obh30
—————————————————— At
Distance [km]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
5 L
| §
>
. L
N L
2] L
. L
obs28
R R e R e e
Distance [km]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
54 -
-
. /|
v
N L
2] L
. L
0bs26
R R o R e e

[s]

Time -Distance/8

Time -Distance/8 [s]

Time -Distance/8 [s]

Time -Distance/8 [s]

Distance [km]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
6
5 L
44 3 -
3] L
2 L
14 L
obh31
T T T T T T T T T T T T T T T T T 'A T T T T T T
Distance [km]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
ey P R T R e e e e e
5 L
o=
4 ¥ 4
.
] L
2 L
. L
obs29
———————————————— A
Distance [km]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
P T P S AT ST S SUR A A ST S R SO A TR A S A A
5 L
\\
. 3
i
N L
2] L
. L
obs27
Distance [km]
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
e R e Ry
5 L
——
< L
3 L
2] L
. L
obs25
e R o e R o R o o AT

Figure B.1: (continued)
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Figure B.2: Seismogram of OBS 25, channel 1
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Figure B.3: Seismogram of OBS 25, channel 2
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Abbreviations

EAB  East Alboran Basin

LSQR Least Squares

LVZ  Low Velocity Zone

MCS  MultiChannel Seismic data
OBS Ocean Bottom Seismometer
OBH  Ocean Bottom Hydrophone

Pg Seismic compressional wave refracted in the crust

PmP  Seismic compressional wave reflected from the crust-mantle boundary
Pn Seismic compressional wave refracted in the upper mantle

Ps Seismic compressional wave refracted in the sedimentary layer

Pu Seismic compressional wave refracted in the upper crust

RMS  Root Mean Square
SAB South Alboran Basin
WAB  West Alboran Basin
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