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ABSTRACT

Convulsive geological events are natural processes of a destructive nature
characterized by a sudden, highly energetic release of regional or global extent. These
processes are extraordinary in nature and their impact, although it may be significant, is
not well known in the geological record, especially in the marine environment. In this
Ph. D. Thesis, two cases of convulsive events in the Alboran Sea, a geodynamic active
area located at the Eurasian-African plate boundary have been analysed, one of a
tsunamigenic type associated with faults and the other the controversial Zanclean
megaflood that put an end to the Messinian Salinity Crisis. The central question of this
thesis comprises several research questions: given the historical and sedimentary
evidence of tsunamis in the Alboran Sea, what is their genesis; being most of the faults
in this area strike-slip, can they generate tsunamis; and in relation to the megaflood,
what is the evidence in the sedimentary record that shows that it existed? To address
these research questions, geological analysis through seismic profiles of different
resolutions, commercial and scientific wells, and multibeam bathymetry with
mathematical modelling have been combined. This approach allows to identify,
characterize and map, as well as better understand the geological evidences in order to

improve the interpretation of convulsive processes.

In order to determine a potential tsunamigenic fault, the tectonic context of the
central area of the Alboran Sea has been studied, which indicates that a tectonic
indentation process is currently taking place due to the NW approach of the African
plate with respect to the Eurasian plate. This indenting block of African crust is the cause
of most of the recent seismic and tectonic activity in the area. Two strike-slip fault
systems bound this block, the WNW-ESE Yusuf dextral fault and the NNE-SSW Al-Idrisi
sinistral fault. The indentation front coincides with a large antiform, the Alboran Ridge.
As a consequence of the indentation process, a conjugate system of strike-slip faults
develops to the north, forming a 752 angle characteristic of indented zones. Several of
these conjugate faults, despite being strike-slip faults, have significant vertical offsets at
their ends, such as the Averroes fault (5.4 m), which has been selected to

mathematically model its tsunamigenic potential. The NW-SE dextral Averroes fault has
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been active since the early Pliocene. In the last 124,000 years up to 4 events have been

identified, the last one deforming the seafloor.

Currently one of the most active faults in the studied area is the NNE-SSW Al-
Idrisi fault near the Moroccan coast of Al Hoceima and the Incrisis fault, about 10 km
west of the previous one and crossing sea-land. The Incrisis fault seems to have been
the trigger for several recent seismic shocks (1993-1994, 2004 and 2016-2017), even
affecting the Al-Idrisi fault as well. Recent landslides have also been identified in this
area where both faults develop. This fact warns, from a geological risk point of view, of

a potentially dangerous area.

Mathematical modelling of the Averroes fault indicates that for a fault offset of
5.4 m an earthquake of magnitude 7 was produced, generating a tsunami with waves
up to 6 m high, with an arrival time at the nearest coast of Balerma (Almeria) of 21
minutes. Other areas affected by the tsunami are the coast of Malaga and the Moroccan
coast west of Nador, respectively, with waves of 2 m and 1 m, and times of 35 and 27
minutes. These short arrival times warn of the need to develop an early warning system
that considers the short time elapsed between the earthquake and the arrival of the
tsunami to the coast. Particularly since the Alboran Sea is an area with densely
populated beaches, during the summer. Likewise, this modelling highlights the need to
review early warning systems in similar geological contexts where strike-slip faults
predominate, since these are not normally associated with tsunamis because they are

not considered to produce significant fault offsets.

The sismostratigraphic analysis of the Messinian-Pliocene transition in the
Alboran Sea shows the scarce development or absence of the typical units of the
Messinian Salinity Crisis (MSC) identified in other areas of the Mediterranean, the trilogy
formed by the Lower (LU), Mobile (MU) and Upper (UU) Units. The saline unit (MU) has
not been identified throughout the basin and in its place a chaotic unit is developed that
was formed by erosion of the LU, during the 1500 m sea level lowering that characterizes
the MSC. Remnants of the UU have only been identified in the eastern end of the basin.
The existence of several erosional structures in the Alboran Sea basin, such as terraces,
hanging canyons, large erosional surfaces on the continental slope and in the deep

basin, suggest that this area during the MSC was in subaerial exposure at some time.
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The most remarkable erosional element is a large erosional channel that crosses the
entire basin from west to east along its deepest part, unlike other areas of the
Mediterranean where the main erosion is observed on the continental slope. The age of
this channel is stratigraphically constrained by the erosion of the UU which closes the
cycle of the MSC trilogy. Apart from the erosion caused by the Zanclean megaflood,
chaotic wedge-shaped deposits have been observed to be associated with products of
the megaflood. Similarly, equivalent deposits have been found at the Sicily sill. Further
evidence supporting the existence of the megaflood is the lack of contourite deposits
during the MSC. This absence contrasts, however, with their omnipresence from the
Pliocene onwards, when the Mediterranean was already connected to the Atlantic

Ocean.

Mathematical modelling of the Zanclean megaflood indicates that this convulsive
event occurred in five phases. Phase 0 corresponds to a period of relatively longer
duration where the reduced inflow of Atlantic water generates little significant erosion.
In phase 1, the Strait of Gibraltar becomes deeper and wider, exponentially increasing
its rate of erosion and Atlantic water flow. In phase 2, there is a reduction in the
hydrological gradient between the Atlantic Ocean and the western Mediterranean,
resulting in a decrease in the flow velocity and discharge of water, as well as a decrease
in the rate of erosion. During this phase, all the Atlantic water entering through the Strait
of Gibraltar is reversed to refill the Western Mediterranean Basin. In phase 3, the sea
level reaches the Sicily threshold. The hydrologic gradient remains constant in the
Western Basin, as the water entering through the Strait of Gibraltar is transferred to the
Eastern Basin, producing a rapid rise in sea level in the Eastern Basin, resulting in the
chaotic deposits identified in Sicily. Finally, in phase 4, the sea level rises synchronously
in both Mediterranean basins until it levels with the Atlantic Ocean. The estimated time
to transfer 90% of the water to the Mediterranean basin is two years, causing a sea level
rise of 10 m per day. Due to the enormous flow generated at the peak of the megaflood
(108 m3 s1) and the high velocities reached (v=40 m s?) it is very likely that the cascade
image widely used in the literature for the filling of the Mediterranean basin is not
correct and was probably produced by a flood ramp. The confirmation of the existence

of the Zanclean megaflood settles the current debate on the models of the MSC, deep



desiccated basin, deep non- desiccated basin and mixed, in favour of the desiccated or

mixed basin model.

The results of the study of these convulsive processes of different nature show
that one of the challenges in future research in marine geosciences includes the need to
identify them, characterize them and analyse their impacts. These impacts affect marine
geological hazards and the paleogeographic evolution of marine basins with

palaeoceanographic and paleoclimatic implications.
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RESUMEN

Los eventos geoldgicos convulsivos son procesos naturales de caracter
destructivo que se caracterizan por una liberacién subita, altamente energética, y de
caracter regional o global. Estos procesos son extraordinarios en la naturaleza y su
impacto, aunque importante, poco conocido en el registro geoldgico, especialmente en
el medio marino. En esta Tesis se analizan dos casos de eventos convulsivos en el Mar
de Albordn, situado en la zona geodinamica activa del limite entre las placas euroasiatica
y africana. Un evento es de tipo tsunamigénico asociado a fallas y el otro la controvertida
megainundacion del Zancliense que puso fin a la Crisis de Salinidad Messiniense. El
planteamiento central de esta tesis comprende varias cuestiones que requieren
investigacion: dadas las evidencias histéricas y sedimentarias de tsunamis en el Mar de
Alboran ¢écudl es su génesis?; la mayoria de las fallas en esta zona son de direccién
épueden éstas generar tsunamis?; y en relacion a la megainundacion ¢cudles son las
evidencias en el registro sedimentario que demuestren que existié?. Para abordar estas
cuestiones se ha combinado el analisis geoldgico mediante perfiles sismicos de distinta
resolucién, sondeos comerciales y cientificos, y batimetrias de multihaz en combinacién
con la modelizacion matematica. Esta aproximaciéon permite identificar, caracterizar y
cartografiar y comprender mejor las evidencias geoldgicas y mejorar la interpretacién

de los procesos convulsivos.

Con el objetivo de determinar una falla potencialmente tsunamigénica se ha
estudiado el contexto tectdnico de la zona central del Mar de Albordn, el cual revela que
actualmente se esta produciendo un proceso de indentacidn tecténica que obedece a la
aproximacion hacia el NO de la placa africana respecto la euroasidtica. Este bloque
indentador de corteza africana es el causante de la mayoria de la actividad sismica y
tecténica reciente de la zona. Dos sistemas de falla de direcciéon limitan este bloque, la
falla dextra ONO-ESE de Yusuf y la falla sinistra NNE-SSO de Al-Idrisi. El frente de
indentacién coincide con un gran antiforme, la Dorsal de Alboran. Como consecuencia
del proceso de indentacion se desarrolla al norte un sistema conjugado de fallas de
direccién que forman un angulo de 752 caracteristico de zonas de indentacién. Varias
de estas fallas conjugadas, a pesar de ser fallas de direccion, presentan saltos verticales

importantes en sus extremos, como la falla de Averroes (5,4 m), la cual se ha
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seleccionado para modelizar matematicamente su potencial tsunamigénico. La falla
dextra NO-SE de Averroes es activa desde el Plioceno temprano. En los ultimos 124000
anos se han identificado hasta 4 eventos, el ultimo de los cuales deforma el fondo

marino.

Actualmente, una de las fallas mas activas de la zona estudiada es la falla NNE-
SSO de Al-ldrisi, cerca de la costa marroqui de Alhucemas, y la falla de Incrisis a unos 10
km al oeste de la anterior y que atraviesa mar-tierra. La falla Incrisis parece haber sido
la detonante de varias crisis sismicas recientes (1993-1994, 2004 y 2016-2017), llegando
también a afectar a la falla de Al-Idrisi. En esta zona, donde se desarrollan ambas fallas,
también se han identificado deslizamientos recientes. Este hecho advierte desde un
punto de vista de los riesgos geoldgicos de la existencia de una zona potencialmente

peligrosa.

La modelizacién matematica de la falla de Averroes indica que para un salto de
falla de 5,4 m se produjo un terremoto de magnitud 7 que generd un tsunami con olas
de hasta 6 m de altura, con un tiempo de llegada a la costa mas proxima de Balerma
(Almeria) de 21 minutos. Otras zonas afectadas por el tsunami son la costa de Malagay
la marroqui al oeste de Nador, respectivamente, con olas de 2 my 1 m y tiempos de
llegada de 35 y 27 minutos. Estos tiempos de llegada tan cortos advierten de la
necesidad de elaborar para el Mar de Alboran, una zona con playas densamente
pobladas en verano, un plan de alerta temprana que tenga en cuenta el poco tiempo
transcurrido entre el terremoto y la llegada del tsunami a la costa. Asi mismo, esta
modelizacion pone de manifiesto la necesidad de revisar los planes de alerta temprana
en contextos geoldgicos similares donde predominan las fallas de direccidn, ya que
normalmente éstas no se asocian a tsunamis pues se considera que no producen saltos

de falla significativos.

El andlisis sismoestratigrafico de la transicién Messiniense-Plioceno en el Mar de
Alboran pone de manifiesto el escaso desarrollo o ausencia de las unidades tipicas de la
Crisis de Salinidad Messiniense identificadas en otras zonas del Mediterraneo, la trilogia
formada por la Lower (LU), Mobile (MU) y Upper (UU) Units. La unidad salina (MU) no
se ha identificado en toda la cuenca y en su lugar se desarrolla una unidad cadtica que

se formd por la erosidn de la LU, durante la bajada del nivel del mar de 1500 m que
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caracteriza la MSC. De la UU solo se han identificado remanentes en el extremo oriental
de la cuenca. La existencia de varias estructuras erosivas, como terrazas, cafiones
colgados, grandes superficies erosivas en el talud y en la cuenca profunda, sugieren que
la cuenca de Alboran estuvo en exposicidon subaérea en algin momento durante la MSC.
El elemento erosivo mas destacable es un gran canal erosivo que cruza toda la cuenca
de oeste a este por su parte mas profunda, a diferencia de otras zonas del Mediterraneo
donde la erosion principal se observa en el talud continental. La edad de este canal
queda constrefiida estratigraficamente por la erosién de la UU la cual cierra el ciclo de
la trilogia de la MSC. Aparte de la erosién provocada por la megainundacién Zancliense,
se han observado depésitos cadticos en forma de cufia que se asocian a productos de la
megainundacion. De igual forma, se han hallado depdsitos equivalentes en el umbral de
Sicilia. Otra evidencia que apoya la existencia de la megainundacién es la falta de
depdsitos contorniticos durante la MSC. Esta ausencia contrasta, sin embargo, con la
omnipresencia de los mismos a partir del Plioceno, cuando el Mediterrdneo ya estaba

conectado al océano Atlantico.

La modelizacion matematica de la megainundacién del Zancliense indica que
este evento convulsivo ocurridé en cinco fases. La fase 0 corresponde a un periodo de
relativa mayor duracién donde la reducida entrada de agua atlantica genera una erosién
poco significativa. En la fase 1, el Estrecho de Gibraltar se hace mas profundo y ancho,
aumentando de forma exponencial su tasa de erosidon y de flujo de agua atlantica. En la
fase 2, se produce una reduccion del gradiente hidroldgico entre el Océano Atlantico y
el Mediterraneo Occidental que resulta en una disminucién de la velocidad del flujo y
de la descarga de agua, asi como de la tasa de erosidén. Durante esta fase, toda el agua
atlantica que entra por el Estrecho de Gibraltar se invierte en rellenar la Cuenca
Mediterrdnea Occidental. En la fase 3, el nivel del mar alcanza el umbral de Sicilia y el
gradiente hidroldgico se mantiene constante en la Cuenca Occidental, ya que el agua
gue entra por el Estrecho de Gibraltar es transferida a la Cuenca Oriental, produciendo
en ésta un ascenso rapido del nivel del mar que da lugar a los depdsitos cadticos
identificados en Sicilia. Finalmente, en la fase 4, el nivel del mar asciende
sincronicamente en ambas cuencas mediterraneas hasta nivelarse con el Océano

Atlantico. El tiempo estimado para transferir el 90% del agua a la cuenca mediterranea
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es de dos afos, provocando un ascenso del nivel del mar de 10 m por dia. Debido al
enorme caudal generado en el pico de la megainundacion (102 m3 s) y las altas
velocidades alcanzadas (v=40 m s?) es muy probable que la imagen de cascada
ampliamente empleada en la literatura para el relleno la cuenca mediterranea no sea

correcta y probablemente se produjo mediante una rampa de inundacidn.

La constatacidon de la existencia de la megainundacién zancliense dirime el
debate actual sobre los modelos de la MSC, de cuenca profunda desecada, de cuenca

profunda no desecada y mixta, a favor del modelo de cuenca desecada o mixta.

Los resultados del estudio de estos procesos convulsivos de diferente naturaleza
ponen de manifiesto que uno de los retos en la investigaciéon futura en geociencias
marinas comprende la necesidad de identificarlos, caracterizarlos y analizar sus
impactos. Estos impactos afectan a los riesgos geoldgicos marinos y a la evolucién
paleogeografica de cuencas marinas con implicaciones paleoceanograficas vy

paleoclimaticas.
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Chapter 1

1 INTRODUCTION
1.1 Convulsive geological events

Convulsive (catastrophic) geological events are violent disturbances of regional
and sometimes global scale (Clifton, 1985, 1988). These events are rare in nature and
for this reason, they remain almost unknown, although their impact on the environment
is generally extreme and instantaneous on a geological scale. Several types of convulsive
events are recognised in nature, most of them described on land. In the following, we
will focus mainly on events occurring in the marine environment, although, due to their
uniqueness and for comparative purposes, some examples occurring on land are also
shown. The most common in literature are, earthquakes, tsunamis, megafloods,

volcanic eruptions and extraterrestrial bolide impacts.

Convulsive events related to strong earthquakes are common in both the
geological and historical record and occur in both marine and terrestrial areas. When
the earthquake occurs under the sea, it can generate tsunamis and large landslides.
Generally, earthquakes with significant magnitude values occur in subduction zones
such as the Pacific Ring of Fire or in areas of tectonic indentation, such as in the
Himalayas (Fig. 1-1). Some examples of historical convulsive earthquakes in these
contexts are: Valdivia earthquake (Chile) with a magnitude 9.5, occurred in 1960; Prince
William Sound (Alaska) with a magnitude 9.2, in 1964; Sumatra-Andaman with a
magnitude 9.1, in 2004; or Tohoku (Japan) magnitude 9, occurred in 2011. The Altantic
and Mediterranean Sea are also areas with significant seismic activity, but of
comparatively lower magnitude. Some historical examples are: Lisbon earthquake in
1755; Karpathos (Greece) earthquake in 1948 (Dimova et al., 2021). Large earthquakes
are also identified in the geological record through the study of palaeoseisms

(Goldfinger et al., 2012; Ratzov et al., 2015).

Tsunamigenic convulsive events are caused by sudden offsets of the seabed that

displace the water column. These displacements are mainly caused by seismic faults



(96% of events), landslides and volcanic processes. To a lesser extent, by extraterrestrial
bolide impacts, by sudden release of gas pockets and by sudden variations in
atmospheric pressure (meteotsunamis). Examples of large tsunamis are: from
extraterrestrial bolide impact, the Chicxulub crater (65 my) which generated a 1.6 km
wave (Range et al., 2018); from seismic origin the Lisbon tsunami earthquake (1755)
with a wave height of 20 m (Mader, 2001), or the Okushiri Island (Sea of Japan) tsunami
(1993) with a tsunami height of up to 31.7 m (Bryant, 2008).

Figure 1-1 World seismicity map (source IGN).

Megafloods are mainly related to glacial lakes and to a lesser extent to sea level
variations. Currently, there are several examples of megafloods associated with sudden
glacial lake outbursts caused by natural ice dam breaks due to waning ice sheets, (Fig.
1-2): Channeled Scablands associated with Lake Missoula Washington (USA) (Waitt et
al., 2021), Lake Missoula Montana (USA) (O'connor et al., 2020); Lake Bonneville
Wisconsin (USA) (O'connor et al., 2020) and Altai megaflood in Siberia (Herget et al.,
2020). Examples of megafloods related to sea level variations are known from the Strait

of Dover, in the English Channel (Gupta et al., 2007), and in the Black Sea by flooding of



Mediterranean water into this sea, which at that time was a freshwater lake (Ryan et al.,
1999); and the controversial Zanclean megaflood that ended the Messinian Salinity

Crisis (MSC) (HsU et al., 1973; Blanc, 2002), which is part of the study of this Thesis.

Figure 1-2 Hypothetical location of several megaflood events associated with the Late
Pleistocene glaciation in the Northern Hemisphere and their path (Baker, 2020).

Both submarine and coastal landslides can trigger tsunamis (Fig. 1-3) (Bryant,
2008). The largest landslide-associated runup occurred at Lituya Bay (Alaska) in 1958 as
a result of an earthquake-triggered rockfall, with wave heights of 30-50 m (Miller, 1960).
Another important event was the Grand Banks (Canada) in 1929 with runup heights of
up to 13 m (Piper 1999). Moreover, an important tsunamigenic source in the marine

environment is found on volcanic islands. Due to the steep slopes and the volcanic



activity itself, submarine debris avalanches capable of generating tsunamis occur on
volcanic islands, such as in Hawaii (Satake et al., 2002) or in the Canary Islands (Pérez-

Torrado et al., 2006).

Figure 1-3. Global distribution of mapped submarine landslides (SLs): green, SLs on passive
margins; yellow, SLs located along convergent margins; orange, SLs on strike-slip margins;
purple, volcanoes; red, tsunamis associated with SLs. Submarine landslide tsunamis (in
red) are mainly located along convergent margins, but also along passive and strike-slip
margins and on flanks of volcanoes (Sassa et al., 2022).

Volcanism can generate tsunamis by various mechanisms (Latter, 1981), the
most notable of which are due to submarine eruptions or explosions, pyroclastic flows
or caldera collapse. The eruption of Thera in the Aegean Sea (1630-1550 B.C.E.) caused
a tsunami (McCoy and Heiken, 2000) that contributed to the disappearance of the
Minoan culture. More recently, in 1883, the eruption of Krakatau had a global impact
and generated tsunami of more than 10 m (Bryant, 2008). From a marine point of view,
volcanic eruptions affecting the water column can be grouped into four basic typologies
whose main effects are summarised by Ercilla et al. (2021) (Fig. 1-4): near-shore sub-
area eruptions; shallow water eruptions (<200 m); intermediate eruptions (300-600 m)

and deep eruptions (>600 m).



Figure 1-4. Main types of eruptions examples. Subaerial eruptions: (a) Sinking pyroclastic flows in
Montserrat island and (b) emplacement of the 2007 lavadelta at Stromboli. Shallow water
eruptions: (c) Surtseyan eruption plumes from Hunga Ha’apai vents (Tonga) in 2009. Intermediate-
water eruptions: (d) floating volcaniclastic materials and gas emissions during the Tagoro volcanic
eruption offshore El Hierro in 2011. Deep eruptions: (e) 3D bathymetric map of the Tagoro volcano
showing the main morphological characteristics. (f) 3D simplified sketch of the main types of
eruptions affecting insular volcanoes (Ercilla et al., 2021).

There are several examples of extraterrestrial bolide-associated craters, most of
which have been identified on land (Fig. 1-5). In general, these structures are identified
by a depression with concentric fractures and a mound in the centre of the impact. Some
examples of ground-based impacts are: Berringer crater in Arizona (Masaitis, 2006;
Osinski et al., 2015) or Vredefort crater in South Africa (Carporzen et al., 2005; Galdeano
et al.,, 2008), among others. Those identified in marine environments are scarce,
although several cases have been reported: the Chicxulub submarine crater in Yucatan
(Gulick et al., 2013; Canales-Garcia et al., 2018), submarine Silverpit crater in the North
Sea (Stewart and Allen, 2005), Chesapeake Bay Crater in Virginia (USA) (Collins and
Wiinnrmann, 2005), and Mjolnir Crater in the Barents Sea (Dypvik et al., 1996).



Figure 1-5 Impact structures according to the Earth Impact Database. The diameter of the crater
(in kilometres) and its age of formation (in millions of years) are given. The largest on Earth are
Vredefort (160 km) and Chicxulub (150 km) and the oldest are Suavjarvi (2400 Ma) and Vredefort
(2023 Ma) (Ormo and Oms, 2013).

1.2 Hypothesis, aims and Ph.D. Thesis structure
1.2.1 Hypothesis

The working hypothesis of this doctoral thesis proposes that convulsive
geological events have occurred in the Alboran Sea favoured by its tectonic framework
of interaction between the Eurasian-African plate boundary geodynamic activity. The
convulsive consequences can be identified, both from the sedimentary record and
through mathematical modelling. The two convulsive events proposed are: i) the
potential tsunamis triggered by active faults and ii) the megaflooding of the
Mediterranean by Atlantic waters, associated with the end of the Messinian Salinity

Crisis (MSC).

In relation to tsunamigenic events, the Alboran Basin is also considered to be an
excellent setting for their study, given that its recent active tectonics reveals active faults
frequently triggering earthquakes. In this case, the dense seismic grid with different

degrees of resolution will allow us to assess the tsunamigenic potential of the seismic
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active faults, based on numerical modelling, in order to establish the tsunami wave
progration, its controlling factors, and its impact on coastal areas. This study will
contribute to the knowledge of the geological risks of the Albordn Sea of great

importance for the planning of strategies to mitigate their impact on society.

In the case of the Messinian Flood (i), this is thought to have occurred through
the Strait of Gibraltar, but its occurrence is based on indirect proofs from other areas of
the Mediterranean. The Alboran Sea is considered to be the best area to identify that
flood, to decode how it occurred, and to analyse the regional impact, given its
connection to the Atlantic Sea trough the oceanographic gateway of the Strait of
Gibraltar. In addition, today’s availability of a dense seismic grid is a key factor that
guarantees its detailed analysis. This factor, combined with numerical models, will foster
a better understanding of the behaviour and consequences of the Messinian Flood. The
determination of the existence of a large flood will shed light on the debate as to
whether the Mediterranean became disconnected from the Atlantic Ocean during the

Messinian Salinity Crisis (MSC).

1.2.2 Aims
This working hypothesis is broken down into the following specific objectives:

1- Characterisation of the main tectonic structures formed in the framework of
Eurasian and African tectonic plate interactions, in order to typify and catalogue seismic

active faults.

2- Assessment of the tsunamigenic potentially of the active strike-slip Averrores
fault by modelling seafloor deformation, propagation of the tsunami and its impact (i.e.,
flooding) on the coastal areas. Analysis of the formation of recent structures and the
associated geological risks in one of the most seismologically active areas of the Alboran

Sea.

3- ldentification and geomorphosedimentary characterisation of structures
(discontinuities, erosive surfaces, deposits) related to the convulsive event of the

megaflood at the end of the Messinian Salinity Crisis, i.e. the Atlantic Zanclean flooding.
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4-Numerical Modelling of the Atlantic Zanclean flooding using algorithms that

link the erosion produced by water on rocks with hydrodynamic equations.

5- Integration of results from 3 and to 4 with other recent stratigraphic evidence

to test the megaflood on other Messinian Salinity Crisis models.

6- Comparison of the two convulsive events and their implications in other
similar geological contexts. Terminological and conceptual analysis of the

appropriateness of the term catastrophic in relation to a convulsive event.

1.2.3 Ph.D. Thesis structure

In the following, the structure of this thesis is briefly described in order to
facilitate the understanding of the text and the pursuit of the topics of this research. The
configuration of this thesis is presented as a set of four publications from the Science
Citation Index that qualify for the thesis by article format according to the rules of the
University of Granada. In order to give more coherence and entity to the thesis and to
achieve the objectives, an additional chapter with other three publications has been

included. The thesis is divided into four main parts.
> Part | consists of chapters 1, 2 and 3.

Chapter 1 is comprised of an introduction about convulsive events, where the
main types and known examples are presented. Also, the hypothesis of this work

and the objectives of the thesis are presented.

In Chapter 2, the general regional background of the study area is established,
although due to the nature of the thesis by articles, more specific background

information appears in each of them.

Finally, Chapter 3 presents the data used in this Thesis and the general
methodology, and in each chapter a specific methodology will be included, for the

same reason as in the background.

> Part Il is made up of chapters 4, 5 and 6, which correspond to three published

articles, two as first author and one as third author. These chapters deal with the
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characterisation of the tectonic activity of the central Alboran area in order to select a

main active fault to study a tsunamigenic convulsive event.

>

In Chapter 4, the geodynamic setting of the central Alboran area is analysed and
the main tectonic structures are identified and characterised. Finally, a model of

tectonic indentation characterising this area is presented.

Chapter 5 studies several seismic shocks related the formation of a new fault zone,
the Incrisis fault zone, about 10 km west at the southern end of the Al Idrisi fault,
thus complementing the tectonic indentation model of Chapter 4. It also
characterises the sedimentary instability zones associated with seismotectonic

activity and the associated geological hazards.

Chapter 6 mathematically models the potential tsunami associated with the
Averroes fault, identified and characterised in Chapter 4, and its impact on coastal

zones.

Part lll consists of chapters 7 and 8 where the convulsive event of the Zanclean

megaflood that ended the Messinian Salinity Crisis is geologically analysed and

mathematically modelled. Chapter 7 is made up of additional works to the thesis format

by articles, but which are related to, and complement, the study of the megaflood.

Chapter 8 is part of the articles of the citation Index that are presented, in order to be

eligible for the presentation of the Thesis in article format.

>

Chapter 7 analyses the geological evidence related to the megaflood (subchapter
7.1), the mathematical modelling and characterisation of the event (subchapter
7.2), and the integration of the mathematical model with the geological evidence

(7.3).

Chapter 8 discusses the Zanclean megaflood in the context of the main
hypotheses on the MSC and provides new evidence of the megaflood both in the

Alboran Sea and in other areas of the Mediterranean (Sicily threshold).

Finally, Part IV discusses and compares both convulsive events and their

consequences in the Alboran Sea, and presents the main conclusions of this Thesis.
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Chapter 2

2. REGIONAL SETTING

The Albordn Sea is located in the southwesternmost part of the Mediterranean
Sea (Fig. 2-1). It is an east-west basin 150 km wide, 350 km long, and with an areal
extension of 54,000 km?. It is a semi-enclosed basin with a maximum depth of 2294 m,
bounded to the north and south, respectively, by the Betic and Rif mountains, to the

west by the Strait of Gibraltar, and to the east by the Algero-Balear Basin.

Figure 2-1. Mediterranean bathymetric map displaying the eastern and western basins and
the location of the Alboran Sea in the westernmost end (Bathymetry from GEBCO).

2.1. Geodynamic setting

The tectonic evolution of the Alboran basin is characterized by two main tectonic
events (Comas et al., 1992; Watts et al., 1993; Chalouan et al., 1997; Comas et al., 1999;
Mauffret et al., 2007) in a general context of N-S to NW-SE Africa-Eurasia plate
convergence. The first tectonic phase coincides with a synsedimentary extensional
deformation, from the Oligocene to the late Tortonian, during a westward displacement
of the Albordn domain with respect to the present position (Fig. 2-2). Initially, this
extension was approximately NNE-SSW and changed to approximately E-W in the
Burdigalian (Bourgois et al., 1992; Mauffret et al., 1992; Crespo-Blanc, 1995; Jolivet et

al., 2006). The second phase started in the late Tortonian under an NNW-SSE
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convergence (Weijermars et al., 1985; Vissers et al., 1995) and represents a period of
tectonic inversion characterized by large strike-slip faults (Martinez-Garcia et al., 2011,

2013) (Figs. 2-3 and 2-4).

During the Langhian-Messinian period, calc-alkaline to shoshonitic volcanism
occurred and formed several volcanic edifices, mainly north of the Albordn Ridge and
the eastern part of the Alboran Basin (Duggen et al., 2004). The Western Alboran Basin
(WAB) has an active polyphase mud diapirism that initiated during the middle Miocene
and is still active today, as it is evidenced by several mud volcanoes rooted in mud diapirs
and related faults cutting the seafloor (Pérez-Belzuz et al., 1997; Sautkin et al., 2003;
Soto et al., 2010; Somoza et al., 2012).

Figure 2-2. Reconstruction of the evolution of the western Mediterranean (Faccenna et al.,
2004) from the Oligocene to the present (Do Couto, 2014).
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Currently the Alboran Basin is a tectonically and seismically active zone that
accommodates the NW-SE oblique convergence between the Eurasian and African
plates at a rate of 4.5 mm/year (De Mets et al., 2015). The westward displacement of
the Albordn Domain between the two main plates has determined the development of
the Gibraltar Arc (Betic and Riff mountain ranges) that surrounds the Alboran Sea (Fig.
2-3). Fold and fault activity accommodate plate boundary deformation, while
discontinuous fault slips release elastic deformation and produce seismicity (Figs. 2-4, 2-

5 and 2-6).

Figure 2-3. Structural maps of the western Mediterranean Sea showing the main tectonic units.
GK: Greater Kabylide; LK: Lesser Kabylide. The inset map shows the location of the Apennines,
Tellian, Rif and Betic fold and thrust belts in the western Mediterranean (Do Couto et al., 2016).

The origin and present-day setting of the Alboran Sea is controversial due to the
geological complexity of the region. Several tectonic models have been proposed for the
region involving delamination (e.g., Seber et al., 1996; Lis Mancilla et al., 2013), or
subduction with or without rollback (e.g., Pedrera et al., 2011; Ruiz-Constan et al., 2011;
Gutscher et al., 2012; Gonzalez-Castillo et al., 2015; Spakman et al., 2018). Although the
controversy remains alive, the most accepted models suggest that the main tectonic
structure driving the deformation is a subduction zone starting in the western part of

the Gibraltar Arc and subducting eastwards beneath the Alboran Sea (Fig. 2-5) (Gutscher
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et al., 2002; Perouse et al., 2010; Ruiz-Constan et al., 2011). This active subduction is
evidenced by the NE-SW to NNE-SSW arcuate band of intermediate seismicity in the
western Albordn Sea (Figs. 2-5 and 2-6) (Buforn et al., 2017). The presence of a roll-back
subduction zone determines that the western region of the Albordn Sea is a low-
deformation subsidence zone, where a large depocenter has developed. In contrast, the
central and eastern regions show marked tectonic deformation that produced its

complex physiography (Martinez-Garcia et al., 2011) (Fig. 2-4).

Figure 2-4. Tectonic map of the Gibraltar Arc system with the main faults of the Alboran
Basin. Legend: The black dots are the ODP sites (976 to 979), the DSDP 121 site and the
Habibas-1 well (H-1). Abbreviations: A. Is, Alboran Island; AB, Almeria-Niijar Basin; AF, Al-
Idrisi Fault; AR, Alboran Ridge; AS, Al-Mansour Seamount; BF, North Bokkoya Fault; CD,
Campo de Dalias; CF, Carboneras Fault; DH, Djibouti High; EAB, East Albordn Basin; HB,
Habibas Basin; HE, Habibas Escarpment; JF, Jebha Fault; MF, Maro-Nerja Fault; MH,
Maimonides High; NF, Nekor Fault; PB, Pytheas Basin; PF, Palomares Fault; SAB, South
Alboran Basin; SB, Sorbas Basin; XB, Xauen Bank; YL, Yusuf Lineament and WAB, Western
Alboran Basin (Martinez-Garcia et al., 2013).
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The NW-SE shortening is accommodated by compressional tectonics that
determines the presence of two main sets of faults with orientations N25°E and N130°E
(Martinez-Garcia et al., 2011) (Fig. 2-4). These faults are highly seismically active and
determine the NNE-SSW seismicity band that crosses the Alboran Sea from Campo de
Dalias to Al-Hoceima (Fig. 2-6). The Al Idrisi fault and new faults developing to the west,
constitute the most active seismogenic faults at present (Galindo-Zaldivar et al., 2018).
The Yusuf dextral fault constitutes the main NW-ESE conjugate fault that delimits its
northern boundary. NNW-SSE normal faults located along the northern boundary of the
Alboran Sea, such as the Balanegra Fault (Galindo-Zaldivar et al, 2015) also play an
important role in accommodating ENE-WSW extension related to both compressional

tectonics and roll-back.

Figure 2-5. 3D Scheme of the lithospheric structures beneath the Alboran domain.
Legend: C.L. continental crust and O.L. oceanic lithosphere (Perouse et al., 2010).
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Figure 2-6. Historical and instrumental seismicity of the Alboran Sea-Strait of Gibraltar area
(Source: IGN).

2.2. General seismic stratigraphy

The Albordn Sea is made up of three sub-basins: the western (WAB), the
southern (SAB) and the eastern Alboran basins (EAB) (Fig. 2-4). The age of the
sedimentary fill ranges from Miocene to Quaternary, with the WAB having the greatest
thickness of up to 10 km (Do Couto et al., 2016). Eight seismic units have been defined
from the Andalucia-G1 and El Jebha commercial boreholes in combination with the

seismic record (Do Couto et al., 2016) (Figs. 2-7 and 2-8).

In the following, the seismic units that characterised the Alboran Basin are
described according to Do Couto et al. (2016) where the units described by Comas et al.,

(1992), Comas et al., (1999) and Jurado and Comas (1992) are reviewed.

Seismic unit SU1 has been interpreted as turbiditic deposits and carbonate levels

of Late Oligocene-Early Miocene age, reaching a thickness of up to 3 km.
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Seismic Unit SU2 has been interpreted as coarse-grained siliciclastic deposits and
carbonate levels of Late Aquitanian-Burdigalian age with a maximum thickness of 300

m.

Seismic unit SU3 is composed of a shaly level developed on top of a basal level of
marine conglomerates with an approximated thickness of 700 m, whose age comprises
the Early to Middle Miocene. This unit, and probably SU2, are the source of the mud
diapirism of the WAB.

Figure 2-7. Commercial boreholes Andalucia-G1 (Spanish margin)
and El jebha (Moroccan margin) showing the sedimentary
sequences of the Western Alboran Basin and their lithology (Do
Couto et al., 2016).
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Seismic unit SU4, approximately 1000 m thick, is composed mainly of sandstones,
conglomerates, shaly sandstones and clayey layers dated from the Serravallian. In the

middle of this unit there are 240 m of volcanoclastic materials.

Seismic unit SU5 is composed of materials similar to US4 and is approximately
450 m thick. It is characterised by fine- to coarse-grained sandstones together with shaly

sandstones, marls and shales dated Tortonian.

Seismic unit SU6 comprises sandstones interbedded with marls and clays from
the Upper Tortonian to Lower Messinian. These layers have been interpreted as
turbiditic deposits interbedded within hemipelagic sediments. The basal discontinuity of

this unit marks the tectonic inversion that affected the entire Alboran Basin.

Seismic unit SU7 is characterised by volcanoclastic series consisting of
interbedded clays and basaltic layers beneath marine sandstones interbedded with
finely laminated beds and shallow carbonates with some intervals of gypsum and fine
anhydrite. The upper chaotic facies have been interpreted as mass transport deposits
related to the lowering of sea level during the Messinian Salinity Crisis in the

Mediterranean Sea.

Figure 2-8. Multi-channel seismic profile illustrating the seismic units (SU1 to SU8) defined in the
Western Alboran Basin (Do Couto et al., 2016).
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Seismic unit SU8 consists of pelagic to hemipelagic marls and clays, interlayered
with sandy turbidites dated from the Pliocene to the Quaternary. The stratigraphy of
these sequences has been refined by Juan et al. (2016; 2020), allowing the updating and
renaming of the stratigraphic boundaries and the establishment of a new Pliocene and
Quaternary seismic stratigraphy for the Albordn Sea, after the relocation of the base of
the Quaternary from 1.8 to 2.6 Ma. The boundaries of the stratigraphic division are as
follows: the Messinian (5.96 to 5.33 Ma), the intra-lower Pliocene (PO at ca. 4.5 Ma), the
top of the Zanclean (P1 at ca. 3.3 Ma), the base of the Quaternary (BQD at ca. 2.6 Ma),
the top of the Gelasian (QO at ca. 1.8 Ma), the intra-lower Quaternary (Q1 at ca. 1.12
Ma), and the top of the Calabrian (Q2 at ca. 0.7 Ma). These Pliocene and Quaternary
units are mostly made up of contourites that contribute to the outbuilding of the
margins and infilling of the basins. Contourites are laterally interrupted by several
turbidite systems on the Iberian margin (Juan et al., 2016; 2020). The base of the Plio-
Quaternary sequences is a striking erosional surface that results from the Messinian

Salinity Crisis.

2.3. Messinian Salinity Crisis

In the late Miocene (5.96-5.33 Ma) what is known as the Messinian Salinity Crisis
(MSC) (Selli, 1954) took place, causing the progressive isolation of the Mediterranean
Sea from the rest of the oceans (Hsu et al., 1972) and the accumulation of up to 3 km of
saline deposits representing 4% of the salt dissolved in the present-day oceans (Haq et
al., 2020) (Fig. 2-9). Sea level is estimated to have dropped by 1500 m (Clauzon, 1982;
Bache et al., 2011) causing widespread erosion of the continental margins of the
Mediterranean Basin and deepening of canyons and associated river systems (Ryan,
1978; Clauzon, 1982). The MSC was an ecological crisis induced by a combination of
geodynamic and climatic factors (Roveri et al., 2014). From a geodynamic point of view,
the progressive restriction of the Mediterranean is associated with the westward
displacement of the Gibraltar Arc to its present location, which caused the closure of the

Mediterranean basin with respect to the Atlantic Ocean (Figs. 2-2 and 2-10).

The MSC developed in three main stages (CIESM, 2008), each characterised by
different palaeoenvironmental conditions. During the first stage, evaporites in the form
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of gypsum precipitated in shallow sub-basins. During the second stage, the MSC acme
occurred and was characterized by evaporite precipitation, mainly salt, shifted to deeper
depocenters. The third stage was characterised by large-scale environmental

fluctuations in a Mediterranean transformed into a brackish water lake.

Figure 2-9. Distribution of Messinian evaporites and location of the DSDP-ODP boreholes
which recovered Messinian deposits. The location of the main hyperhaline anoxic deep basins
on top of the Mediterranean Ridge is also shown: Ap, Aphrodite; A, Atlante; B, Bannock; D,
Discovery; K, Kryos; M, Medee; T, Thetis; Ty, Tyro; U, Urania (Roveri et al., 2014).

Different nomenclatures have been proposed for the onshore and offshore MSC
units with varying chronostratigraphic correlations, although there is now some
consensus, summarised in Figure 2-11. The onshore units, from base to top, are: Lower
Gypsum (LG); Primary Lower Gypsum (PLG); halite (H); resedimented Lower Gypsum
(RLG); Upper Gypsum (UG) and LagoMare (LM). The equivalent of the different units
described onshore are summarised in three offshore units (Figs. 2-11 and 2-12), Lower
Unit (LU), Mobile Unit (MU), Upper Unit (UU) and a Complex Unit (CU) that temporally

encompasses the previous three, although it is not always present (Lofi, 2018).
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Figure 2-10. Palaeogeographic reconstruction of the Albordn Sea from the Late
Tortonian to the Pliocene illustrating the progressive disconnection from the
Mediterranean Sea. Ages according to Bache et al., 2011 (Do Couto, 2014).

The end of the MSC occurred at the Messinian/Zanclean transition when the
isolated (or restricted) Mediterranean Sea was reconnected to the Atlantic Ocean
through the Strait of Gibraltar (Hsi et al., 1973), presumably by a catastrophic flood
(Blanc, 2002) produced by a combination of tectonic and river-erosion processes.
Evidence of this rapid palaeoceanographic change to open marine conditions in the
sedimentary record is seen in the form of abrupt lithological and palaeontological

changes (Hsli et al., 1973).
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Figure 2-11. Synthesis of nomenclature assigned in the literature to onshore and offshore
Messinian stratigraphic units. Onshore units: LG, Lower Gypsum; PLG, Primary Lower Gypsum;
H, halite; RLG, Resedimented Lower Gypsum; UG, Upper Gypsum; LM, LagoMare; MES,
Messinian erosional surface. M/P, Miocene—Pliocene Boundary. MSC stages: 1, 2, 3.1, 3.2.
Strontium isotope stages: Sr-1, Sr-2, Sr-3. Offshore units: LE, Lower Evaporites=LU, Lower Unit;
H, Messinian Salt= MU, Mobile Unit; UE, Upper Evaporites= UU, Upper unit; CU, Complex Unit.
Offshore surfaces: MES, marginal erosional surface; horizon N=BES, basal erosional surface/BS,
basal surface, base ofMessinian evaporites; horizonM=TES, Top erosional surface/TS, Top
Surface: top of Messinian evaporites (Roveri et al., 2014).

Some new recent studies have questioned the classical desiccated basin model
based on several reasons. The thickness of salt identified in deep basins requires 7-8
complete dewatering cycles of the Mediterranean (Haq et al., 2020), which implies the
need for a permanent seawater connection. Some authors propose through modelling
that halite precipitation does not require disconnection from the Atlantic, and propose
a situation of Atlantic water inflow into a basin with blocked Mediterranean water

outflow (MOW) (Roveri et al., 2014; Krijgsman et al., 2018).
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Figure 2-12. Seismic profile showing the offshore messinian units in the Liguro-
Provencal Basin (Haq et al., 2020).

Another reason is related to the 8/Sr/%6Sr isotope ratio which is an indicator of
palaeosalinity. Measures of this ratio in the MSC deposits point to the fact that the
variation in Sr isotope ratio during the MSC does not require complete isolation from

the Mediterranean (Flecker et al., 2002; Roveri et al., 2014) (Fig. 2-13).

Figure 2-13. Strontium isotopic variations during the Messinian
(Mascle and Mascle, 2019).
Currently, two competing hypotheses are put forward to explain the formation
of the MSC (Fig. 2-14): a deep desiccated basin hypothesis with a 1500 m sea level
lowering that ended with a megaflood (Hsu et al., 1973) and a deep non-desiccated

basin hypothesis with dense stratified brines under a "normal" sea level (Roveri et al.,
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2014). The non-desiccated basin hypothesis postulates that the convulsive event of the
Zanclean megaflood did not exist, because there was a permanent Atlantic-

Mediterranean connection during the MSC that is located in the Strait of Gibraltar.

Figure 2-14. Palaeogeographic reconstruction illustrating the two main models of the
Messinian Salinity Crisis (Krijgsman et al., 2018).

Recently, a new hypothesis has been postulated (Mascle and Mascle, 2019) that
brings together the different evidence on the MSC into a new mixed model of the two
previous hypotheses. This model proposes that the first two phases of the MSC (5.96-
5.55 Ma), the Lower Unit (LU) and halite (MU) precipitation, occurred at sea level
equivalent to that of the Atlantic, in agreement with strontium levels (Fig. 2-13). Only
during the Upper Unit (UU), between 5.55 and 5.33 Ma, did sea level drop by 1500 m
and erosion occurred at the margins of the entire Mediterranean basin. Finally, the

Zanclean megaflood re-established the connection with the Atlantic Ocean.
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Chapter 3

3. DATASET AND METHODS

This chapter specifies the origin and type of data used in this Ph. D. thesis, as well
as general methodologies and concepts. The articles in chapters 4-8 detail the specific
methodologies used in each investigation. This Ph. D. study has been based on the
analysis of seismic profiles with different resolutions, multibeam bathymetry and

commercial and scientific boreholes.

3.1 Oceanographic campaigns

The geophysical seismic profiles come from 45 oceanographic surveys conducted
in the Alboran Sea, from the 1970s to 2018 (Table 3-1 and Fig. 3-1). These data are
available online in the ICM-CSIC seismic database
(http://gma.icm.csic.es/sites/default/files/geowebs/OLsurveys/index.htm). Part of the
oceanographic campaigns come from the geophysical exploration of the hydrocarbon
industry and the rest from academic scientific research. The older data, both multi-and
single-channel profiles, were obtained in analogue (paper) format, while the most

recent campaigns were obtained in digital format (SGY).

Ultra-high-resolution parametric profiler data from the Kronsberg TOPAS and
Atlas Parastore Parasound echosounders (Table 3-2 and Fig. 3-2), from 10 scientific
campaigns, have also been used (Table 3-2 and Fig. 3-2). Most of the parametric profiles

were acquired simultaneously with the multibeam bathymetry data.
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82AD-AG-ABA (MC) Vaporchoc He 91-3 (1991) (MC) Airgun
(1982)

AG (1972) (MC) Vaporchoc 1ZD (1982) (MC) Airgun
ALB (1981) (MC) Airgun Marlboro (2011) (MC) Airgun,

Sparker
ALM (1978) (MC) Airgun Marsibal (2006-2010) (SC-MC) Airgun
AM (1974) (MC) Airgun MC-75 (1975) (MC) Airgun
AS (1977) (MC) Airgun MO-75 (1975) (MC) Vaporchoc
BRPM (1975) (MC) Airgun Montera (2012) (SC) Airgun
CABOO (2000) (MC) Airgun Perpignan Univ. (MC) Airgun
Ceuta (N/A)
CABO1 (2001) (MC) Airgun Perpignan Univ. (MC) Airgun
Alhoceima (1981)

CD 64 (1991) (SC) Airgun RAY (1972) (SC) Airgun
Contouriber (2010) (SC) Airgun S-83 (1983) (MC) Airgun
Conrad C2911 (MC) Airgun Sagas (2008-2010) (MC) Airgun
(1988)

DBS (N/A) (MC) Airgun Saras (2012) (MC) Airgun
EA (N/A) (MC) Airgun SH-73 (1973) (MC) Airgun
EAS (1974) (MC) Airgun TALB (2000) (MC) Airgun
Fauces (2017-2018) (MC) Sparker TSH (1984) (MC) Airgun
Gasalb (N/A) (MC) Airgun TTR (N/A) (SC) Airgun
Gardline-86 (1986) (SC) Airgun TTR-9 (N/A) (SC) Airgun
GBT (N/A) (MC) Airgun TTR-12 (2002) (SC) Airgun
GC-83-2(1983) (SC) Sparker TTR-14 (N/A) (SC) Airgun
GC-89-1 (1989) (SC) Airgun TTR-17 (N/A) (SC) Airgun
GC-90-1 (1990) (SC) Airgun, Boomer Tyro (1991) (SC) Airgun

GC-90-2 (1990)

(SC) Airgun

Table 3-1. List of seismic campaigns used in this Ph. D. Thesis. Legend: Single-channel (SC), multi-
channel (MC), no data (N/A).
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Figure 3-1. Location map of the de multi-channel, single-channel and Sparker seismic lines used
in this study.

Contouriber (2010) PARASOUND
ESPACE (2001-2002-2003) TOPAS
Fauces (2017-2018) PARASOUND/TOPAS
Incrisis (2016) TOPAS
Marsibal (2006-2010) TOPAS
Ministerio Pesca-1EO (2002-2003-2004) TOPAS
Montera (2012) PARASOUND
Sagas (2008-2010) PARASOUND
Saras (2012) TOPAS
TOPOMED (2011) PARASOUND

Table 3-2. List of parametric profiling campaigns used in this Ph. D. Thesis
(TOPAS and Atlas Parasound).
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Figure 3-2. Map of the location of the TOPAS and Parasound parametric profiler lines used in

this study.

The boreholes used for the chronostratigraphic correlation come mainly from
several scientific campaigns of DSDP (site 121), ODP (976, 977, 978 and 979), and to a

lesser extent from commercial boreholes (Andalucia G-1 and A1, Alboran A-1, El Jebha

and Habibas) (Fig. 3-3).

Figure 3-3. Map of the Alboran Sea with the location of commercial (Andalucia G-1 and A1,
Alboran A-1, El Jebha and Habibas) and scientific (DSDP-121, ODP-976, 977, 978, 979 and

MD-952043) boreholes.
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The multibeam bathymetric database comprises a compilation of several
oceanographic campaigns: bathymetric data acquired by the Spanish Institute of
Oceanography (IEO) for the Spanish Fisheries Office, ALBA (1992), MARSIBAL (2006),
SAGAS (2008 and 2010), CONTOURIBER (2010), MONTERA (2012), SARAS (2012),
INCRISIS (2016) and FAUCES (2017-2018). These data were acquired with Simrad EM12
and Atlas HYDROSWEEP DS multibeam sounders. Areas with data gaps were filled with
regional bathymetry data from the GEBCO Digital Atlas, and surfaced areas with ETOPO
data. The integrated bathymetric grid for the entire Albordn Sea (Fig. 3-4) has a 40x40
m grid with a variable resolution. Bathymetry editing and map creation has been

performed using Goldensoftware's SURFER and Globalmapper programs.

Figure 3-4. Topographic and bathymetric map of the Albordn Sea and surroundings made
by integrating several campaigns.

3.1.1 Seismic data

The development of this Ph. D. Thesis has been based on the interpretation of
more than 66,000 km of reflection seismic profiles with different degrees of resolution
(from high to low) and of different types, airgun and sparker of multi-and single-channel.
These data were collected in several commercial and scientific oceanographic
campaigns from the 1970s to the present. The oldest originals were in analogue format

(paper profiles) and were transformed into the standard SEG-Y (Society of Exploration
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Geophysicists) digital format. In addition, about 47,000 km in ultra-high-resolution

parametric profiles (TOPAS and Atlas Parasound) were recorded.

3.1.2 Seismic systems

Seismic acquisition equipment, in general, consists of three main elements: the
energy source, the receiving system, and the acquisition and recording system. The
resolution and penetration of the seismic recording is a function of the source energy
and the frequency of the resulting waveform. Systems operating at high frequencies and
relatively lower energy will result in low penetration and high-resolution recordings,
while systems operating at low frequencies and high energy will result in higher

penetration and lower resolution.

3.1.2.1 Parametric echosounders

Ultra-high-resolution parametric systems are characterised by the transmission
of two close primary pulses that give rise to a low-frequency secondary wave. The TOPAS
system uses primary frequencies close to 16 and 20 kHz and the Atlas Parasound system
uses frequencies between 18 and 39 kHz, giving rise to frequencies ranging from 0.5 to
6 kHz. These systems make it possible to study surface sediments (approximately the
upper 100 m) with high resolution and with a signal that generates little reverberation

or hyperbole.

The TOPAS sediment profiler consists of a directional multiple transducer with
several independent transducers for transmission and reception of the acoustic pulse
(Fig. 3-5). The width of the acoustic pulse, depending on the emitted frequency, ranges
between 4 and 6 degrees, resulting in better penetration and resolution (approximately
150 m). In order to correct for ship motion (attitude) and waves during acquisition, the
TOPAS system is electronically stabilised by the acquisition software itself, which

receives the information from the ship's attitude sensors.
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Figure 3-5. Image showing TOPAS hull mounted transducer (Source:
Krongsberg).

The Atlas Parasound sediment profiler is characterised by a single transducer
mounted on the hull of the vessel that emits a narrow Chirp-type acoustic pulse. In
parallel, the emitted signals are connected to auxiliary position, sound velocity and
attitude sensors which are electronically corrected to improve the quality of the
recording. The theoretical penetration of this system is approximately 200 m, although

this may vary depending on the depth and nature of the sediments sounded.

3.1.2.2 High- and low-resolution seismic systems

Two systems have been used for recording high- and low-resolution seismic
profiles: airgun and sparker. The airgun system is characterised by a source of one or
more pneumatic compressed air chambers which are towed behind the vessel by several
buoys at a depth of approximately 5 m. The capacity of the guns varies according to the
depth and resolution targeted (Fig. 3-6). In the campaigns carried out by the PhD
student, volumes between (140 and 620 c.i.) have been used. The sudden release of
compressed air from the airguns generates a bubble that implodes and produces an
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acoustic pulse that penetrates the sediment layers producing a series of reflections.
These are recorded by a streamer with several hydrophones located at approximately
1.5 m depth. The firing rate varies according to the targets of each campaign, but it is
generally calculated at multiple distance intervals. In the older single-channel profiles,
the shooting cadence was time-based. The recorded raw data were further processed,
and different filters (50-180 Hz) and corrections such as spherical divergence for signal
energy loss or lateral stacking were applied to reinforce coherence between traces,

among others.

Figure 3-6. Airgun seismic array with 8 guns.

The sparker system allows high to medium resolution recordings to be obtained
using a high voltage source composed of several electrodes (Fig. 3-7). The energy
generated varies according to the depth and resolution (500-2000 J). The synchronised
electrical discharge generates a bubble that implodes and gives rise to an acoustic pulse
that penetrates the seabed sediments and is reflected back to a single-channel streamer

towed behind the ship. Depending on the nature of the subsurface, the penetration of
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the acoustic signal can reach several hundred metres below the seabed with metric
resolution. These data require only basic processing consisting of bandpass filtering (low

cut-off at 200 Hz, high cut-off at 4000 Hz), to attenuate noise, and wave filtering.

Figure 3-7. Image showing an example of sparker system with several electrodes.

Multi-channel seismic profile acquisition is generally characterised by a low
frequency source (although it is also used with high frequencies) which can be of
different types: airgun, a bubble is generated by compressed air; sparker, in this case
the bubble is generated by an electrical discharge; vaporchoc, the bubble is generated
by steam, although this system is currently in disuse. Multi-channel acquisition is
characterised by the streamer, which consists of several active sections (channels) of
hydrophones. The length of the streamer is usually longer than the single-channel and
will depend on the geological target of the survey; in general, the deeper the target, the
longer the streamer it can be, up to several kilometres. The number of hydrophones per
channel, the number of channels and the distance between channels can vary from one

multi-channel configuration to another, resulting in variable penetration and resolution.
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The most typical configuration for multi-channel seismic acquisition is called
common midpoint mode (CMP) Fig. 3-8). The CMP is defined as the point midway
between the source and receiver that is shared by several source-receiver pairs. This is
achieved by recording the reflected signal from the same shot at many receivers (shot
gather), and then moving the source position by a multiple of the distance between the

receivers. The CMPs are placed at half the distance between receivers.

Figure 3-8. Scheme showing the common mid-point technique, considering four shots
of the airgun array and seven active sections (channels) in the streamer, while the
vessel is displacing to the left.

In the case of ideally flat horizons, the acoustic energy pulse will be reflected at
a Common Depth Point (CDP) for each interface that will be located below the CMP.
However, when sediment layers show a certain dip angle, not all traces are reflected at
the same midpoint location, and no CDP will be shared by multiple source-receiver pairs.
As a result, this seismic system requires significant processing work to reconstruct the
geometry of the sediment layers: Dip Displacement Processing (DMO), Normal Move

Out (NMO), migration, deconvolution, etc. The multi-channel profiles used in this thesis
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have not been processed by the PhD student, in some cases. They were obtained already

processed and, in most cases, they were obtained in analogue format (paper rolls).

3.1.3 Multibeam bathymetric echosounders

The development of this Ph. D. Thesis has also been based on the interpretation
of multibeam bathymetric data obtained with echosounders that are based on the
synchronised emission of several acoustic pulses arranged in a fan pattern and directed
towards the seabed (Fig. 3-9). The echosounder transducers used in the different
campaigns were arranged on the hull of the ship, measuring the bidirectional travel time
required for each of the acoustic pulses to travel from the echosounder to the seabed
and return, after reflecting off the seabed, to the ship's transducer. The arrival time of
the pulses depends on the sound speed of the water, which in turn depends on the
water temperature and salinity, so several water velocity profiles were acquired

throughout the campaigns using XBT sounders to transform the arrival time to metres.

Figure 3-9. Schematic diagram of the operation of a multibeam
echosounder (Maleika et al., 2018).
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3.2 Lab work

The lab work mostly involved the seismic processing of seismic records on paper
or film, the stratigraphic, sedimentary and tectonic analysis of all the seismic profiles, as

well as the multibeam processing and its geomorphological analysis.

3.2.1 Image2Sgy

The IMAGE2SEGY (http://gma.icm.csic.es/node/67) software transforms raster

images of seismic records on paper, or film, to geo-referenced Seg-Y files, that are
compatible with "IHS Kingdom", "Promax", "SeiSee" and other industry standard
software for seismic interpretation. This free software developed in the Institute of
Marine Sciences of Barcelona (ICM-CSIOC) allows the user to scan old seismic paper
records, or downloaded images from Geological Surveys GIS servers, and compile them

in a georeferenced seismic project (Fig. 3-10).

This software corrects offsets in the seismic records due to changes in time
delays and even distortions produced during the scanning of long rolls of paper. The
data needed to transform to SEGY is the seismic line navigation file and an image. Next,
a text file is created that relates the pixels of the image with known points of the seismic
profile, such as the vertical scale in time, the position of the shotpoints or the delays.
Through the MATLAB software, the image of the seismic profile and the previously

created text file are integrated into a SEGY file.

3.2.2 IHS Kingdom Project

In order to work in a georeferenced and three-dimensional environment, seismic
profiles, bathymetry and borehole data have been integrated into a project in the IHS
Kingdom software. This allows interaction between different types of data and makes
geological interpretation in a digital environment more effective and accurate. The
correlation of the boreholes (in meters) with the seismic profiles (in time) has been done

from the sonic log obtained during drilling (Fig. 3-11), thus the main limits identified in
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the boreholes have been transferred to the seismic profiles allowing to establish the

chronostratigraphy of the Alboran Sea.

Figure 3-10. Summary diagram of the transforming process of seismic profiles from paper
to digital format SGY.

3.2.3 Multibeam processing

The acquired multibeam data require further processing with specific software
(e.g. NEPTUNE, CARIS) to apply other calibrations and corrections, such as tide, wave
height and vessel motion (Roll, Heave, Pitch and Yaw). To correctly position the
soundings, the multibeam echo sounders are also connected to the on-board GPS
positioning system, recording data such as heading, speed and attitude. Modern
systems operate with an acoustic frequency of 13kHz and a power of 12 kW, and emit
up to 141 equi-angular and equidistant acoustic beams, reaching a maximum angle of
120°. The acoustic footprint depends on seabed depth and beam angle, but is typically

approximately 3.5 times the seabed depth.
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Figure 3-11. IHS-Kingdom software screenshot showing well log edition.

3.3 Seismic stratigraphy analysis

Data obtained from seismic profiles provide a reflection image of the subsurface
generated by the acoustic waves. Seismic stratigraphy techniques help us in the
stratigraphicinterpretation of seismic reflectors. The geological concepts of stratigraphy
can be applied to seismic data and therefore seismic stratigraphy can be used as a tool

for the interpretation of subsurface geology.

The basic concept of seismic stratigraphy is that individual reflectors can be
considered timelines, i.e. they represent a very short time interval of similar
sedimentation conditions. This assumption means that the seismic reflector may have a
different depositional environment and therefore has information from several
lithofacies units. The analysis and interpretation of seismic profiles has been based on
the principle that any variation in acoustic impedance results in the formation of a
reflection. Acoustic impedance variations occur in relation to surfaces separating media
with different density and/or compressional wave velocity. Surfaces separating media
with different acoustic impedance correspond to stratification surfaces or geological

discontinuities (Anderson and Hampton, 1974; Bouye, 1983).
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The main criteria used in the recognition of reflectors in seismic stratigraphy are
four: amplitude, continuity, frequency and type of signal (Leenhardt, 1972; Vail et al.,
1977). The first criterion deals with the maximum amplitude of the reflected wave
whose value is showed in the seismic record by a more or less dark signal. Continuity is
based on the power of visual integration of successive reflections from the same
reflector. The frequency is linked to the vertical spacing between two successive positive
phases. Signal type defines the characteristic appearance of a reflector by relating the

three criteria above.

Unconformities are erosional and/or non-depositional surfaces. They indicate
temporal gaps in the geological record. Unconformities can generate reflections
because they separate strata of different lithologies and therefore different physical
properties. Often, there may be an angular contact between the layers of two units
through an unconformity. This angular relationship indicates tectonic deformation prior
to deposition of the younger sediments. Erosion truncates the underlying strata. If the
layers of both units are parallel, it is difficult to recognise the unconformity from seismic.

In this case, other techniques such as biostratigraphy or isotopic analysis may be useful.

Different types of reflector termination relationships are recognised in
unconformities (Fig. 3-12). Erosional truncation: older sediments are eroded. The
underlying sediments may be deformed. This may indicate a hiatus in time before other
overlying strata were deposited. Toplap: if erosion affects a progradational geometry.
The underlying unit should show tilted layering by deposition. Concordance: where the
interface and the overlying or underlying strata are deformed in the same way. Onlap:
where younger sediments are progressively overlain. Downlap: where foresets of
younger strata abut the unconformity. The inclination of the foresets indicates the

direction of sedimentary input.
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Figure 3-12. Types of seismic reflection terminations (Cataneanu, 2002).

Seismic facies (Fig. 3-13) are the seismic equivalent of the lithofacies. They are
three-dimensional units with a specific geometry made up of a relatively homogeneous
group of internal reflections associated with the same sedimentary environment. A
seismic facies is determined by the parameters that allow the definition of reflectors
(amplitude, continuity and frequency), and from the study of the arrangement of the

reflections in space (Mitchum and Vail, 1977).

Seismic sequence is a term introduced by Vail et al. (1977) as an equivalent to the
term depositional sequence (Mitchum et al., 1977) in seismic stratigraphy. A seismic
sequence is defined as a set of genetically related spatially and temporally continuous
reflectors, bounded at base and top by discontinuities, or by their correlative

continuities developed during consecutive sea-level changes (Vail et al., 1977).

A seismic unit corresponds to a set of genetically related reflectors bounded by
discontinuities and their relative continuities. The establishment of seismic sequences
and units is based on the study of a series of fundamental aspects recognisable through
the study of seismic stratigraphy that allow their individualisation within a stratigraphic
series. These are: boundaries, seismic facies, seismic bodies and geometry. These
aspects are used both in the establishment of seismic sequences and seismic units
(Mitchum et al., 1977, Brown and Fischer, 1980; Alonso et al., 1989). Boundaries are one
of the most important criteria in the establishment of seismic sequences and units.
Boundaries can have different configurations. For instance, the lower boundary can

behave as a concordant surface, or be characterised by onlap or downlap seismic
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reflector terminations. The upper boundary of a seismic sequence may consist of a
concordant surface, an erosional surface, or correspond to a toplap termination

(Mitchum et al., 1977).

Figure 3-13. Example of different seismic facies types
(https://wiki.seg.org/wiki/Seismic Facies Classification).

Seismic facies are defined by taking into consideration the geometry of the
seismic reflector array, in addition to the characteristics of the seismic reflectors and
their configuration (acoustic facies), (Mitchum et al., 1977, Brown and Fischer, 1980).
When seismic facies contain sufficient information to relate them to a sedimentary
environment or subenvironment, it is possible to establish interpretative seismic facies

that allow the definition of sedimentary facies.
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PART Il

TECTONIC STRUCTURES TRIGGERING CONVULSIVE HAZARDOUS EVENTS

Chapter 4. Tectonic indentation in the central Alboran Sea (Westernmost
Mediterranean)

Chapter 5. Imaging the Growth of Recent Faults: The Case of 2016—2017 Seismic
Sequence Sea Bottom Deformation in the Alboran Sea (Western Mediterranean)

Chapter 6. Tsunami generation potential of a strike-slip fault tip in the westernmost
Mediterranean

Part Il of this Ph.D. Thesis deals with the study of convulsive events associated
with the tectonic activity of the Albordn Sea and the geological hazards derived from
them. Chapters 4, 5 and 6, which make up Part ll, analyze the recent seismic and tectonic

activity and the potential of some structures to generate tsunamis.

Chapter 4 deals with the tectonic dynamics of the central area of the Albordan
basin and analyzes the characteristics of the main faults, framing them in the
geodynamic context of the collision between the African and Eurasian plates. Finally, a
geological model of tectonic indentation that reflects the dynamics of the central

Alboran basin during the Plio-Quaternary is established.

Chapter 5 discusses the recent seismic activity and tectonics in the southern
margin of the central Albordn basin area near Al hoceima (Morocco). The seismic activity
of one of the most active faults in the area, the Al Idrisi fault and the three seismic shocks
that occurred between 1993 and 2017 are discussed in detail. Likewise, the sedimentary
instability processes associated with the seismic activity were mapped. Finally, by
analyzing the 2016-2017 seismic crisis in relation to the existing onshore/offshore faults,

a model of recent fault growth in the Al Hoceima area is proposed.

In Chapter 6, the Averroes fault, defined and characterized in Chapter 4, is
studied in depth to determine its tsunamigenic capacity. The mathematical model of
tsunami propagation makes it possible to determine the convulsive nature of this event

and to determine the areas potentially affected and to what extent.
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ABSTRACT

The Alboran Sea constitutes a Neogene-Quaternary basin of the Betic-Rif
Cordillera, deformed since Late Miocene during the collision between the Eurasian and
African plates in the westernmost Mediterranean. NNE-SSW sinistral and WNW-ESE
dextral conjugate fault sets forming a 752 angle surround a rigid basement spur of the
African plate, and are the origin of most of the shallow seismicity of the central Alboran
Sea. Northward, the faults decrease their transcurrent slip, becoming normal close to
the tip point, while NNW-SSE normal and sparse ENE-WSW reverse to transcurrent
faults are developed. The uplifting of the Alboran Ridge ENE-WSW antiform above a
detachment level was favoured by the crustal layered structure. In spite of the recent
anticlockwise rotation of the Eurasian-African convergence trend in the westernmost
Mediterranean, these recent deformations that are consistent with indenter tectonics
characterized by N1642E trend of maximum compression, entailed the highest seismic

hazard of the Alboran Sea.
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4.1 Introduction

The style of deformation during plate convergence related to build-up mountain
belts is a consequence on the rheological behaviour of convergent lithospheres
(Pysklywec et al., 2002; Willett et al., 2003; Moore et al., 2005). Similar buoyancy of
continental crusts in collisional orogens, in addition to the rigid rheological behaviour of
colliding tectonic elements, favours indenter tectonics (Cobbold and Davy, 1988; Davy
and Cobbold, 1988) related to escape tectonics (Jacobs and Thomas, 2004). Analogue
modelling suggests conjugate sets of transcurrent faults occur when confinement
decreases (Tapponier et al., 1982; Davy and Cobbold, 1988). At any rate, conjugate fault
sets generally form at a higher angle during indenter tectonics than the classical
Anderson model (~60 2; Anderson, 1942), and moreover end suddenly, far away from
the deformation front (Tapponier et al., 1982). Many studies have focussed on the
Himalayas as the most relevant example of evolved collision in which the presence of
rigid crustal blocks led to great heterogeneities in the indenter-tectonic deformation
pattern (Molnar and Tapponier, 1975; Coward et al., 1986). The initial stages of
collisional processes are poorly known, being mainly analysed in emerged orogenic belts

like the Caucasus (Philip et al., 1989) and New Zealand (Pysklywec et al., 2002).

The Alboran Sea (southwestermost Mediterranean) constitutes a natural
example of initial stage of continental collision between the Eurasian and African plates
(Carminati et al., 2012). It is a main Neogene basin surrounded by the Betic-Rif Cordillera
that made up the Arc of Gibraltar (Fig. 4-1) (Comas et al., 1992). Since the Early
Oligocene, the Alboran basin shifted westward till the present-day position. During the
Early Miocene continental crustal thinning occurred (Vissers et al., 1995), followed by a
compressive period since the Late Tortonian and relief uplift that determined the
present-day morphology (Sanz de Galdeano and Alfaro, 2004). Several tectonic models
for the recent evolution of the area support the subduction activity (Morales et al., 1999;
Doglioni et al., 1997, 1999; Gutscher et al., 2002; Ruiz-Constdn et al., 2011) and possible
roll-back processes (Zeck, 1999; Gonzalez-Castillo et al., 2015, do Couto et al., 2016) or
delamination (Docherty and Banda, 1995; Seber et al., 1996; de Lis Mancilla et al., 2013).
All the models hold that the internal zones of the Betic-Rif Cordillera move westward

above the Africa-Eurasia plate boundary (Koulali et al., 2011; Palano et al., 2015).
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Rheological lithospheric heterogeneities led recent and active deformations with a
heterogeneous distribution, thereby favouring indenter and escape tectonics (Chalouan
et al., 2006; Chabli et al., 2014). A 309 anticlockwise rotation of Eurasian-African plate
convergence trend at 3.16 Ma (Calais et al., 2003) determines at present a N1412E trend
of convergence at a rate of 4.93 mm/yr in the western Mediterranean (GEODVEL
models, Argus et al., 2010), supported by GPS data (Fadil et al., 2006; Nocquet, 2012).
The region is affected by widespread seismicity (Buforn et al., 1995) taking place in an
E-W broad deformation band —over 300 km wide— related to the plate boundary.
Diverse proposals regarding the precise location are based on areas with intense
seismicity (Fadil et al., 2006), most signaling the importance of the NE-SW Al Idrissi fault

zone, in the southern Alboran Sea.

Figure 4-1. Regional setting of the Alboran Sea in the frame of the Eurasian African plate
boundary and the westernmost Mediterranean. (a) Plate boundaries in the Azores-Gibraltar
area (modified from Galindo-Zaldivar et al. 2003). Dots indicate areas of distributed
deformation. BC, Betic Cordillera. GF, Gloria Fault. GR, Gorringe Ridge. GS, Gibraltar Strait. RC,
Rif Cordillera. Contour lines in km. (b) Geological sketch of the main structural features and
basins of the Alboran Sea (modified from Comas et al. 1999). AR, Alboran Ridge. AC, Alboran
Channel. AdR, Adra Ridge. DB, Djibouti Bank. EAB, East Alboran Basin. FPB, Francesc Pages Bank.
SAB, South Alboran Basin. S-CF, Serrata-Carboneras Fault. WAB, Western Alboran Basin. XTB,
Xauen-Tofiflo Bank. YF, Yusuf Fault. Black arrows indicate present-day direction of shortening.

The Alboran Sea is floored by a thin asymmetric continental crust above an
anomalous mantle (Bonini, 1973). Crust reaches about 15 km northward, near the

boundary with the Betic Cordillera, and increases southward, to the African margin (up
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to 24 km) (Suriflach and Vegas, 1993; Soto et al., 2008; Petit et al., 2015). The crustal
structure is formed by a metamorphic basement composed by alpine (Aparicio et al.,
1991; Platt et al., 1996) and variscan tectonic units that are thrusted in Betics (Galindo-
Zaldivar et al., 1997). The Neogene cover includes sedimentary rocks deposited since
the Early Miocene along with basic and intermediate volcanic edifices of Tortonian age

(Duggen et al., 2004).

Large magnetic anomaly dipoles are related to ENE-WSW elongated basic rock
bodies (Galindo-Zaldivar et al., 1998), the largest one roughly constituting the basement
of the Alboran Channel (Fig. 4-2). This active tectonic region is deformed by faults (e.g.,
Serrata-Carboneras, Yusuf, and Al Idrissi faults) and folds (e.g., Alboran Ridge) (Ammar
et al., 2007; Martinez-Garcia et al., 2010) (Fig. 4-1) that determine the main
bathymetrical features (Ballesteros et al., 2008; Lafosse et al., 2016). These structures
extend northward to the Campo de Dalias, being deformed by ENE-WSW oriented folds
developed progressively since the Tortonian (Fig. 4-1); a system of conjugated hybrid
and tensional fractures supports ENE-WSW extension and orthogonal NNW-SSE
compression (Marin-Lechado et al.,, 2005; Pedrera et al.,, 2015). Southwards,
deformation extends towards the Rif through the region of Al Hoceima, affected by
normal and strike-slip faults (Galindo-Zaldivar et al., 2009, 2015; d’Acremont et al., 2014;
Lafosse et al., 2016).

The collisional tectonic setting is highly relevant in the eastern (Robertson, 1988)
and western Mediterranean (Ruiz-Constan et al., 2011; Carminati et al., 2012; Roure et
al., 2012; Estrada et al., 2014), being the Alboran Sea the best region to analyse the main
tectonic features developed in the initial stages, and not yet studied in detail. The aim
of this contribution is to analyse the recent and active tectonic deformation of the
central Alboran Sea in the framework of recent relative plate motions. Mapping and
study of the faults and folds, plus their distribution and relationship with the main
crustal structures, will allow us to propose a new model by indenter tectonics for the
frica-Eurasia convergence in the Alboran Sea, during an initial stage of continental

collision.
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4.2 Main tectonic structures

Multibeam bathymetry (Ercilla et al., 2016) masked by the GEBCO bathymetry in
areas poorly covered, and multi- and single-channel seismic profiles with different
degrees of resolution reveal that both faults and folds deform the Central Alboran Sea
since the Miocene (Figs. 4-2 to 4-6). Regional seismicity and morphological features

suggest that most of these structures are active (Fig. 4-2a, e).

Faults are distributed in two main well-defined N252E sinistral and N1302E
dextral conjugate sets that form an angle of 752 (Fig. 4-2a, c). The strike-slip character is
inferred by the roughly vertical fault dip (Figs. 4-3 to 4-5), the displacement of
morphological features mainly in the Albordan Channel boundaries (Fig. 4-2a), and
earthquake focal mechanisms resembling those of the nearby Al Idrissi fault zone
(Martinez-Garcia et al., 2013; d’Acremont et al., 2014). Faults with a normal component
and intermediate N1302E to N1702E strikes are also recognized, dipping northeastward
and southwestward, and mostly affecting recent sediments or even reaching the surface
(Figs. 4-3 and 4-4). ENE-WSW faults constitute main structures in the Serrata-Carboneras
fault (Gracia et al., 2006) and Alboran Ridge; however, they are scarcely represented in

the central fault system (Fig. 4-2a).

The distribution of the fault sets reflects two main fault zones surrounding the
South Alboran basement rigid spur attached to the African margin (Fig. 4-2a). The NNE-
SSW sinistral fault zone, including the Al-Idrissi fault, reaches lengths of up to 38 km.
Meanwhile, the eastern boundary is constituted by the NW-SE dextral set, with the

Yusuf Fault zone (120 km length) and other faults reaching 40 km in length.

The Albordn Ridge mainly corresponds to an ENE-WSW elongated southwards
vergent antiform (Fig. 4-6) over 120 km long that crosses the northern part of the
basement spur and divides the Albordn Sea into the Eastern and Western Alboran
basins; it is affected by the Al Idrissi fault, causing a short sinistral displacement with
respect to the Frances Pages Bank (Fig. 4-2a). In the Albordn Channel and Northern
Albordn Sea, these two sets exhibit cross-cut relationships supporting their
simultaneous development, and geometry roughly symmetrical in the central part (Fig.

4-2a). The NW-SE Averroes Fault (Figs. 4-2a and 4-5) is considered representative of the
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behaviour of most of these structures. Its strike-slip component, well-marked by the
displacement of the northern slopes of the Alboran Channel, decreases northward until
becoming normal towards the tip line. Found to the north is a N1302 to N1702 set of
short-length normal faults with both eastward and westward dips; it affects the coast
near El Campo de Dalias (Fig. 4-2a), where the presence of ENE-WSW folds with
progressive activity since the Late Miocene is also evidenced by seismic profiles and field
observations (Pedrera et al., 2015). Finally, the trace of the Serrata-Carboneras Fault is
further evidenced by the bathymetry (Fig. 4-2a), although no recent activity can be

demonstrated.

Figure 4-3. Seismic profiles showing NNE-SSW subvertical strike-slip faults of the central
Alboran Basin. (a) Strike-slip faults with normal component located in the volcanic edifice of
Djibou Bank. (b) Same faults as in figure (a) at the westernmost end of the Alboran Channel.
Legend: black line represents the base of Pliocene, and dashed line the base of Quaternary.
Scale: vertical in seconds (two-way travel time) and horizontal scale in kilometers. Location in
Fig. 4-2
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4.3 Discussion and conclusions

Deformation related to the Eurasian-African plate boundary has a
heterogeneous distribution in the westernmost Mediterranean. It is concentrated in the
central and northern Albordn Sea, floored by easily deformable thin continental crust.
The presence of ENE-WSW rigid elongated basic rocks of the Alboran Channel (Fig. 4-2b)
and the rigid and resistant to deformation South Alboran basement spur attached to
African margin, constitute inherited lithospheric heterogeneities that favours its
heterogeneous behaviour (Fig. 4-7). The higher rigidity and resistance to deformation of
the South Albordn basement spur versus a less rigid and deformable North Alboran
basement is supported by the distribution of recent tectonic deformation and seismicity.
The deformation propagated from basement spur towards the northern Alboran Sea,
where most of the faults in the sector of thinned continental crust are located. The two
sets of conjugate wrench faults, the WNW-ESE dextral fault zone including Yusuf Fault
and the NNE-SSW sinistral Al Idrissi fault zone (Figs. 4-2a, ¢, d, and 4-7), are distributed
roughly symmetrically, into two fault zones that reflect the northward basement African
margin spur boundaries. A scenario of indenter tectonics is supported by: i) the
simultaneous development of the two sets determined from cross-cut relationships (Fig.
4-2a); ii) the northward decrease of the fault slip becoming in some cases normal before
the tip point (like the Averroes Fault, Fig. 4-5); and iii) the presence of short irregular
NNW-SSE normal faults in the northern Alboran Sea (Fig. 4-2a). The fault system pattern
evokes laterally unlocked boundary experiments, developing conjugate faults where the
slip decreases, far from the indenter (Tapponier et al., 1982; Davy and Cobbold, 1988).
This setting suggests that both the East and West Albordn basins could be free
boundaries (Fig. 4-2a), involving fault architecture different from the classical
asymmetrical models of Himalaya collision unlocked by one side (Tapponier et al., 1982).
Moreover, the 752 conjugate fault angle (Fig. 4-2c, d) exceeds the typical 602 of
Anderson (1942) described in the context of indenter tectonics (Tapponier et al., 1982;

Davy and Cobbold, 1988).

The presence of the ENE-WSW Alboran Ridge, an isolated antiform affecting the
frontal part of the African margin including the basement spur, was likely favoured by

the development of detachments at relatively shallow levels that formed during the
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collision of a mechanically layered crust (Fig. 4-7). The detachments would have
separated the folded sedimentary and volcanic cover from a metamorphic basement.
Basement shortening may be accommodated by deep ductile distributed deformation
(Fig. 4-7b) or by local thrusting developing pop-up structure (Fig. 4-7c), but there is no
evidence of the presence of local subduction. The NE region, near Campo de Dalias, is
also deformed by folds suggesting the presence of similar detachment structures
(Pedrera et al., 2015). Yet in the Alboran Channel and northern Alboran Sea, the thin
crust is intruded by igneous edifices, favouring the development of conjugate strike-slip
faults. These sectors evidence how the different behaviour of the continental crust is
determined by the intracrustal and basement-sedimentary cover anisotropies. The
indenter tectonics is then responsible of the heterogeneous relief in the central Alboran
Sea during the closure of the oceanic gateway developing a main barrier separating

eastern and western Alboran Sea.

Paleostress determination in view of conjugate fault sets and folds, as the large
Albordn Ridge antiform, indicates a N1652E compressional trend and orthogonal
extension (Figs. 4-2 and 4-7) in contrast with the present day N1412E trend predicted by
Geodvel model based on GPS data (Argus et al., 2010). This study reveals that the recent
tectonic structures of the central Alboran Sea were formed in an initial stress field, and
continue to be active at present despite a recent 302 anticlockwise rotation of the stress

axes (Calais et al., 2003).
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In summary, the Central Alboran Sea —located in the westernmost
Mediterranean between the Western Alboran and the Algerian basins— is a region
undergoing the initial stages of continental collision between Eurasian and African crusts
of similar buoyancy, deformed by laterally unlocked indentation tectonics. Our tectonic
model reveals for the first time the role played by indentation tectonics in the Eurasian-
African plate collisional context. This model increases our understanding of recent
geodynamic evolution of the Albordn Sea, consequence of the inherited heterogeneities
of the African margin that include a rigid spur pushing a frontal rigid basement basic rock
body, finally indented in the easily deformable thinned continental crust in the northern
Albordn Sea. The indenter structures would therefore be the main deformations
accommodating Eurasian-African plate motion in the central Alboran Sea. Al-Idrisi and
Yusuf fault zones and the Alboran Ridge antiform constitute the northern boundary
between the African Plate and the deformation zone related to the plate boundary,
entailing the highest seismic hazard of the region. This tectonic model may have
important implications because it can be considered for other Mediterranean regions as
well as improve the knowledge of the initial stages of continental collision in other

geographic areas, past and present.
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ABSTRACT

The Eurasian-African NW-SE oblique plate convergence produces shortening and
orthogonal extension in the Alboran Sea Basin (westernmost Mediterranean), located
between the Betic and Rif Cordilleras. A NNE-SSW broadband of deformation and
seismicity affects the Alboran central part. After the 1993-1994 and 2004 seismic series,
an earthquake sequence struck mainly its southern sector in 2016—-2017 (main event
Mw = 6.3, 25 January 2016). The near-surface deformation is investigated using seismic
profiles, multibeam bathymetry, gravity and seismicity data. Epicenters can be grouped
into two main alignments. The northern WSW-ENE alignment has reverse earthquake
focal mechanisms, and in its epicentral region recent mass transport deposits occur. The
southern alignment consists of a NNE-SSW vertical sinistral deformation zone, with early
epicenters of higher-magnitude earthquakes located along a narrow band 5 to 10-km
offset westward of the Al Idrisi Fault. Here near-surface deformation includes active
NW-SE vertical and normal faults, unmapped until now. Later, epicenters spread
eastward, reaching the Al Idrisi Fault, characterized by discontinuous active NNE-SSW
vertical fractures. Seismicity and tectonic structures suggest a westward propagation of
deformation and the growth at depth of incipient faults, comprising a NNE-SSW sinistral
fault zone in depth that is connected upward with NW-SE vertical and normal faults. This
recent fault zone is segmented and responsible for the seismicity in 1993-1994 in the
coastal area, in 2004 onshore, and in 2016—2017 offshore. Insights for seismic hazard
assessment point to the growth of recent faults that could produce potentially higher

magnitude earthquakes than the already formed faults.

69



5.1 Introduction

Continuous plate motion has led to the activity of tectonic structures developed
along plate boundaries, including faults with related seismicity. Seismic or creep
behavior of a fault is constrained by the rheology of the deformed rocks (Sibson, 1977).
Brittle deformation is generally accommodated by previous fractures because the low
cohesion with respect to the undeformed host rock causes them to be more easily
reactivated (Anderson, 1951; Bott, 1959). When deformation propagates, the growth of
fault zones is produced by stress concentrations at the boundaries of previous fault
surfaces (Scholz, 2002), and the larger the fault, the higher the magnitude of the related
earthquakes (Wells and Coppersmith, 1994). The activity of a fault requires the shear
stress on its surface to exceed the values of cohesion and friction (Hajiabdolmajid et al.,
2002). On a fault surface, the cohesion is low and needs lower shear stresses than on
the new developing fault segments at the edge of the previous fault (Hajiabdolmajid et
al., 2002). Thus, the propagation of a fault in unfractured resistant rocks can imply a high
accumulation of elastic energy that may generate earthquakes of magnitudes higher

than those triggered by a reactivation of previous fractures.

The Eurasian-African plate boundary in the Alboran Sea (westernmost
Mediterranean) offers a unique research opportunity in a natural example that can
provide insights as to the propagation of fault zones (Cowie and Scholz, 1992; Fig. 5-1).
The Alboran Basin is a Neogene-Quaternary extensional basin located within the Betic
(Spain)-Rif (Morocco) alpine cordilleras, connected by the Gibraltar Arc (Andrieux et al.,
1971). The major Trans-Albordn Shear zone (Frasca et al., 2015; Larouziere et al., 1988)
accommodated the westward displacement of the Betic-Rif orogen during the

development of the Gibraltar Arc.

The Alboran Basin is floored by a thin continental crust made up of the alpine
Internal Zone metamorphic complexes, with a Variscan basement located in the
southeastern area (Ammar et al., 2007) resting above an anomalous mantle (Comas et
al., 1992; Hatzfeld, 1976). The sedimentary infill consists of unconformable Miocene to

Quaternary deposits (Comas et al., 1992; Juan et al., 2016).
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This sedimentary record is mostly deformed by two conjugated sets of dextral
WNW-ESE and sinistral NE-SW faults and folded by ENE-WSW oriented folds (Estrada et
al., 2018; Martinez-Garcia et al., 2017), the Alboran Ridge and Francesc Pagés seamount,
pertaining to the main antiforms (Bourgois et al., 1992). The growth of faults and folds
takes place in the framework of recent NNW-SSE shortening and regional Eurasian-
African plate convergence (de Mets et al., 2015). The Eurasian-African plate boundary
shows N-S to NW-SE convergence at present (Fadil et al., 2006; Koulali et al., 2011;
Palano et al., 2015), at a rate of 4.93 mm/yr (Argus et al., 2010). Regional present-day
ENE-WSW extensional stress is coeval with orthogonal compression, and main stress

axes are inclined (de Vicente et al., 2008; Stich et al., 2010).

The Betic-Rif Cordillera and Alboran Sea are affected by a 300-km broad and
heterogeneous seismicity band related to the Eurasian-African plate boundary (Buforn
et al., 1988). Seismicity generally occurs at shallow crustal levels (Buforn et al., 1995).
Intermediate seismicity (40 to 120-km deep) is mainly located along a N-S elongated
band in the western Albordn Basin that becomes NE-SW northward (Buforn et al., 2017;
Lépez-Casado et al., 2001; Medina and Cherkaoui, 2017; Morales et al., 1999). Deep
seismicity (600 to 640-km deep) is scarce but also occurs beneath the central Betic
Cordilleras (Buforn et al., 1991, 2011). The area has heterogeneous local stresses

probably due to fault interaction (Stich et al., 2010).

Several geodynamic models have been proposed for the region, including
delamination (e.g., Lis Mancilla et al., 2013; Seber et al., 1996) or subduction with or
without rollback (e.g., Gonzalez-Castillo et al., 2015; Gutscher et al., 2012; Pedrera et al.,
2011; Ruiz-Constdn et al., 2011; Spakman et al., 2018), yet discussion remains alive.
Moreover, in the central and eastern Albordn Sea, the recent fault system mainly
composed by two conjugate WNW-ESE dextral and NNE-SSW sinistral fault sets
evidences the activity of continental indentation tectonics (Estrada et al., 2018). Within
this structural framework, a present-day zone of deformation with high seismic activity
crossing the Alboran Sea—from Al Hoceima in the Rif to Adra and Cabo de Gata in the
Betics (Fig. 5-1) oblique to the previous Trans-Alboran Shear zone (Larouziere et al.,
1988) has been proposed to be a main plate boundary (Fadil et al., 2006; Grevemeyer

et al., 2015). However, relationships with the main tectonic structures observed in the
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seafloor have not yet been analyzed in detail. The few available studies (Martinez-Garcia
etal., 2013, 2017, and references herein; Estrada et al., 2018) suggest that the NNE-SSW
sinistral Al Idrisi Fault is the main structure with recent and present-day activity in the
southern Albordn Sea (Fig. 5-1). This fault is connected onshore with the Trougout Fault
in the Al Hoceima region (Morocco margin), which bounds the Nekor Basin (d’Acremont
et al., 2014; Lafosse et al., 2017), and its propagation toward the Rif is discussed by
Galindo-Zaldivar et al. (2009, 2015) and Poujol et al. (2014). The Al Hoceima region is
deformed mainly by faults that determine a succession of horsts and grabens, probably
developed above crustal detachments (Galindo-Zaldivar et al.,, 2009, 2015). In the
northern Albordn Sea, the fault zone extends onshore toward the Campo de Dalias area,
connecting with the Balanegra Fault in the boundary of the Betic Cordillera and Alboran

Sea (Marin-Lechado et al., 2010).

The 25 January 2016 marked the onset of a seismic sequence in the central
southern Albordn Sea (www.ign.es), with a main shock of Mw = 6.3 (Figs. 5-1 and 5-2)
and whose activity continues up to 2017. The area affected extends from the Francesc
Pagés seamount and westernmost Alboran Ridge to the Nekor Basin. The main
earthquake was felt in several coastal cities of northern Morocco and southern Spain,
causing economic losses in both countries
(http://www.ign.es/resources/noticias/Terremoto_Alboran.pdf). The earthquakes of
this seismic sequence have been analyzed in detail by the IGN (www.ign.es), Buforn et
al. (2017), Medina and Cherkaoui (2017), and Kariche et al. (2018). They consider
different velocity models for epicenter locations, suggesting that activity occurred in the
area nearby Al Idrisi Fault, yet they do not compare their results with the more accurate
position of this fault obtained by marine geophysical research (Estrada et al., 2018;
Lafosse et al., 2017; Martinez-Garcia et al., 2013, 2017). The comparison of seismological
and marine geophysical researches clearly shows that the epicenters of the earliest

stage of the sequence are located to the west of the Al Idrisi Fault.
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This paper offers a multidisciplinary analysis of the recent and active near-
surface tectonic deformations related to the 20162017 seismic sequence within the
greater context of the 1993-1994 and 2004 sequences in the central Albordn Sea. Our
contribution provides insights into the propagation of recent fault zones and how they
are linked to seafloor deformations in addition to their relationships with the former Al

Idrisi Fault.

5.2 Methodology and Data

The combination of different geodetic and geophysical data made it possible to
map the area affected by the 2016—2017 seismic sequence, from the deep structure to

near-surface morphology and the overall geodynamic setting.

5.2.1 Regional GPS Data

Permanent GPS stations surrounding the central Alboran Sea served as the
reference for present-day deformation in the region. MALA and ALME stations
(respectively by Malaga and Almeria) along the Betic Cordillera coast, and MELI (by
Melilla) on the African coast, time series were obtained from the EUREF permanent
Network. Data were considered up to June 2017, and these stations were in operation:
ALME since 2001, MALA since 2005, and MELI since 2012. Global Navigation Satellite
System (GNSS) data were processed by means of Bernese Software to determine the

displacement vectors.

5.2.2. Seismicity Data

The seismicity database of the Spanish National Geographic Institute (IGN)
(www.ign.es) registered the 2016—-2017 seismic sequence and the two previous main
seismic series, in 1993-1994 and 2004. The 2004 seismic sequence was carefully
relocated by Van der Woerd et al. (2014). As the precise location of seismicity is sensitive

to velocity models and to the distance of the seismic stations (Michelini and Lomax,
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2004), literature (Buforn et al., 2017; Kariche et al., 2018; Medina and Cherkaoui, 2017)
shows a noncoincident location for the 2016—-2017 seismic sequence’ epicenters. The
1993-1994 and 2016-2017 seismic sequences’ epicenter and hypocenter locations
were calculated through a standard procedure considering the first arrivals of P and S
waves and a standard velocity model (Carrefio-Herrero and Valero-Zornoza, 2011). A
careful relocation of the main events was provided by Buforn et al. (2017) and the IGN
(IGN, 2016; www.ign.es) in light of the standard and recent velocity model (EI Moudnib
et al., 2015). Earthquake focal mechanisms were also obtained from the IGN database
(www.ign.es), established from first arrival P wave polarity. The presentday stress tensor
was determined from seismicity using the method by Michael (1984), improved by

Vavrycuk (2014).

5.2.3. Marine Geophysics

The area affected by the 2016—-2017 seismic series was surveyed during the
INCRISIS cruise on board the R/V Hesperides in May 2016. A dense grid of 31 survey
lines, with a total length of about 900 km, was designed taking into account the regional
water depths and the general orientation of the morphological and structural features
(Fig. 5-1b). Data positioning was determined via a Global Positioning System (GPS). The
studied area was covered by a multibeam SIMRAD EM120 echosounder (frequency 12
kHz) that enabled us to record high-resolution bathymetry. Vertical resolution was
approximately 0.025% of water depth. CARIS Hips software was used for multibeam
data processing. This bathymetry was integrated with previous data sets in the area
(http://gma.icm.csic.es/sites/default/files/geowebs/OLsurveys/index.htm) and gridded
at 25 m. Simultaneously with multibeam bathymetry, very high-resolution seismic
profiles were acquired with the SIMRAD TOPAS PS18 system (frequencies of 18 kHz to 1
to 6 kHz). In addition to this information, multi-channel and single-channel seismic
records from the Instituto de Ciencias del Mar-CSIC  database

(http://gma.icm.csic.es/sites/default/files/geowebs/OLsurveys/index.htm) were

considered (Fig. 5-1c). All seismic profiles were integrated into a Kingdom Suite project
(IHS Kingdom) for their correlation and interpretation. Likewise, gravity data were

obtained during the INCRISIS cruise using a Lockheed Martin BMG3 marine
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gravimeterwith a precision of 0.7 mGal. Gravity Free air and Complete Bouguer
anomalies were determined considering a standard density of 2.67 g/cm3. To extend
the gravity anomalies to the shoreline, we used the global free air data set from Sandwell
et al. (2014). Directional filters (horizontal gravity gradient) were applied in order to

analyze the main tectonic structures.

5.3 Results

The area affected by the 2016—2017 seismic sequence is located in the southern
sector of the Alboran Sea central part (from 125 to 1,450-m water depth), from the
Nekor Basin to the vicinity of Alboran Ridge and Francesc Pages seamount (Figs. 5-1 and
2). The northern steep side of the Alboran Ridge gives way abruptly to the Albordn
Channel, whereas that of the Francesc Pages seamount evolves to flat-lying seafloor of

the deep basin through a terraced-shaped sector that parallels the seamount.

5.3.1 Present-Day Alboran Sea Shortening from GPS Data and Plate Deformation

Deformation within the Alboradn Sea is driven in part by the NW-SE regional
convergence of the Eurasian and African plates (de Mets et al., 2015). The west to west-
southwestward motion of the Betic-Rif Alboran block (Koulali et al., 2011; Palano et al.,
2015) may also be the result of ongoing slab rollback toward the west (Gonzalez-Castillo
et al.,, 2015; Gutscher et al., 2012; Pedrera et al., 2011; Ruiz-Constan et al., 2011;
Spakman et al., 2018), which would explain the E-W to ENE-WSW extensional focal
mechanisms observed in the West Alboran Sea (Stich et al., 2010). At present, the
GEODVEL plate model (Argus et al., 2010) indicates a N141°E trend of convergence at a
rate of 4.93 mm/yr in this region, supported by regional GPS data (Fadil et al., 2006).
This regional deformation produces an NNW-SSE shortening, which, in the central part
of the Alboran Sea, may be constrained by the MALA and ALME stations in Spain and by
MELI station in Morocco (Fig. 5-1). The higher rates of MALA station with respect to
ALME evidence ENE-WSW extension in the Betic Cordillera (Galindo-Zaldivar, Gil, et al.,
2015). The southern displacement of ALME and MALA stations relative to the European
Plate contrasts with the northern displacement of MELI, supporting present-day
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shortening in the central Alboran Sea. The most intensely seismic area in 2016—-2017 is
located in between MALA and MELI stations, with a relative NNW-SSE (N173°E)

shortening of 3.3 mm/yr.

5.3.2 Recentmost Seismic Sequence

A seismic zone of intense activity affects the central Albordn Sea, from the
Campo de Dalias region in the north to the Al Hoceima region in the south (Figs. 5-1 and
2), it being most intense at the southern end (Grevemeyer et al., 2015). The most recent
seismic sequences were in 1993-1994, 2004, and 2016-2017 (Fig. 5-2). The 1993-1994
seismic sequence affected the coastal region nearby Al Hoceima, with a main
earthquake of Mw = 5.6 (26 May 1994), after an earlier earthquake in the Campo de
Dalias area, of Mw = 5.3 (23 December 1993). In 2004, another seismic sequence with a
devastating earthquake event of Mw = 6.4 (24 February) occurred onshore in the Al
Hoceima region causing nearly 600 deaths and with aftershocks reaching the Alboran
Sea (Van der Woerd et al., 2014). Earthquake focal mechanisms were very similar in all
cases, pointing mainly to sinistral strike-slip along the NNE-SSW oriented deformation
zone (El Alami et al., 1998; Stich et al., 2006, 2010), although also possible is the activity
of WNW-ESE dextral faults in the 2004 sequence that affect Al Hoceima onshore areas
(Akoglu et al., 2006; Van der Woerd et al., 2014).

The 2016-2017 seismic sequence (Figs. 5-2 and 5-3) was initiated by a moderate
earthquake (21 January 2016, Mw = 5.1) followed closely by a stronger event (25
January, Mw = 6.3) and by a long seismic series of decreasing activity during 2016—2017
(Buforn et al., 2017; Kariche et al., 2018; Medina and Cherkaoui, 2017). The relatively
long distances from hypocenters to seismic stations, generally greater than 50 km and
in some cases reaching more than 80 km, decrease the quality of earthquake locations.
Buforn et al. (2017) recognize average horizontal errors of 5 km and vertical errors of 10
km, comprised between 2 to 10 km horizontally and 3 to 17 km vertically. The location
of 2016—-2017 seismic activity established by the IGN standard terrain velocity model
(Carrefio-Herrero and Valero-Zornoza, 2011; Figs. 5-2a and 5-3) or El Moudnib et al.

(2015) velocity model (Fig. 5-2b) shows a deformation band with two alignments, the
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main one, oriented NNE-SSW, changing sharply to an ENE-WSW trend. Considering the
IGN standard terrain velocity model (Carrefio-Herrero and Valero-Zornoza, 2011; Figs.
5-2a and 5-3), the NNE-SSW alignment is about 40 km in length and 10-20-km wide and
includes shallow earthquakes (<35-km depth) that affect the crust and upper mantle. It
is parallel and significantly displaced westward (up to 10 km) with respect to the Al Idrisi
Fault (Fig. 5-2). The ENE-WSW alignment, about 20-km long and 10-15-km wide, is
located along the northern side of the westernmost Alboran Ridge and the Francesc
Pages seamount and is also characterized by a shallow seismicity (<35 km). During
month 1 (January 2016), the seismicity clearly defines the two alignments with widths
of less than 10—20 km, the main southern one being displaced 5 to 10 km westward with
respect to the trace of the main Al Idrisi Fault (Figs. 5-2 and 5-3a). During month 2
(February 2016), seismic activity decreases and both alignments become wider (10-20
km; Fig. 5-3b). Then, from month 3 (March 2016) to present, seismicity gradually
decreased and affected a broader area, more than 15-25-km wide (Fig. 5-3c), in
between the one clearly defined in month 1, and bounded eastward by the main trace
of Al Idrisi Fault. Buforn et al. (2017) relocate the earthquakes considering El Moudnib
et al. (2015) velocity model and also obtain the same pattern formed by two alignments,
the NNE-SSW with a westward offset with respect to the Al Idrisi Fault sea bottom

location.

The earthquake focal mechanisms of the two seismicity alignments show
different behaviors (Fig. 5-3d). The main NNE-SSW alignment is characterized by sinistral
earthquake focal mechanisms related to NNE-SSW subvertical faults, roughly parallel to
the elongation of the alignment. There is also heterogeneity of earthquake focal
mechanisms with inclined P and T axes and normal faults, supporting ENE-WSW
extension toward the southern deformation zone. In contrast, the ENE-WSW alignment
is characterized by highly homogeneous reverse earthquake focal mechanisms
associated with ENE-WSW faults. Present-day stress (Fig. 5-3) supports low NNW
(N320°E to N332°E) inclined compression and orthogonal horizontal extension in both
segments linked to prolate stress ellipsoids. Inclination is higher (47°) in the main

alignment and its axial ratio is closer to triaxial stress.
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Figure 5-3. Seismicity during the 2016—-2017 seismic sequence. (a) Epicenters month 1
(January 2016). (b) Epicenters month 2 (February 2016). (c) Late epicenters (March 2016
to June 2017). (d) Earthquake focal mechanisms from 2016 to 2017 seismic crisis (data
from IGN, www.ign.es). NNE-SSW alignment in red, ENE-WSW alignment in blue. The main
earthquake, located at the edge of the two alignments, is shared by the two groups.
Present-day stress is determined in the two main sectors of 2016-2017 Alboran Sea
seismic crisis area (by the methods of Michael, 1984; improved by Vavrycuk, 2014). (e)
Cross sections of seismic activity orthogonal to the main alignments.
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5.3.3 Deep Structure from Gravity Data

Bouguer complete gravity anomalies decrease in the Alboran Sea, from 110 to
30 mGal, in a smooth transition from the east to the west up to 4.5°W (Casas and Carbo,
1990). As the amplitude decreases, it narrows to the west, so that the greatest values

are located in the central part.

The Bouguer complete anomaly map of the 2016—-2017 seismic sequence area
and its surroundings shows values between 100 and 10 mGal. Despite some isolated
highs, the values decrease progressively from north in the central Alboran to south in
the Moroccan margin. Bouguer anomaly highs in the central Alboran (northern part of
Fig. 5-4a) support the presence of a local thinning of the continental crust (Galindo-
Zaldivar et al., 1998). The shaded relief of the complete Bouguer anomaly map with
illumination from the east (Fig. 5-4b) is sensitive to N-S trends and tracks the extension
of alignments coming out of Nekor Basin, at least as far as the Alboran Ridge. One
alignment (labeled “B” in Fig. 5-4b) nearly parallels the Al Idrisi Fault, though displaced
westward. The plots of the 2016—2017 epicenters of earthquakes having magnitude
over 3.9, once relocated, show that the southern sector lies over the alignment located

in the middle.
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Figure 5-4. Gravity anomaly maps and main tectonic features. (a) Bathymetry map, contour lines
every 100 m. (b) Complete Bouguer gravity anomaly map at 2-km resolution. Contour lines every
5 mGal. (c) A shaded relief map (illuminated from the east) of the complete Bouguer gravity
anomaly. Black dashed lines denote offshore N-S alignments (labeled as A, B, and C); white dots
mark earthquakes with magnitude >3.9; thin contour lines represent bathymetry.

5.3.4 Recent and Active Near-Surface Tectonic and Sedimentary Deformations

The morpho-bathymetric and seismic analysis of the near-surface sediments
affected by the 2016—2017 seismic sequence provides evidence of recent and active
faults, as well as folds and mass transport deposits (MTDs; Figs. 5-5 to 5-9). MTDs are
located on the northern side of the Francesc Pages seamount and Albordn Ridge, along
the ENE-WSW active seismicity alignment and the main earthquake (Figs. 5-5 and 5-6).
Based on the thickness of remobilized sediment, small-scale MTDs (a few ms thick) and

large-scale MTDs (tens of ms thick) were identified.
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The small-scale MTDs occur mostly on the relatively steep slopes (~ < 5°) of the
northern side of both seamounts, from >250 to 1,000-m water depth. They appear as
vertically stacked subtabular units (a few tens of milliseconds) of unconsolidated
deposits and lenticular and irregular bodies of semitransparent, contorted, and
discontinuous stratified facies, separated by relatively high reflectivity surfaces with
local hyperbolic echoes. The strata pattern suggests the recurrent nature of gravity drive
transport. These facies conform an irregular seafloor surface with gentle undulations
(metric in scale). The large-scale MTDs mainly occur seaward with respect to the
previous ones and extend down to the deep basin (as much as 1,450-m water depth).
They are related to slide scars, most of them removing the small-scale MTDs. The slide
scars display an amphitheater shape (up to 1-km wide, 40-m relief) recognizable at
seafloor, where they extend along a fringe at the foot of the Francesc Pages seamount.
Most of these MTDs are detached from the slide scars and are acoustically defined by
lenticular bodies (up to 55-ms thick) internally characterized by semitransparent and
discontinuous stratified facies and having a distinctive irregular seafloor surface
recognized bathymetrically. Their acoustic character indicates disintegration of the
removed mass, just after the initiation of mass flow-type movement. Seismic records
also provide evidence of buried largescale MTDs that interrupt and erode the
surrounding basinal undeformed stratified facies, suggesting the episodic nature of such
slope sedimentary instabilities, at least in recent geological times. Their stratigraphic

position points to a simultaneous occurrence of some MTDs (Fig. 5-6).

With respect to the folds, the Albordn Ridge and Francesc Pagés seamount
constitute the main antiformal structures deforming the region (Figs. 5-5 and 5-7). The
ENE-WSW folds affect Miocene age deposits (Martinez-Garcia et al., 2013). The fold
geometry is irregular, with variable wavelengths (kilometer in scale) and vergences
(NNW or SSE). In addition, smaller-scale folds (hundreds of meters in scale) are identified

in relation to the Al Idrisi Fault (Fig. 5-8), with axes oriented parallel to it.
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Fig. 5-7. Segments of multi-channel seismic records displaying the (a) Alboran Ridge and (b)
Francesc Pagés seamount folds.

The main fracture of morphological and seismic expression, deforming the most
recent sediments, is the sinistral Al Idrisi Fault zone (Martinez-Garcia et al., 2011, 2013,
2017; Figs. 5-5 and 5-8). This fault has a 50-km-long northern segment with N35°E trend.
It develops a recent fault scarp of about 20 to 30 ms (15 to 23 m) at the northwestern
edge of the Alboran Ridge that constitutes the upthrown block (Figs. 5-5 and 5-8). In the
hanging wall, small-scale MTDs are recognized. The near-surface sediments in this sector
are affected by folds. Al Idrisi Fault changes its direction suddenly to N15°E in the area
between the Francesc Pages seamount and the westernmost end of the Alboran Ridge.
Here it is characterized by a sharp elongated depression covered by undeformed recent
sediments. The main N15°E southern segment is about 20-km long and extends
discontinuously southward, toward the Nekor Basin in relay with the Trougout Fault,
forming splay faults (Lafosse et al., 2017). The southern end of Al Idrisi Fault trace is
located at a deformation zone with smaller faults reaching the sea bottom (Fig. 5-5).
Previous research of earthquake focal mechanisms (Grevemeyer et al., 2015; Martinez-
Garcia et al., 2011, 2013, 2017) suggests a sinistral slip on the Al Idrissi Fault NNE-SSW
vertical fault plane, further confirmed by the short displacement, roughly 5 km, of the
antiformal axis of Alboran Ridge with respect to the Francesc Pagés seamount

(Martinez-Garcia et al., 2011, 2013, 2017).
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Our new geomorphological and tectonic map evidences, for the first time, a
recent fault zone to the north of the Nekor Basin affected by the 20162017 seismic
sequence (Figs. 5-5 and 5-9). It is located approximately 5 to 10 km westward of the Al
Idrisi Fault, south of Francesc Pagés seamount. Its bathymetric expression (a few meters
of relief) correlates with the epicentral area. The faults have NW-SE orientation, with
high northeastward or southwestward dips. The very high resolution seismic images of
this recent fault zone suggest that they are grouped in conjugate faults with a normal
component affecting the most recent sediments, some of them reaching up to the

seafloor (Fig. 5-9).

5.4 Discussion

This multidisciplinary focus on the 2016—2017 seismic sequence in the Alboran
Sea—in the wake of previous sequences in 1993-1994 and 2004, and the former Al Idrisi
Fault—sheds light on the seafloor deformation and relevant implications in terms of
geological hazard. The results help to constrain the processes that occur during

migration and propagation of active tectonic brittle deformations.

5.4.1 Constraining Active Tectonics: Seismicity and Seafloor Deformations

Epicenters related to wrench faults are expected to be located along the fault
zone trace. Vertical nodal planes of earthquake focal mechanisms from the main 2016
earthquake and most of the events in the southern Albordn Sea undoubtedly evidence
the vertical dip of the seismic active faults (Fig. 5-3), in agreement with the seismological
results of Buforn et al. (2017). Anyway, aftershock sequences can affect a wide zone
(e.g., >10-km wide with respect to the main fault during the Landers 1992 seismic
sequence; Hauksson et al., 1993) favored by the structural complexity and preexisting

structures.
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Despite that Buforn et al. (2017) establish horizontal and vertical errors for the
2016—-2017 seismic sequence location, and Buforn et al. (2017) and Medina and
Cherkaoui (2017) relate the seismicity with the Al Idrisi Fault, the careful analyses of
epicenter locations for most of the NNE-SSW seismicity alignment (IGN, www.ign.es;
Buforn et al., 2017; Kariche et al., 2018; Medina and Cherkaoui, 2017) point to that they
are displaced westward with respect to the seafloor trace of the Al Idrisi Fault
determined by marine geophysical data (Estrada et al., 2018; Martinez-Garcia et al.,
2013, 2017; Figs. 5-2, 5-3, and 5-5). This displacement of the earthquakes is higher when
the standard velocity model (Carrefio-Herrero and Valero-Zornoza, 2011) is considered
(IGN, www.ign.es; Kariche et al., 2018; Medina and Cherkaoui, 2017): roughly 10 km for
the first stage earthquakes (Figs. 2a and 3a), as opposed to the roughly 5 km (Buforn et
al., 2017) with the model by El Moudnib et al. (2015; Fig. 2b). Although the mislocation
of earthquakes by the poorly constrained velocity models and far seismic stations may
produce a westward shift of the seismicity with respect to the Al Idrisi Fault, all the
available seismological studies (IGN, www.ign.es; Buforn et al., 2017; Kariche et al.,
2018; Medina and Cherkaoui, 2017) support the offset to the west of the seismicity and
fault activity with respect to the former Al Idrisi Fault that roughly constitutes the
eastern boundary of the fault zone. Our findings based on the marine geophysical data
set demonstrate the development of recent faults west of the former Al Idrisi Fault

related to the westward propagation of the deformation (Figs. 5-2, 5-3, and 5-8 to 5-10).

The early earthquakes of the 2016—2017 series are clearly grouped in the two
relatively narrow (~10-20-km wide) NNE-SSW and ENE-WSW alignments, starting with
the highest magnitude event (Mw = 6.3, 25 January) where they join (Fig. 5-3a). The
depth of seismicity is not well constrained because of the variability of crustal velocities
and the few and far onshore stations; still, they correspond to crustal levels (<35-km
depth), in agreement with Buforn et al. (2017), Medina and Cherkaoui (2017), and
Kariche et al. (2018). New seismic faults started to develop at shallow crustal levels
(roughly 5 to 10-km depth), as generally occurs in continental crust (Meissner and
Strehlau, 1982). If an elliptical fault surface shape is considered (Watterson, 1986), the
recent fault should extend in depth northward and southward into the seismogenic

crustal layer. When deformation propagates upward, the triggering fault is expected to
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reach the seafloor in the NNE-SSW epicenters alignment, due to the high dip of fault
plane solutions in most of the earthquake focal mechanisms. According to empirical
fault scaling relationships (Wells and Coppersmith, 1994), the main seismic event would
be related to a surface rupture between 15 and 20 km and might deform the area. In
the 2016-2017 seismic series, a recent fault zone (10—20-km wide) reaching up to the
seafloor was recognized in the main NNE-SSW seismicity alignment, south of Francesc
Pages seamount. This recent zone comprises NW-SE oriented conjugated normal faults
coeval with the recent sedimentation, reaching different near-surface stratigraphic
levels, probably rotating and connecting in depth with the major recent NNE-SSW
vertical sinistral fault (Fig. 5-10). These shallow faults accommodate the NE-SW
extension compatible with the activity of the main wrench fault and are in agreement
with crustal thinning in the Nekor Basin confirmed by Bouguer gravity anomalies (Fig. 5-
4); they would be in line with the recent normal faults described by Lafosse et al. (2017)
that demonstrate that the Nekor Basin is floored by a set of splay faults with normal slip

component related to the southern prolongation of Al Idrisi Fault.

During later earthquakes, the 2016—2017 seismic series deformation extended
to a broad 10-20-km-wide fault zone in the NNE-SSW alignment, bounded westward by
the recent faults and eastward by the Al Idrisi Fault and the Alboran Ridge. Al Idrisi Fault,
in contrast, only deforms discontinuously near-surface sediments along the fault trace
by recent or active faults and folds, suggesting the recentmost activity of some
segments. Although the discontinuous evidences of activity may be the consequence of
a seismic character of Al Idrisi Fault, with segments accumulating elastic deformation
before the seismic rupture, alternatively, they could indicate that the activity of those

segments has been replaced by that of other recent faults offset to the west.

In the ENE-WSW alignment, the morphostructural pattern and deformation
behavior are different. The presence of MTDs (Figs. 5-5 and 5-6) and reverse earthquake
focal mechanisms (Fig. 5-3d), and the absence of clear reverse faults affecting the near-
surface, would suggest the presence of blind reverse faults at the core of the Alboran

Ridge antiform (Fig. 5-10; Martinez-Garcia et al., 2013).
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Figure 5-10. Sketch illustrating the westward propagation of recent tectonic and seismic
activity in the main NNE-SSW deformation zone crossing the Alboran Sea. (a) Seismicity,
main active structures, stress and shortening. The 2004 seismic sequence from Van der
Woerd et al. (2014); other seismicity from www.ign.es database. (b) Sketch of main
tectonic structures and westward migration of deformation from main Al Idrisi Fault trace.
(c) Interpretative cross sections and seismicity orthogonal to the main earthquake
alignments: 1, sinistral fault (map and cross section); 2, normal fault; 3, recent normal
fault; 4, epicenter of main event (Mw = 6.3, 25 January 2016); 5, active blind thrust; 6,
active NNE-SSW sinistral deep vertical crustal fault segment bounding westwards the
NNE-SSW 2016-2017 seismicity alignment; 7, active NNE-SSW vertical sinistral crustal
fault segment related to the 1993-1994 seismic crisis; 8, active NNE-SSW vertical sinistral
crustal fault segment related to the 2004 seismic crisis; 9, offset to the west of recent
deformation and seismicity in respect to Al Idrisi Fault; 10, estimated convergence trend
from GPS data; 11, regional plate convergence trend; 12, present-day trends of
compression and extension determined from earthquake focal mechanisms. FP, Francesc
Pages seamount. MTD, mass transport deposits.
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Earthquakes may be assumed to be the main mechanism triggering the MTDs,
deforming the near-surface sediment of the ENE-WSW alignment (Figs. 5-5 and 5-6;
Casas et al., 2011). The initiation of slope failure is due to cyclic loading applied on the
sediment and a decreasing shear strength through the development of pore
overpressure. Other factors, such as tectonic deformations resulting in seabed, may also
contribute to increasing shear stress on the slope or a decreasing sediment strength due

to shearing, dilatancy, and possible sediment creep (Locat and Lee, 2002).

5.4.2 Geodynamic Implications and Seismic Hazard

The former NE-SW sinistral Trans Alboran Shear Zone (Larouziére et al., 1988)
constituted a main tectonic structure during the Miocene, later becoming inactive and
overprinted by the recent NNE-SSW deformation zone (Stich et al., 2006, 2010) between
Campo de Dalias (Balanegra Fault) and the Al Hoceima region (Trougout Fault), including
the Al Idrisi Fault (Fig. 5-10). This evolution reveals a progressive offset to the west and
rotation of the central Alboran Sea active deformation zone. The recent shear zone has
incipient low deformation. Al Idrisi Fault, which constitutes the longest fault in this
deformation zone, has short strike-slip, however. It is expressed by low interaction at
the edge where the Al Idrisi Fault orientation trace changes and also by the short
displacement between the Alboran Ridge and Francesc Pages seamount antiform axes

(Fig. 5-10).

At present, seismological and GPS studies hold the active seismic zone in the
central Albordn Sea to be a main weak zone related to the Eurasian-African plate
boundary (Buforn et al., 2017; Fadil et al., 2006; Grevemeyer et al., 2015; Medina and
Cherkaoui, 2017; Palano et al., 2015). The fact that seismicity occurred near the African
coastline in 1994, with maximum magnitude ofMw = 5.6 (26 May), and later propagated
toward the continent in 2004 with a main event ofMw = 6.4 on 24 February (e.g., Akoglu
et al., 2006; Van der Woerd et al., 2014, and references therein) would indicate that the
20162017 seismicity (main eventMw = 6.3) is most likely located within the same
regional deformation band (Figs. 5-2 and 5-10), at its northern edge. Accordingly, the
recent fault zone exhibits a segmented behavior with the progressive reactivation of 15—
20-km length stretches demonstrated by the recent seismic series (1993-1994, 2004,
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and 2016-2017; Buforn et al., 2017; Kariche et al., 2018; Medina and Cherkaoui, 2017).
In the Rif, seismic faults have rupture in depth but with no clear surface expression
(Galindo-Zaldivar et al., 2009; Galindo-Zaldivar, Azzouz, et al., 2015; Van der Woerd et
al., 2014). Akoglu et al. (2006) and Van der Woerd et al. (2014) show that seismicity
onshore Al Hoceima region has been produced by the activity of NNE-SSW but probably
also WNW-ESE conjugated faults in NNW-SSE compression and ENE-WSW orthogonal

extensional stresses.

Northward, toward the Betic Cordillera, the deformation zone is connected with
the Campo de Dalias and its seismicity during the 1993—-1994 series (Marin-Lechado et
al., 2005; Fig. 5-10).

The present-day stresses determined from regional seismicity studies (de
Vicente et al., 2008; Stich et al., 2010) agree with the data obtained in the context of the
2016-2017 seismic sequence (Figs. 5-3 and 5-10). The NW-SE compression is prolate to
triaxial and inclined toward N319°E in the NNE-SSW seismicity alignment, while N332°E
in the ENE-WSW alignment, with related orthogonal extension. Thus, compression is
rotated in the two alignments and is compatible with sinistral fault kinematics (Fig. 5-
10). Whereas at the Earth’s surface, main stresses should be horizontal or vertical due
to an absence of shear stress (Anderson, 1951; Bott, 1959), the inclination of main
compression toward the NW at crustal depths suggests activity of northwestward
thrusting to some extent. Moreover, this setting could be a consequence of the presence
of a low-deformed resistant domain attached to the African plate, here corresponding
to the external Rif units on the Variscan basement (Estrada et al., 2018; Galindo-Zaldivar,

Azzouz, et al., 2015; Pedrera et al., 2011).

There is furthermore some disagreement between the maximum horizontal
compression (between N139°E and N152°E) and maximum local shortening (N173°E; Fig.
5-10), estimated by the MALA and MELI GPS stations across the seismic active area. It
may be that fault activity is not due to a simple strike-slip fault driven by a far-field stress
in the sense of Anderson (1951) but could accommodate crustal block displacement.
The NE-SW extension that occurs toward the fault tips, at the northern edge of Campo
de Dalias normal faults (Galindo-Zaldivar et al., 2013; Marin-Lechado et al., 2005), is

transferred toward the southern edge, where normal faults splay at the Nekor Basin (Fig.
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5-10; Galindo-Zaldivar et al., 2009; Lafosse et al., 2017), and crustal thinning is confirmed

by gravity results (Fig. 5-4a).

The epicenters of three seismic series are located west of the main faults
recognized at surface, both in the Alboran Sea (Al Idrisi Fault) and in the northern Rif
(Trougout Fault; Figs. 5-2 and 5-10; Galindo-Zaldivar et al., 2009; Galindo-Zaldivar,
Azzouz, et al., 2015; d’Acremont et al., 2014). Hence, the development of the seismic
active fault zone west of the well-exposed Al Idrisi and Trougout faults might be
attributed to the growth of recent faults owing to westward migration (Vitale et al.,

2015) of the deformation during development of the Gibraltar Arc.

The westward migration of the Gibraltar Arc is well constrained by geological
(Crespo-Blanc et al., 2016) and GPS data (Fadil et al., 2006; Koulali et al., 2011; Palano
et al.,, 2015). However, the driving mechanism remains a matter of debate, with
geodynamic models considering delamination (e.g., Lis Mancilla et al., 2013; Seber et al.,
1996) and subduction (e.g., Gonzélez-Castillo et al., 2015; Gutscher et al., 2012; Pedrera
et al., 2011; Ruiz-Constan et al., 2011; Spakman et al., 2018), while rollback is a suitable
mechanism for Gibraltar Arc westward displacement and Albordn Sea development. The
growth of this seismic NNE-SSW fault zone occurs in the area of weakest and most
attenuated continental crust, corresponding to the central Alboran Sea, bounded by the
thick continental crust of the Betic and Rif Cordilleras. In this regional setting, the
Eurasian-African convergence developed indentation tectonics (Estrada et al., 2018)

accommodated by the Al Idrisi fault zone, which now extends to westward areas.

The development of active fault zones has vast implications for seismic hazard.
The reactivation of an existing fracture calls for shear stress on the surface to attain the
value of the friction and cohesion (Bott, 1959). Immediately previous to the formation
of new fractures, shear stress would have to be above the values of friction in addition
to cohesion—considerably higher (Anderson, 1951; Hajiabdolmajid et al., 2002). Given
the same background setting, the development of a recent fault zone would allow for
the accumulation of higher elastic deformation at the fault edges than along a well-
developed previous fracture. These factors determine that the propagation of a recent
fault, as occurs in the southern Alboran Sea, can produce earthquakes of higher

magnitudes than preexisting faults. The highest-magnitude earthquakes of 2004
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(d’Acremont et al., 2014; Galindo-Zaldivar et al., 2009) and 2016—2017 occurred in areas
of recently developed fault segments with scarce evidence of deformation at the surface
(Fig. 5-10). Such faults tend to be particularly active in their initial stage of development,
entailing high seismic hazard, and are moreover difficult to detect because of the low

amount of accumulated deformation due to their recent age.

5.5 Conclusions

The Albordn Sea 2016-2017 seismic sequence constitutes a unique opportunity
to analyze the development of recent faults in conjunction with seismic hazard. This
sequence occurred in the southern part of an active deformation zone crossing the
central Albordn Sea and had a main event (Mw =6.3, 25 January 2016) located along the
corner between the NNE-SSW and ENE-WSW deformation alignments, which are 10—
20-km wide. The 40-km-long NNE-SSW alignment is located in the Nekor Basin and
Francesc Pages seamount, west of the sea bottom Al Idrisi Fault trace, and the ENE-WSW
one is along the northern side of Alboran Ridge and Francesc Pages seamount. Data
recorded during the INCRISIS cruise reveal that the ENE-WSW alignment is mainly
characterized by recurrent MTDs that could be linked to earthquake and tectonic activity
owing to uplift of the Alboran Ridge and Francesc Pagés antiforms. The NNE-SSW
seismicity alignment is related to deep vertical sinistral faults, demonstrated by
earthquake focal mechanisms, offset 5 to 10 km westward from the former Al Idrisi
Fault. The major NNE-SSW deep sinistral fault zone responsible for the 2016—2017 main
events would have activated fault segments up to 15 to 20 km in length for single events.
The INCRISIS cruise reveals evidence for recent near-surface ruptures in NW-SE normal
faults. These recent faults are related to the western boundary of the deformation zone,
bounded eastward by the Al Idrisi Fault; although it is the main fault with seafloor
expression, it has segments without recent activity. The present-day stress from
earthquake focal mechanisms of 2016—-2017 constrains a maximum prolate to triaxial
compression inclined toward N319°E in the NNE-SSW alignment, and N332°E in the ENE-
WSW alignment, with related orthogonal extension. Stresses are oblique to the N173°E
shortening determined by GPS data that support sinistral slip behavior, with some

extent of northwestward thrusting.
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These data reveal a westward migration and offset of active deformation with
respect to the already developed Al Idrisi Fault (Fig. 5-10) that may be linked to the
westward development of the Gibraltar Arc. Moreover, the NNE-SSW deformation zone
is segmented and was progressively reactivated near the African coast in the 1993-1994
seismic sequence, the southern onshore part being affected in 2004 and probably
activating NNE-SSW sinistral and WNW-ESE dextral faults, with deformation later
propagating offshore toward the northeast in 2016-2017. The present-day NW-SE
Eurasian-African plate convergence in the westernmost Mediterranean and the
inherited heterogeneous rigid basement structures determine the location of
deformation areas. At present, a main NNE-SSW sinistral deformation fault zone,
including the Al Idrisi Fault and recent developed faults offset to the west, connects the
NW-SE extensional faults of the Campo de Dalias’s northern edge (Betic Cordillera) with
the southern edge’s normal splay faults located at the Nekor Basin in the Rif (Fig. 5-10).
This setting also contributes to the local crustal thinning of Nekor Basin supported by

gravity data.

Geological hazard in the central Albordn Sea is closely related to the seismicity
that constitutes a main triggering mechanism of MTDs and is moreover responsible for
coseismic seafloor displacements. The development of recent faults that condition the
westward widening of the fault zone compared with the already developed faults would
imply the activity of the largest segments and the greatest accumulation of elastic
energy, producing high-magnitude earthquakes that increase seismic hazard. In any
case, low accumulated deformation and recent activity are predominant features
making it possible to recognize such faults and therefore deserving further analysis

through a multidisciplinary approach.
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ABSTRACT

Tsunamis are triggered by sudden seafloor displacements, and usually originate
from seismic activity at faults. Nevertheless, strike-slip faults are usually disregarded as
major triggers, as they are thought to be capable of generating only moderate seafloor
deformation; accordingly, the tsunamigenic potential of the vertical throw at the tips of
strike-slip faults is not thought to be significant. We found the active dextral NW-SE
Averroes Fault in the central Alboran Sea (westernmost Mediterranean) has a historical
vertical throw of up to 5.4 m at its northwestern tip corresponding to an earthquake of
Mw 7.0. We modelled the tsunamigenic potential of this seafloor deformation by
Tsunami-HySEA software using the Coulomb 3.3 code. Waves propagating on two main
branches reach highly populated sectors of the Iberian coast with maximum arrival
heights of 6 m within 21 and 35 min, which is too quick for current early-warning systems
to operate successfully. These findings suggest that the tsunamigenic potential of strike-
slip faults is more important than previously thought, and should be taken into account

for the re-evaluation of tsunami early-warning systems.
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6.1 Introduction

Tsunamis, catastrophic natural hazards that pose a significant threat to major
infrastructure and many densely populated coastal regions, are generated by the rapid
deformation of the seafloor due to fault or landslide activity (Okal and Synolakis, 2003;
Borrero et al., 2004; Gerardi et al., 2008; Geist and Lynett, 1974). Seismic strike-slip
faults do not significantly displace the seafloor in flat-lying and smooth areas, and are
therefore not generally considered as potential triggers of tsunamis (Yamashita and
Sato, 1974, Bletery et al., 2015; Elbanna et al., 2021). Yet, tsunamis triggered by strike-
slip faults have been reported worldwide as a result of either vertical seafloor
displacements in over-steepened areas (e.g., the 1994 Mindoro earthquake, Tanioka
and Satake, 1996) and on restraining and releasing bends (the 1906 San Francisco
earthquake, Geist and Lou Zoback, 1999; Lorito et al., 2008 and events in other areas of
southern California, Borrero et al., 2004), or seismogenic submarine landslides (the 2010
Haiti earthquake, Hornbach et al., 2010). The triggers of other historical strike-slip
earthquake-related tsunamis, such as the 1999 Izmit tsunami (Altinok et al., 2001) and
the 2012 and 2016 tsunamis in the Indian Ocean, (Heidarzadeh and Satake, 2017),
remain unknown. To date, despite the noteworthy vertical offsets at the tips of strike-

slip faults, these faults have not been considered a main tsunamigenic source.

The strike-slip Averroes Fault is located in the Alboran Sea (westernmost
Mediterranean Sea), which has been a tectonically active basin since the late Miocene
(Comas et al., 1999) (Fig. 6-1). The Alboran Sea is deformed by strike-slip faults under
laterally unlocked tectonic indentation driven by Eurasian-African plate convergence
(Estrada et al., 2018) at a rate of 4.5 mm/yr (De Mets et al., 2015) (Fig. 6-1) The Alboran
Sea, whose Iberian coast annually receives the highest number of tourists from all of
Europe, has been historically afflicted by tsunamis (Espinar, 1994; Becker-Heidmann et
al., 2007; IGN, 2009). Historical records show the simultaneous occurrence of tsunamis
striking the Adra and Malaga coasts at 365 CE (Espinar, 1994). However, little is known

about the tsunamigenic potential of the faults in this basin.

To resolve this problem, we identified the NW-SE dextral Averroes Fault as the
structure in the fault system with the strongest evidence of recent and active seafloor

offset at its northern termination (Figs. 6-1b, c and 6-2). Subsequent modelling the
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tsunamigenic potential of this structure reveals the potential for tsunami generation

triggered by vertical offset at the tip of a strike-slip fault, providing knowledge crucial

for reviewing potential tsunami hazards related to strike-slip faults worldwide.
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6.2 Results
6.2.1 The strike-slip Averroes Fault

The Averroes Fault is a component of the NW-SE conjugate dextral strike-slip
fault set of the main NNE-SSW shear zone crossing the Albordn Sea (Estrada et al., 2018)
(Fig. 6-1b). The Averroes Fault, which is predominantly affected by shallow earthquakes
at present (up to 15 km deep, Grevemeyer et al., 2015), has a steeply dipping main fault
surface with a length of 38 km (Figs. 6-1b, c and 6-2) that splits upward into two faults

surfaces, the eastern one being currently deforming the seafloor (Fig. 6-2a).

The main Averroes Fault comprises two main segments: the southern segment
(16 km long) horizontally displaces the seafloor surface by 4.1 km with dextral
kinematics, while its northern segment (22 km long) has a maximum vertical offset of
470 m at its tip (Fig. 6-2a), with a northeastern downthrown block that creates a half-
graben-like feature (Figs. 6-1c and 6-2). Tectonic activity initiated along the Averroes
Fault during the late early Pliocene (Perea et al., 2018; Estrada et al., 1997; Pérez-Belzuz,
1999; Martinez-Garcia et al., 2013), giving it an age of 4.57 Ma (Martinez-Garcia et al.,
2017; Perea et al., 2018). Considering the age of the fault and the vertical offset along

its northern segment, we calculate an average vertical slip rate of 0.1 mm/yr.

Activity of the Averroes Fault is driven by the tectonic inversion of the central
Alboran basin (Estrada et al., 2018). This activity has a co-seismic character evidenced in
our ultra-high-resolution parametric seismic profiles by interbedded sedimentary
wedges (up to 4.5 to 5.4 m thick) vertically stacked which represent mass-wasting events
coming from the upthrown block (Fig. 6-2b). We have established a chronostratigraphic
control of activity spanning the last 124,000 yr (Fig. 6-2b). From young to old, four events
can be seen, with fault throws of 3.7 (seafloor), 5.4, 5.4 and 4.5 m (unloaded successive
fault offsets), and with ages of recent, 20,590 yr, 63,350 yr and 124,060 yr, respectively
(Fig. 6-2b and Suppl. Fig. 6-S1). We therefore propose an approximate average

recurrence period of approximately 31,000 yr.
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Figure 6-2. Seismic profiles illustrating the Averroes Fault. a) Airgun seismic profile
showing the deep structure. Legend: purple line corresponds with top of Miocene and
blue line with base of Quaternary. Horizontal and vertical scale respectively in metres
and seconds, two-way travel time (twtt). Vertical exaggeration x8.7; b) Parametric
TOPAS profile (ultra-high-resolution) illustrating the upper reach (75 m) of the
Averroes Fault. Inlet shows chronostratigraphic boundaries and fault events over the
last 124,060 years. Red arrows indicate co-seismic wedges. Horizontal scale in metres
and vertical scale in seconds (twtt). Vertical exaggeration x12.4. (Figures generated
using IHS Kingdom v. 2017, https://ihsmarkit.com, and mounted with CorelDRAW v.
X7, https://www.corel.com).
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6.2.2 Seafloor deformation and tsunamigenic potential

Next, we modelled the tsunamigenic potential of the vertical seafloor offsets
related to the fault tip of the NW segment of the Averroes strike-slip Fault. Although
seafloor deformation may also occur by horizontal displacement of slope areas in the
southern segment, it would be reasonable to assume that horizontal displacement away

from the tip might not lead to significant vertical offset.

Figure 6-3. Seafloor deformation. Computed deformation pattern of the crust affected by the
Averroes Fault for a vertical offset of 5.4 m and an associated magnitude of Mw 7. a) Seafloor
plan view: red indicates downthrow and blue indicates uplift; b) Vertical section: red line
represents the Averroes Fault trace. (Figures generated with Coulomb, v. 3.3,
USGS, https://www.usgs.gov/software/coulomb-3 and Surfer, v. 12.0.626, Golden Software,
https://www.goldensoftware.com and mounted with CorelDRAW V. X7,
https://www.corel.com).

We employed Okada’s approach (Okada, 1985; Okada, 1992) to calculate
deformation, by determining a displacement on the fault plane of the SW (uplifted)
block equal to one-half of the net slip; i.e., the displacement of the SW block was
equivalent in magnitude to the displacement of the NE (downthrown) block. We
modelled a rapid co-seismic displacement of the seafloor considering a vertical fault
with a length of 22 km extending to a depth of 10 km and a uniform net slip of 5.4 m
(with the NE block downthrown). This net slip corresponds to the historical maximum

throw, and was determined for two of the four events mentioned above. Our model
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suggests a corresponding seismic moment equal to 3.88x10%° dyn/cm and an
earthquake magnitude of Mw 7. Both the vertical and the horizontal computed
deformations are depicted in Fig. 6-3, which demonstrates that deformation lobes affect
both fault blocks with vertical displacements of 0.1 m even at distances (perpendicular
to the fault plane) of 17 km for the simulated Mw 7.0 event (Fig. 6-3). The maximum

horizontal displacements perpendicular to the fault plane are on the order of 1.7 m.

Next, we modelled the tsunami generation that might occur as a result of a
vertical throw of 5.4 m on the northern segment of the Averroes Fault, using the non-
linear hydrostatic shallow-water model Tsunami-HySEA applied to a high-resolution
ambient grid (~¥50 m). Despite the hydrostatic nature of the numerical model used, it
have been shown (Macias et al., 2017) that the hydrostatic version of the Tsunami-
HySEA model is capable of accurately assess tsunami hazard as runup estimations
agreed with lab data and essentially coincide with non-dispersive simulation results. We
identified a heterogeneous tsunami propagation pattern, comprising two branches
orthogonal to the fault trace; the main branch directed to the NE and the minor one
directed to the SW (Fig. 6-4a and Suppl. Video 6-S1). The NE branch has a straight path,
and reaches land in the area of Campo de Dalias (Fig. 6-4a, Fig. 6-S2 and Suppl. Videos
6-S2 and 6-S3); a positive wave with maximum height (6 m) and shortest arrival time (21
min) occurs near the village of Balerma (Figs. 6-4a, c and Suppl. Video 6-S2). In contrast,
the SW branch initially corresponds to deep waters, and the propagating tsunami
impinges against three elongated seamounts acting as morphological barriers, namely,
the relatively long ENE-WSW Alboran Ridge, the E-W Ibn Batouta and three seamounts
aligned NW-SE (Algarrobo, Djibouti and Djibouti Ville banks) (Figs. 6-1a, 6-4a and Suppl.
Video 1). This impingement modifies the tsunami propagation path, forcing it to split
into three subbranches directed to the NW and approximately to the W and S. The
former reaches the Malaga coast with a wave height of up to 2 m and an arrival time of
up to 35 min (Fig. 6-4a, Fig. 6-S2 and Suppl. Video 6-S4), whereas the latter reaches
landfall along the Moroccan coast, in locations such as Ras Tarf cape (wave height 1 m;
arrival time 21 min), Punta Negri (wave height 1 m; arrival time 20 min) and the new
Nador Harbour (Port Nador West Med) (wave height 1 m; arrival time 27 min) (Fig. 6-4a,
Fig. 6-S2 and Suppl. Video 6-S1).
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6.3 Discussion

After an earthquake strikes, it is crucial for early-warning systems to issue a rapid
assessment while minimizing false alerts, based on the event magnitude, focal

mechanism and potential tsunamigenic trigger.

The Averroes Fault in the Alboran Sea (Fig. 6-1a and b) with offsets that can reach
5.4 m (Fig. 6-2), suggesting earthquake magnitudes up to Mw 7, provides a fundamental
opportunity to analyze this tsunamigenic mechanism, namely, the vertical offset of the

seafloor concentrated at the northern fault tip.

Our modelling of tsunami propagation related to seafloor deformation along the
Averroes Fault (Fig. 6-4 and Suppl. Video 6S-1) provides a means to assess the potential
tsunamigenic hazard of strike-slip fault tips. As already mentioned, despite the limitation
in the tsunami model used, not able to reproduce the dispersive characteristics of the
generated waves, it has been shown (Macias et al., 2017) that regarding hazard
assessment, the model used provides accurate estimations for runup as main indicator
of the hazard. The propagation of tsunami is controlled by fault kinematics (Yamashita
and Sato, 1974) and we found that the vertical throw at the tip of the Averroes Fault
determines the onset of positive and negative waves. The vertical deformation lobe of
the NE downthrown block triggers an initial negative wave followed by a striking positive
wave raising up to 6 m above the usual water level at Balerma coast (Fig. 6-4 and Suppl.
Video 6-S2). Contrasting, the vertical deformation of the SW uplifted block forms an
initial positive wave with a remarkable negative wave dropping up to 1.5 m in Malaga
and 1.5 m in Moroccan coasts, and wave trains with significant withdrawal in both areas

(Fig. 6-S2).

The propagation of tsunami is also controlled by the interplay between fault
orientation and seafloor morphology (Yamashita and Sato, 1974; Bletery et al., 2015),
and we found that the NW-SE-oriented Averroes Fault focuses waves mainly towards
the NE and, to a lesser extent, the SW. The NE branch is predicted to cross an area of
smooth bathymetry, enabling linear propagation towards the Campo de Dalias coast,
which is characterized by tourist beaches and dominated inland by greenhouse

agriculture (Fig. 6-4 and Suppl. Video 6-51); likewise, the coastal proximity of the villages
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of Balerma, Almerimar and Adra, and the short propagation time increase their
vulnerability to tsunamis (Fig. 6-4, Fig. 6-S2 and Suppl. Videos 6-S2 and 6-S3). The NW
subbranch focuses the highest waves towards the Malaga coast, which exhibits a
moderate tsunami hazard that may affect infrastructures and beaches (Fig. 6-4, Fig. 6-
S2 and Suppl. Videos 6-S1 and 6-S4). Moreover, the coastline in this region becomes
densely populated in summer, with large stretches of beach that can be fully occupied.
Meanwhile, the S subbranch influences the Moroccan coast, but to a lesser extent (Fig.

6-4, Fig. 6-S2 and Suppl. Video 6-5S1).

Our findings demonstrate the need to reevaluate tsunamigenic hazards related
to strike-slip fault tips. Such faults are found predominantly in marine areas related to
transform plate boundaries, such as the northern San Andreas Fault (Goldfinger et al.,
2007) and the northeastern Caribbean plate (Mann et al., 1995), as well as small seas,
such as the Marmara Sea (Hébert et al., 2005). Likewise, vertical offsets at fault tips may
be found along strike-slip faults related to segmented subduction zones, such as the
Nazca plate below the Ecuador-Colombia segment of the South American plate margin
(Collot et al., 2004). All the mentioned examples, are similar enough to the Averroes

Fault and might also pose a significant threat to the local population.

Here, we demonstrate that following a seismic event, vertical offset at the NW
tip of the Averroes Fault has the potential to generate destructive tsunamis in the
westernmost Mediterranean, with rapid arrival times at densely populated coastlines
(21 min) that are too short for existing early-warning systems to operate properly.
Moreover, this study highlights the need for coastal communities worldwide to review
the tsunamigenic potential of strike-slip faults through vertical offsets near their tips as
a new tsunamigenic mechanism that may be of great importance along transform and
segmented convergent plate boundaries characterized by submarine strike-slip faults.
These findings justify the necessity of considering the tsunamigenic hazard potential of
strike-slip faults to improve the accuracy of tsunami early-warning systems in
geodynamic contexts of tectonic indentation, transform plate boundaries and

subduction zones.
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6.4 Methods
6.4.1 Marine geophysics

The geologic history and structure of the Averroes Fault were studied by means
of seismic profiles and swath bathymetric data. The seismic profiles come from the
following 17 cruises: AS, CONOCO Cab-01, R/V Robert D. Conrad cruise, DBS, EAS,
Fauces, Fauces-1bis, GC-83-2, GC-90-1, GC-90-2, He-91-3, RRS Charles Darwin cruise,
Marsibal, Montera, RAY, SAGAS,

(http://gma.icm.csic.es/sites/default/files/geowebs/OLsurveys/index.htm). The cruises

were independent to this study, except 4 of them (Montera, GC-90-1, SAGAS, Fauces-1)
where the surveys of the Averroes Fault was included in the cruise objectives and
provided new and relevant information; these 4 cruises were led by scientists of the
Continental Margins Group from the Institute of Marine Science, ICM-CSIC, and were
conducted onboard the Spanish research vessels Garcia del CID, Hespérides; Sarmiento
de Gamboa and Angeles Alvarifio. The seismic profiles have different resolutions (high
and ultrahigh) and utilize different techniques: multi-channel seismic (MCS), single-
channel and parametric. Multi-channel seismic profiles were downloaded from the
Spanish Hydrocarbon Technical Archive

(https://geoportal.minetur.gob.es/ATHv2/welcome.do) and they are commercial data

from oil companies. These profiles have a vertical standard resolution of tens of meters
with a penetration of up to 10 seconds. The single-channel profiles were obtained with
airgun systems (140 to 530 c.i.), have an average vertical resolution of < 15 m of few
meters time with a penetration of up to <3s seconds. The parametric seismic profiles
were acquired with the TOPAS (TOpographic Parametric Echosounder) whose vertical
resolution is about <30+40 cm within the upper 150 ms of the sediment column. The
seismic lines were integrated into a IHS Kingdom project for their correlation and

interpretation.

The swath bathymetric data were recorded with a SIMRAD EM120 multibeam
echosounder with a frequency of 12 kHz. Multibeam bathymetry datasets independent
to this study were also compiled and integrated for the present study. These
bathymetries were obtained from the MARSIBAL and Fauces 1bis projects and the

Fishing General Secretary (Spanish Government). The data are available at a repository

116



(http://gma.icm.csic.es/sites/default/files/geowebs/OLsurveys/index.htm). The Global
Mapper software, a versatile GIS application from Blue Marble Geographics, was
selected for integrating all those bathymetries in order to generate a gridded
bathymetric map at 50 m. The vertical resolution was approximately 0.025% of the
water depth. The mapping of the Averroes Fault trace and its analysis on the multibeam

map was also done with drawing and measurement tools in Global Mapper and IHS

Kingdom project.

For plotting the epicentre locations at the seafloor of the Alboradn Sea, the
seismicity database of the Spanish National Geographic Institute (IGN) (www.ign.es) was
used. The epicentre datasets were plotted on the multibeam bathymetric map using

visualization tools from the Global Mapper.

6.4.2 Chronostratigraphy

The available scientific well information for the study area (ODP Site 977) was
integrated into the IHS Kingdom project with seismic lines for their chronostratigraphy
correlation and interpretation. A precise chronology of the seismic stratigraphic
boundaries was developed through an age calibration based primarily on data from that
Site (Fig. 6-S1). In order to confirm the chronology, the chronostratigraphic boundaries
were also correlated with those in commercial and scientific wells for across the entire
Alboran Basin (Juan et al.,, 2016). The velocity-to-depth (ms to m) conversion was
performed using the speed of sound (1500 m/s) for the parametric profiles (Fig. 6-S1)
and a weighted average velocity (1779 m/s) from ODP Site 976 (Soto et al., 2012) for the

multi- and single-channel profiles.

6.4.3 The Averroes Fault rate of tectonic activity

The average vertical slip rate (0.1 mm/yr) results from divide the vertical offset
(470 m) by the age of the oldest materials affected by the Averroes Fault (4.57 myr). In
the same way, the averaged period of fault recurrence (31,000 yr) has been calculated

dividing the oldest known age (124,060 yr) by the number of fault events (4).
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6.4.4 Seafloor deformation

The crustal deformation at the seafloor generated by a given earthquake along
the Averroes Fault was computed using the Coulomb 3.3 code (Lin and Stein, 2004; Toda
et al., 2005), in which calculations were performed using an established approach
(Okada, 1985; Okada 1992) assuming an elastic half-space with uniform elastic
properties. The fault was modelled using different vertical planes to better fit the curved
geometry of the fault trace. All of these planes extended from the surface of the seafloor
to a depth of 10 km, where the majority of hypocentres near the Averroes Fault are
located. Typical values of 0.25 for Poisson’s ratio and 8x102° bar for Young’s modulus

were applied.

6.4.5 Tsunami model

Tsunami-Hyperbolic Systems and Efficient Algorithms (Tsunami-HySEA) (De la
Asuncidn et al., 2013; Castro et al., 2015) is a finite-volume numerical hydrostatic model
that solves the 2D non-linear shallow water equations in spherical coordinates. It has
been developed by the EDANYA group of the University of Malaga specifically for
simulations of seismically induced tsunamis. This model, based on a graphic processing
unit (GPU) architecture, is robust, reliable and accurate. The combination of this kind of
numerical model with an efficient GPU results in a faster than real-time (FTRT) numerical
model capable of simulating the generation, propagation and inundation of a tsunami
in a region covered by a grid with several million cells in only a few minutes. This model
has been extensively validated under the standard benchmarks proposed by the
National Tsunami Hazards Mitigation Program (NTHMP) of the U.S.A. (Macias et al.,
2017; Lynett et al.,, 2017) and has been extensively tested in several scenarios and
compared with other well-established tsunami models (Macias et al., 2016; Molinari et

al., 2016).

Tsunami-HySEA has been implemented using CUDA and MPI in order to take
advantage of the massive parallel architecture of multi-GPU clusters, so that the
computing time required could be dramatically reduced with respect to the use of a

single CPU core or even a multi-core processor and, at the same time, numerical
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resolution could be increased still computing extremely fast. The Tsunami-HySEA model
includes many features such as various options for the initial condition (as the
computation of the initial seafloor deformation using Okada (1992) model or support
for rectangular or triangular faults among others), it implements two-way nested
meshes, direct output of time series from a list of points of interest, etc (Gonzalez-Vida
et al., 2021). A 2D domain decomposition is performed, and load balancing techniques
are also used considering the wet and dry zones and the nested meshes, so that the
computational load of all the MPI processes is as similar as possible. The entire
numerical computation is carried out in multi-GPUs, using double numerical precision,
including the nested meshes processing. Multiple CUDA kernels have been
implemented, and CUDA streams are used to compute in parallel different meshes in a
same level of the grid hierarchy. Furthermore, the MPI communications can overlap with
kernel computations and memory transfers between CPU and GPU memory in order to
increase the efficiency of the solver. By means of this very efficient implementation, the
model is able to simulate 8 hours of real time tsunami in the Mediterranean Sea (in a
mesh with 10 million volumes and a resolution of 30 arc-sec) in 257 seconds using two

NVIDIA Tesla P100, or even in 284 seconds with one NVIDIA Tesla V100.

Bathymetric DEM data has been extracted from the 15 arc-sec resolucion global
GEBCO database. Topographic data has been extracted from the MDTO5 DEM with 5 m
resolution provided by the IGN (National Geographic Institute from Spain). The
topobathymetric ambient grid covers the Alboran Sea from 5.02W to 1.83532W and
35.05982N to 36.8499°N (Fig. 6-4) with a resolution of 1.611 arc-sec (~50 m). The
ambient grid 314 contains 28.284 million cells. Six high-resolution nested grids with a
resolution of 0.201 arc-sec 315 (~6 m) and 52.522 million cells, has been defined along
the Spanish coasts where the impact of 316 the tsunami is more important (Fig. 6-S3).
Mean sea level is used as initial condition as tides are negligible in this area of the
Mediterranean. Friction Manning coefficient is set to 0.02 and CFL stability number is

set to 0.5.
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Supplementary Video 6-S1: tsunami propagation video of the Alboran Sea. Video length

31 seconds for 47 minutes of tsunami propagation.

Supplementary Video 6-S2: tsunami propagation video of the Balerma zone Video length

1 minute for 1 hour of tsunami propagation.
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Supplementary Video 6-S3: tsunami propagation video of the Almerimar zone. Video

length 1 minute for 1 hour of tsunami propagation.

Supplementary Video 6-S4: tsunami propagation video of the Mdlaga zone. Video length

50 seconds for 1 hour of tsunami propagation.
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PART Il

THE SEDIMENTARY CONVULSIVE EVENT OF THE ATLANTIC ZANCLEAN
FLOODING

Chapter 7. Zanclean Megaflood geologic evidences and mathematical modelling
7.1 Geologic evidences

7.2 Megaflood modelling

7.3 Integration of the mathematical model with the geomorphological
evidences

Chapter 8. The Zanclean megaflood of the Mediterranean — Searching for
independent evidence

Part Il of this Ph. D. Thesis deals with the study of the convulsive event of the
Zanclean megaflood that put an end to the Messinian Salinity Crisis. Chapters 7 and 8,
which make up Part lll, analyse the geological evidence of the megaflood, model it
mathematically, compare it with other areas of the Mediterranean Sea and discuss its

implications for the Messinian Salinity Crisis model.

In Chapter 7, the megaflood geological evidences are analysed by means of
seismic profiles, chronostratigraphic correlation and multibeam bathymetry data. The
geomorphological elements associated with this event are mapped and the isochore of
the top Messinian surface of the Alboran Basin is reconstructed. Then, by integrating
the mapped elements a geological model of the Zanclean megaflood is presented.
Finally, the opening of the Strait of Gibraltar and its impact on the Alboran Sea is
mathematically modelled and the geomorphological results are integrated with the

mathematical modelling.

Chapter 8 studies the regional impact and consequences of the megaflood
convulsive event by comparing the threshold of the Strait of Gibraltar with that of the
Strait of Sicily. Likewise, the implications of the megaflood on the Messinian Salinity
Crisis model are discussed in relation to whether or not there was a disconnection

between the Mediterranean and the Atlantic Ocean.
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Chapter 7

7. Zanclean Megaflood geologic evidences and mathematical modelling

7.1 Geologic evidences
7.2 Megaflood modelling

7.3 Integration of the mathematical model with the geomorphological
evidences
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ABSTRACT

The study of more than 500 single-and multi-channel seismic records enabled
the generation of a detailed palaeo-bathymetric map of the Messinian surface over most
of the Alboran Basin, Western Mediterranean. This regional surface is characterized by
several erosional features (channels, terraces and canyons) and topographic highs
(structural, volcanic and diapiric in origin). The most prominent feature is the incised
Zanclean Channel crossing the entire basin, its entrenchment having been associated
with the opening of the Strait of Gibraltar and subsequent inflow of Atlantic waters. The
incision depth of the channel is variable, suggesting local variations in the erosive
capacity of the Atlantic inflow, conditioned mainly by the regional basin topography and
the local presence of topographic highs. Adjacent to this channel along the Spanish and
Moroccan margins, and near the Strait of Gibraltar, several submarine terraces
developed at different depths suggest a pulsed flooding of the Alboradn Basin. There
could have been two major inflow phases of Atlantic water, one shortly before and
another during the Zanclean flooding, the latter accompanied by periods of relative sea-
level stillstands that enabled terrace development. Alternatively, these features were all

generated during the main flooding evident and subsequent pulsed infilling of the basin.
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7.1.1 Introduction

The Alboran Sea is located in the westernmost part of the Mediterranean Sea,
close to the Strait of Gibraltar (Fig. 7.1-1). This oceanographic setting makes this a pivatol
region for the study of events at the time of the Strait of Gibraltar opening at 5.33 Ma,
thereby ending the Messinian Salinity Crisis (MSC; Krijgsman et al. 1999). The MSC was
associated with the partial or near-total desiccation of the Mediterranean Basin from
5.96 to 5.33 Ma. This period is widely documented by seismic data that reveal the
existence of the high-amplitude M (Messinian) reflector in the deep basin (Ryan et al.
1973). This reflector was created by the deposition of a salt layer, although several
interpretations have been proposed for the depositional processes involved (Hsii et al.,
1973; Clauzon, 1978; Maillard et al. 2006; CIESM, 2008; Bache et al. 2009). The MSC is
also documented by an extensive erosion surface along the basin margins, the Messinian
Erosion Surface (Hsu et al. 1973; Clauzon 1978; Montadert et al. 1978; CIESM 2008;
Bache et al. 2009). In terms of this salt layer and erosion surface, the M reflector forms

the base of the Pliocene sequence.

The MSC ended at 5.33 Ma when the Mediterranean— Atlantic connection was
re-established through the Strait of Gibraltar in the course of a catastrophic event
known as the Zanclean flooding (Krijgsman et al. 1999; Blanc 2002; Garcia-Castellanos
et al. 2009). This event formed a deep erosional channel in the strait, its trajectory
having been mapped up to the westernmost sector of the Western Albordn Basin
(Campillo et al. 1992; Blanc 2002; Garcia-Castellanos et al. 2009; Estrada et al. 2010).
This channel is incised into Miocene deposits and filled by Pliocene— Quaternary
sediments, and merges laterally with the basinwide Messinian Erosion Surface. Several
authors have modelled the flooding event mathematically but little is known about how
it affected the Messinian floor in the Alboran Basin. Seeing that the region faced the
new marine gateway, it must have experienced the greatest impact of the catastrophic
inflow (Mulder and Parry 1977; Weijermars 1988; Campillo et al. 1992; Bache et al. 2009;
Estrada et al. 2010). Indeed, deposits related to the MSC are expected to be rare in the
Alboran Basin, due to both the erosional character of the Messinian surface and the lack
of evaporite deposition in this region (Montadert et al. 1978; Rouchy and Caruso 2006;
Bache et al. 2009).
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The present study reports novel findings on the morpho-logical imprints of
Atlantic water inflow into the Albordn Basin at the time of the Zanclean flooding event.
It interprets the morphological features characterizing the MSC surface in terms of their
morpho-seismic expression within the context of the regional physiographic and

structural setting.

7.1.2 Geological and oceanographic setting

The Albordn Basin is the westernmost basin of the Mediterranean Sea (Fig. 7.1-
1). It is 150 km wide and 350 km long, and is bounded by the Gibraltar Arc with the
Spanish Betic mountains in the north and the Moroccan Rif mountains in the south. This
extensional basin developed during the Neogene in the course of lithospheric
convergence between the African and Eurasian tectonic plates (Dewey et al. 1989). It is
considered to have been formed during the Early Miocene by means of lithospheric
thinning that occurred on a former Late Cretaceous—Palaeogene (?) collisional orogen
(Balanyd and Garcia-Duefias 1987; Platt and Vissers 1989; Garcia-Dueias et al. 1992;
Watts et al. 1993; Comas et al. 1999). The basement of the Alboran Basin is composed
mainly of metamorphic and volcanic rocks of the Alboran Domain, which currently
outcrops on land in the Spanish and Moroccan peripheries (Betics and Riffean internal
zones; Fig. 7.1-1). The regional lithospheric thinning was concomitant with compression,

crustal thickening and westward shifting of the Gibraltar Arc (Comas et al. 1999).
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Figure 7.1-1 Locality map of the study area, and geological sketch of the main structural features
and sub-basins of the Alboran Sea (modified from Comas et al. 1999). AC Alboran Channel, AR
Alboran Ridge, DB Djibouti Bank, EAB East Alboran Basin, HE Habibas Escarpment, MR
Maimonides Ridge, MS Al-Mansour Seamount, SAB South Alboran Basin, VE Vizconde de Eza
High, WAB Western Alboran Basin. Commercial wells: EJ, G1, Alb-Al, And-Al. ODP and DSDP
wells: 121, 976, 977, 978, 979.

The Albordn Basin can be subdivided into three major morpho-structural sub-
basins, the Western Alboran Basin (WAB), East Alboran Basin (EAB) and South Alboran
Basin, delimited by the Alboran Ridge, a major structural high that divides the region
obliquely (Maldonado et al. 1992; Fig. 7.1-1). Topographic highs along the margins and
in the sub-basins vary in nature, being composed of volcanic rocks, basement blocks and
mud diapirs. The present-day configuration of the Alboran Basin has resulted from the
superimposition of consecutive stages of rifting during the Miocene (22-8/9 Ma) and a
subsequent Late Miocene (8/ 9 Ma to present) compressive reorganization (Bourgois et
al. 1992; Maldonado et al. 1992; Mauffret et al. 1992; Watts et al. 1993; Comas et al.
1999). Backstripping analysis indicates two main stages of tectonic subsidence during

the Early and Middle Miocene and a generalized uplifting from the Late Miocene
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onwards (Cloetingh et al. 1992; Docherty and Banda 1995). There is active mud diapirism
in the WAB (Fig. 7.1-1) where the sedimentary cover reaches a thickness of more than 8
km, contrasting with the EAB and the South Alboran Basin where it barely reaches 3 km

(Soto et al. 1996; Pérez-Belzuz et al. 1997).

The filling of the Albordn Basin is composed of Early Miocene to Quaternary
marine deposits. Six seismic units bounded by regional unconformities have been
identified: | to VI, from young to older (Comas et al. 1992). Unit VI is composed of
olistostromes containing metamorphic clasts from the Albordn Domain, flysch deposits,
and undercompacted muds related to mud diapirism in the WAB. Unit V is Langhian-
Serravallian in age and composed of two subunits, whereas unit IV is Upper Serravallian-
Tortonian in age and composed of clays and silty clays with sandy interbeds and some
marly intervals (Jurado and Comas 1992). Unit Ill is Tortonian in age and composed
mostly of clays and silty clays with interbedded sandstones. Unit Il is of Messinian age
and characterized by marine siliciclastic sediments and shallow limestones that
occasionally contain gypsum and anhydrite. The top of unit Il is marked by a
discontinuity that corresponds to the M reflector and can be traced over the whole
Mediterranean Basin (Ryan et al. 1973). Unit | is defined by Plio-Quaternary deposits
with different depositional patterns controlled by the interplay of glacio-eustatic
changes, tectonism and marine water circulation (Ercilla et al. 1992; Herndandez-Molina

et al. 1994; Ercilla and Alonso 1996; Chiocci et al. 1997; Lobo et al. 2008).

Existing knowledge of the general present-day circulation indicates that, after
entering the Alboran Sea through the Strait of Gibraltar, the surficial Atlantic water
(down to 150-200 m water depth) describes two anticyclonic gyres, one in the WAB and
another in the EAB (Parrilla et al. 1986; Millot 1999; Vargas-Yanez et al. 2002).
Mediterranean waters comprise two distinct water masses that converge on the Strait
of Gibraltar: the Levantine Intermediate Water, which extends down to 600 m water
depth, and the Western Mediterranean Deep Water (below 600 m water depth)
restricted largely to the Moroccan margin. Nelson (1990) suggested that this circulation
pattern developed after the opening of the strait, although it was interrupted by an
estuarine-type exchange of water masses during the early Quaternary (Huang and

Stanley 1972).
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7.1.3 Materials and methods

The dataset comprises a large number (>500) of industrial multi-channel seismic
profiles downloaded from the SIGEOF and ICM-CSIC databases (http://www.igme.es/
internet/sistemas_infor/BASESINTERNET/sigeof.htm and
http://www.icm.csic.es/geo/gma/SurveyMaps/ respectively), and academic multi-and
single-channel seismic profiles obtained during several scientific cruises (1975-2010)
(Fig. 7.1-2). The analogue records were digitized and transformed to the standard SEGY
format by means of the free software IMAGE2SEGY (http://www.icm.csic.es/gma/ca/

content/image2segy-0; Farran 2008).

All seismic profiles were integrated in a Kingdom Suite project. The profile grid
covers practically the whole Alboran Sea, except for the continental shelves and some
sectors of the Moroccan continental slope. To establish the chronostratigraphic
framework, the seismic data were correlated with several commercial (Andalucia G-1,
Alboran A-1 and Andalucia A-1) and scientific (DSDP-121, ODP-976-977-978-979) well
records, as well as with previous stratigraphic studies (e.g. Jurado and Comas 1992;
Campillo et al. 1992; Tandon et al. 1998; Pérez-Belzuz 1999; Comas et al. 1999; Vazquez
2001; Martinez del Olmo and Comas 2008).
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7.1.4 Chronostratigraphic boundary marking the end of the Messinian Salinity Crisis

The surface defined by the M reflector in the Alboran Basin, hereafter called the
Messinian surface, displays a strong erosional character of variable magnitude (up to
860 ms TWTT, two-way travel time) that truncates upper Miocene deposits and
morphological highs (basement, diapirs and volcanoes; Figs. 7.1-3 and 7.1-4). It mainly
involves tilted Tortonian (750-1,250 ms depth) or older deposits, as found in the

tectonically active areas close to the Strait of Gibraltar (Fig. 7.1-5a).

The incision into Miocene deposits is of variable depth, high values having been
recorded in tilted Miocene deposits on the upper slope (tens to hundreds of ms), and
between the Strait of Gibraltar and the 9760DP well (about 500 ms) on the lower slope
(Figs. 7.1-4 and 7.1-5a). Relatively high values occur also in the deep parts of the WAB
(up to 860 ms), which contrasts with other basins of the Mediterranean Sea where the
erosion is essentially restricted to the slopes of the basin margins (Gargani, 2004; Lofi et

al. 2005; Bache et al. 2009; Gargani et al. 2010).

The Messinian surface has an irregular pattern along the Spanish margin (Figs.
7.1-4, 7.1-53, b), but a smoother pattern along the Moroccan margin. Locally, these

patterns are modified by the existence of mud diapirs or structural highs.

The few identified deposits related to the MSC are characterized by thin chaotic
wedges (less than 100 ms), except along the Spanish slope margin between Estepona
and Malaga where they are better preserved (up to 200 ms; Fig. 7.1-4). These deposits
have been correlated with the Andalucia G-1 commercial well (Martinez del Olmo and
Comas 2008) and are composed of clay with anhydrite, salt and pyrite. The material may
have been supplied from the erosion of peripheral marginal evaporites during the
drawdown in the course of the MSC, as has been the case in other areas of the

Mediterranean Basin (Maillard et al. 2006; Bache et al. 2009).

141



Figure 7.1-3. a) Topographic map of the Messinian surface (isobaths in seconds TWTT): AB
Algarrobo Bank, DB Djibouti Bank, HB Herradura Bank, VE Vizconde de Eza High. b) Three-
dimensional zoomed view of the present-day Messinian surface in the transition area between
the Strait of Gibraltar and the Western Alboran Basin, showing the main morphological features
related to the Zanclean flooding of the Mediterranean Sea. Vertical scale x 6 in seconds TWTT.
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Figure 7.1-5. a) Composite single- (left) and multi-channel (right) seismic profile, showing the
incised Zanclean Channel. Note the diapirism affecting the Miocene units, and the
compressional structures (folding) along the Spanish margin (north). b) Multichannel seismic
profile showing terraces and the Zanclean Channel in the distal reaches of the Western Alboran
Basin. Note the tilted Miocene deposits against the structural high. ¢) Multi-channel seismic
profile along the Zanclean Channel axis on the eastern side of the Strait of Gibraltar. Note the
irregular erosion surface at the base of the Pliocene, and the deformed basement. Red arrows
diapirs, violet lines top of Messinian surface, dashed red lines acoustic basement, black lines
faults (see Fig. 7.1-2 for profile locations).
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Figure 7.1-5c. (continued)

7.1.5 Morphology of the Messinian surface

Mapping of the Messinian surface has resulted in a regional morphological chart
of the Alboran Sea soon after the Zanclean flooding event (Fig. 7.1-3). This surface, which
covers a depth range of up to 3,300 ms (measurements include the water column),
broadly depicts the main physiographic features that configured the Alboran Basin and
conditioned the Zanclean flooding. The data reveal that the shape of the ancient Alboran
Basin was similar to the present-day one, except for more enhanced topographic
irregularities along the Spanish and Moroccan slope margins (compare Figs. 7.1-2 and
7.1-3). This is because the morphological features at that time were created mainly by
the structural template, rather than by sedimentary systems as is the case today. The
basin morphology can be broadly categorized into topographic highs and erosional

features.

7.1.5.1 Topographic highs

Topographic highs have positive reliefs that protrude from the Messinian
surface, either isolated or clustered (Figs. 7.1-3 and 7.1-6). Three types can be

distinguished: diapirs, volcanic highs and structural highs.
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Diapirs

Diapirs occur mainly along the western side of the WAB, on the margin slope and
in the deep basin sector defining a roughly arcuate field with an inverted bowl
morphology that parallels the Gibraltar Arc (Figs. 7.1-3 and 7.1-6). These are mud diapirs
related to overpressured sediments of Early to Middle Miocene (Jurado and Comas
1992; Talukder 2003) or even Messinian age (Pérez-Belzuz et al. 1997). On the basis of
their distribution and the available seismic profiles, two different age groups were
identified, one having formed prior to the MSC, the other post-MSC in Plio-Quaternary
times. Diapirs emplaced prior to the MSC are located closer to the Strait of Gibraltar; the
morphological expression of some is subdued, plausibly due to partial erosion during
the Zanclean flooding (Fig. 7.1-5a, c). Other diapirs continued to be active or were
uplifted during the Plio-Quaternary, as indicated by their association with several faults
of that age (Fig. 7.1-5a). They are located to the east of the older diapirs, causing a local
deformation of the Messinian surface (Fig. 7.1-4). In fact, the main mud diapir

expression on the digital elevation map corresponds to the Plio-Quaternary period.
Volcanic highs

Volcanic highs are the most striking morphological features on the topographic
map and dominate the present-day seafloor topography as much as they did during the
Zanclean (Figs. 7.1-1 and 7.1-3a). They are largely concentrated on the north-eastern
slope of the WAB in the form of a volcanic complex comprising the Djibouti Bank,
Algarrobo Bank, and Herradura North and South banks. In addition, an isolated volcanic
edifice, the Vizconde de Eza Bank, is located in the centre of the WAB (Figs. 7.1-1 and
7.1-3a).

Structural highs

Structural highs correspond to basement features shap-ing the Messinian
surface on the slopes and in the deep sub-basins of the Alboran Sea (Figs. 7.1-1, 7.1-3
and 7.1-6). These highs, which are related to tectonic activity in the Albordn Basin
(Woodside and Maldonado 1992; Garcia-Duefias et al. 1992; Watts el al. 1993; Martinez-
Garcia et al. 2011), are bounded by faults that have locally exhumed basement blocks

(Fig. 7.1-5b). In the WAB, these comprise the ODP976 high and two unnamed highs in
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the vicinity of the Vizconde de Eza Bank (Fig. 7.1-3a). It is suggested that the ODP976
high represents an outcrop exposed by erosion during the Zanclean flooding, because
the M reflector truncates the Miocene deposits of which it is composed (Fig. 7.1-4). The
two highs in the vicinity of the Vizconde de Eza Bank are likely also of Zanclean age, as
demonstrated by the Plio-Quaternary sequence covering them and the lack of
morphological expression on the present-day seafloor (Fig. 7.1-5b). Their formation is

probably related to Late Miocene tectonism (Comas et al. 1992).

In the EAB, several structural highs were identified on the slopes and in the deep
basin sector (Figs. 7.1-1, 7.1-6 and 7.1-7a). The most prominent is the Habibas
Escarpment, which is NW-SE-aligned and outcrops on the present-day seafloor of the
deep basin (Figs. 7.1-1 and 7.1-6). In addition, a number of Zanclean highs have been
mapped that are buried under Plio-Quaternary sediments (Fig. 7.1-7a; Estrada et al.

1997).

7.1.5.2 Erosional features

Three major types of erosional features characterize the Messinian surface: the

Zanclean Channel, several terraces, and canyons.

Zanclean Channel

This deep erosional feature, hereafter referred to as the Zanclean Channel,
comprises a generally E-W-aligned, 390-km-long erosional depression that crosses the
deepest parts of all three Alboran sub-basins from the Camarinal Sill in the Strait of
Gibraltar (Figs. 7.1-2 and 7.1-3) to at least the transition to the Algero-Balear Basin.
Seismic records show the channel to have been eroded into the Messinian Erosion
Surface, being incised into Miocene deposits and subsequently filled by Pliocene—
Quaternary sediments. The channel can be divided into three geographic domains based
on morphological characteristics: a western domain, which extends from the Strait of
Gibraltar to the easternmost end of the WAB, a central domain, which coincides with

the present-day Albordn Channel, and an eastern domain that crosses the EAB.
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Figure 7.1-7. a) Single-channel seismic profile showing the Zanclean Channel in the
easternmost part of the Alboran Basin, at the transition to the Algero-Balear Basin. b)
Multi-channel seismic profile showing the Zanclean Channel in the narrow passage of the
Alboran Channel. Violet lines top of Messinian surface (see Fig. 7.1-2 for profile locations).

In the western domain, the Zanclean Channel has a complex morphological
configuration (Fig. 7.1-6) related to the pre-existing irregular morphology near the Strait
of Gibraltar and the widespread presence of mud diapirs (Fig. 7.1-5a, c), their activity
having contributed to the deformation and remoulding of the channel in Plio-
Quaternary times. In this domain, the channel is 210 km long and displays an initial
WSW-ENE direction in and near the Strait of Gibraltar, which changes to WNW—ESE as
it enters the WAB. Along the first 80 km, the channel is deeply incised (up to 650 ms)

into Miocene deposits and displays a U shape (average width 12 km; Fig. 7.1-5a) with
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increasing asymmetry towards the east. At the same time the channel relief decreases
towards the east from 650 ms to less than 250 ms (Fig. 7.1-5a, b). Locally, a substantially
reduced relief can be explained by disturbance by mud diapirism during the Plio-
Quaternary. The longitudinal profile of the channel axis is irregular and displays two
minor branches along its northern side. Along the first 35 km, where the channel crosses
the Strait of Gibraltar, the longitudinal profile is stepped and characterized by several
highs and lows (Fig. 7.1-5c) spaced about 4 km apart and with reliefs reaching 650 ms.
From 35 to 80 km the channel is more deeply incised and the axis dips towards the
centre of the WAB, displaying a series of lows and highs associated with a significant

reduction in relief between 65 and 87 km explainable by Plio-Quaternary diapirism.

Along the last 130 km, the incision of the Zanclean Channel decreases eastwards
(relief about 100 ms) while it bends towards the ESE until connecting with the Alboran
Channel close to the ODP976 high. In this section, the channel splits into a northern and
a southern branch as it encounters the Vizconde de Eza High. The northern branch has
locally been tilted by Plio-Quaternary tectonic activity (Fig. 7.1-5b). It is less than 7 km
wide and the incision depth 100/160 ms. The southern branch is about 5 km wide and
up to 110 ms in relief. The two branches converge towards the mouth of the Alboran

Channel (i.e. where the central domain begins).

In the central domain, the Zanclean Channel is laterally confined by the Alboran
Ridge and several topographic highs (Djibouti Bank, Herradura Northand Southbanks),
andis SW-NE-aligned (Figs. 7.1-1 and 7.1-6). Although its morphological expression is
partly masked by the Plio-Quaternary compressive tectonics in this domain, the data
indicate that the channel gradually narrows (to about 4 km in width and 75 km in length)

and deepens (to 325 ms on average; Fig. 7.1-7b).

In the eastern domain, straddling the EAB, the Zanclean Channel splits into three
branches where it meets structural highs (Fig. 7.1-6). The largest incision is located to
the south of the topographic highs, whereas the two smaller ones are located to the
north. The main incision is 90 km long, has a U-shaped cross-section, and runs
predominantly in an W—E direction parallel to the Habibas Escarpment (Figs. 7.1-1 and
7.1-6). Although some reaches of the main incision are masked by Plio-Quaternary

deformation (Estrada et al. 1997), it has an estimated average relief of 245 ms and a
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width of 5.8 km. In detail, its dimensions vary strongly from 143 to 403 ms in relief and
from 4.5 to 8 km in width (Fig. 7.1-7a), the latter initially increasing and then decreasing
towards the transition to the Algero-Balear Basin. The two minor channels are up to 200

ms deep and 4 km wide.

Terraces

Terraces have shaped the Messinian surface into a stepped profile along the
margins of the WAB. Seismic records show these features to truncate Miocene deposits.
They are aligned sub-parallel to the western Spanish and Moroccan margins and display
variable dimensions (Figs. 7.1-3, 7.1-4, 7.1-5a, b). The Spanish terraces are located
between the Strait of Gibraltar and the Herradura Bank, and the Moroccan terraces

between the strait and the surroundings of Cabo Negro (Figs. 7.1-1 and 7.1-6).

The Spanish terraces are longer (up to 70 km) and higher (up to 250 ms), their
main direction being WSW—-ENE parallel to the Zanclean Channel (Fig. 7.1-3). Three main
terraces have been identified in the present study, occupying different depths and
converging westwards towards the Strait of Gibraltar. They display an arcuate shape in
plan view, and their lateral continuity is affected by mud diapirism that also distorts the
stepped morphology (Fig. 7.1-3). The two shallower terraces deepen eastwards from
650 and 900 ms to about 2,400 ms, and their crosssections are concave-up (up to 120
ms in height and 1.5 km in width; Fig. 7.1-5a). The seismic records reveal that the
shallowest one truncates the uppermost layers of the chaotic body of Messinian age
around the ODP976 high (Fig. 7.1-4). The deeper terrace (6 km in width) is characterized
by a downslope-dipping step; its relief decreases eastwards from 490 ms until it
essentially disappears 120 km from the Strait of Gibraltar where mud diapirs impair any
identification (Figs. 7.1-5a and 7.1-6). This terrace also deepens towards the east from

1,750 to 2,300 ms.

Along the Moroccan margin, two main terraces have been identified as
counterparts of the shallower Spanish terraces, being similar in size and morphology

(Fig. 7.1-6).
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Canyons

The Messinian surface is also incised by canyons along both the western Spanish
and Moroccan margins of the WAB (Figs. 7.1-3, 7.1-6 and 7.1-8). These canyons are
incised into Miocene deposits and have subsequently been filled by Plio-Quaternary
sediments (Fig. 7.1-8). They are well developed along the Spanish margin between the
Strait of Gibraltar and Estepona; an isolated canyon is found further east off Malaga. The
upper reaches of the canyons display amphitheatre-like shapes that trace the main
orientation of the Gibraltar Arc. The canyons have a relief of up to150 ms and a width
of up to 9 km, their length increasing eastwards from 9 to 27 km. Downslope, the canyon
dimensions decrease (by about 60 ms) and their convergent pathways are sharply
interrupted by terraces (Figs. 7.1-3 and 7.1-6). The isolated canyon off Malaga follows
an almost rectilinear path that can be traced for 45 km before it disappears at 2,000 ms
(depth). Its width and relief vary from 15 km and 300 ms in the upper reaches to 4 km
and 50 ms respectively in the distal reaches. The canyons mapped along the Moroccan
margin are, by contrast, less well developed and display rectilinear pathways that can
be traced to 2,000 ms depth (Fig. 7.1-6). These canyons are up to 4 km wide and 250msin

relief.

Figure 7.1-8. Single-channel seismic profile showing canyons on the Spanish continental margin
near the Strait of Gibraltar. Violet lines top of Messinian surface (see Fig. 7.1-2 for profile
location).
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7.1.6 The Messinian surface

The palaeo-topographic map defining the Messinian surface in the Albordn Basin
can be used to infer the main processes responsible for its shape. In many respects, the
topography is similar to the modern configuration of the Alboran Basin due to the

geological history of the Alboran Sea from the Messinian to the present.

The Messinian surface is a polygenetic product of processes active during
different stages of the MSC from 5.96 Ma to the Zanclean flooding at 5.33 Ma. The
superimposition of successive erosional events, subaerial desiccation, and marine
influence during the Atlantic flooding has resulted in the preservation of distinct
morphological features (Zanclean Channel, terraces, can-yons) of different ages. This
polygenetic surface was later remoulded by various geological processes, the most
important being mud diapirism that affected the area from pre-to post-Messinian times.
Based on the results of the present study, mud diapirism conditioned the marginal pre-
Messinian topography of the Alboran Basin in the western domain of the Zanclean
Channel, whereas post-Messinian diapirism deformed and masked the original

topography.

Tectonism was another process that modified the Messinian surface, particularly
in the vicinity of the Gibraltar Arc where the westward emplacement of the Alboran
Domain resulted in a tilting and folding of the original Messinian margin topography, at
the same time uplifting the highs (Fig. 7.1-5a, c; Ercilla et al. 1992, 1994; Schoorl and
Veldkamp 2003; Faccenna et al. 2004). Locally, the emplacement of structural highs
masked and tilted the Messinian surface, particularly in the western channel domain

(Fig. 7.1-5b).

7.1.7 Onset of Atlantic water inflow

The Zanclean Channel is inferred to have been incised by the Atlantic water
masses flooding the drained Alboran Sea in a catastrophic event. Geological evidence
from the Gulf of Lions suggests the occurrence of an earlier, less dramatic inflow of

Atlantic water (Bache et al. 2009). However, any sedimentary deposits formed in the
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Alboran Basin by that earlier inflow appear to have been completely obliterated by the

subsequent catastrophic event (Garcia-Castellanos et al. 2009).

Crossing the entire Alboran Basin, the Zanclean Channel is defined by a major
erosional depression having a U-shaped cross-section along the deeper part of the WAB,
and which can be traced eastwards along the Alboran Channel and the EAB up to the
transition with the Algero-Balear Basin (Fig. 7.1-6). This prominent erosional feature can
be explained only by a catastrophic inflow of Atlantic water when the Strait of Gibraltar
reopened during the Zanclean, as there is no evidence for any link to a major canyon or
river valley that could have fed the channel. Furthermore, no entrenchments of any
scale are observed in the younger Plio-Quaternary deposits. These observations strongly
support the contention that the Zanclean Channel was incised when the sea level was
about 1,300-1,500 m lower than that of the present day (Bache et al. 2009; Urgeles et
al. 2011).

The connecting valley between the Strait of Gibraltar and the channel proper is
characterized by several topographic steps associated with highs and lows along the axis
(Fig. 7.1-5c¢), their interpretation being still controversial. Three hypotheses have been
invoked to explain their origin: (1) they formed by a westward migration of waterfalls,
in which case the features would be the result of hydraulic jumps; (2) they formed by a
combination of erosion and mud diapirism; and (3) they formed by an as yet unknown
process associated with the water jet that flooded the Mediterranean Basin (Blanc 2002;
Garcia-Castellanos et al. 2009). The waterfall hypothesis has the drawback that the
upstream side is smoother than the downstream one— exactly the opposite of what
would be expected in a retrogressive migration of a waterfall. Whatever the origin of
the topographic highs and lows, they suggest a pulsed retrogradation of a flow that was
able to erode the floor. This could entail a pre-flooding period of mild Atlantic
waterinflowtothe Mediterraneanbyway of small waterfalls that were partly preserved
during the later Zanclean flooding event, an interpretation favouring hypothesis #2 that,
in addition, postulates that the thickness of the salt deposits detected in the deep basins
would have required some Atlantic water inflow prior to the flooding event (CIESM

2008). The inconclusive nature of the above discussion highlights the fact that new

154



insights are required to interpret the origin of these features, especially with regard to

the palaeogeography during the Zanclean flooding.

7.1.8 Dynamics of the Zanclean flooding
7.1.8.1 Route, energy, and morphological control

The results of the present study convincingly demonstrate that the degree of
Zanclean Channel entrenchment is highly variable across two Albordn sub-basins,
suggesting variations in the erosive capacity of the inflowing Atlantic waters. In the
Western Alboran Basin close to the Strait of Gibraltar, the channel incision has the
highest relief, indicating that this part of the channel was more strongly impacted. The
difference in elevation between the water level of the Atlantic Ocean and the Western
Mediterranean during the MSC plausibly resulted in a very high flow velocity and, in
turn, incision rate (Garcia-Castellanos et al. 2009). Likewise, the natural tendency of a
flow to reach an equilibrium state would have favoured erosion close to the Strait of
Gibraltar. As the confinement of the channel decreased eastwards, entrenchment
decreased (about 100 ms) and the channel width increased (7 km), suggesting a
decrease in flow energy and erosive capacity. Here, major topographic highs (volcanoes,
structural highs and mud diapirs) acted as morphological barriers diverting the flooding
path, thereby inducing local variations in Atlantic flooding hydrodynamics. In the WAB,
these are the Vizconde de Eza (volcanic) and ODP976 (structural) highs. The former
would have caused the flood to split into a northern branch, clearly more energetic as it
followed the shortest W—E route across the sub-basin, and a southern less energetic
branch, as suggested by lesser incision (110 ms) into the Miocene deposits and
restriction to the high edges (Figs. 7.1-5b and 7.1-6). In the vicinity of the ODP976 high,
the direct impact of the Atlantic water masses evidently exhumed the partly buried high,
consistent with the evidence of bay-shaped erosional zones on its eastern and western

sides.

Mud diapirs would have moulded the seafloor of the WAB into inverted bowls
(Pérez-Belzuz et al. 1997)that interacted with the Atlantic water masses in such a way

as to expose the margin areas to stronger erosion. The diapirs also evidently configured
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small basins where the Messinian chaotic wedges were trapped (Fig. 7.1-4). Locally,
some diapirs were exposed during the flooding, the erosion resulting in flat tops. Active
diapirism close to the Strait of Gibraltar also conditioned the morphology of the
Zanclean Channel. The remnants of these diapirs suggest the existence of an antiform in
front of the strait that was deeply eroded by the Atlantic flooding (Fig. 7.1-5a). This likely
involved a highly energetic, non-migrating flow that, instead of being diverted by the
morphological barrier, flowed straight across it at the highest point while eroding a

deeper channel.

In the Alboran Channel, the Zanclean Channel would have experienced a sudden
reduction in cross-section because of the structurally confined passage imposed by the
volcanic Djibouti complex in the north and the Alboran Ridge in the south. However,
during the Zanclean the Albordn Channel was probably wider than today, as suggested
by the compressive features identified on seismic profiles and on the present-day
seafloor (Woodside and Maldonado 1992; Estrada et al. 1997; Martinez-Garcia et al.
2011). Although the precise dimensions of the Albordn Channel before the flooding
event are not known, the observed increase in channel relief (from 100 to 325 ms)

implies a reduction in channel width and concomitant increase in flow velocity.

In the East Alboran Basin, the flow path of the Atlantic water masses would have
been strongly modulated by the Habibas Escarpment and several structural highs, as
indicated by variations in Zanclean Channel width and relief. Evidence that the highest
relief (403 ms) is found at the transition to the Algero-Balear Basin (Fig. 7.1-7a) would

be consistent with an increased hydrological gradient between these basins.

7.1.8.2 Pulsed Atlantic water inflow into the Alboran Basin

The infilling dynamics of the Alboran Basin can be inferred from terrace
formation and the preservation of canyons (subaereal in origin). Although the
reconstruction of terrace formation is not straightforward, possible scenarios include an
initial-stage (before) and a late-stage (after) terrace formation relative to the Zanclean
Channel entrenchment. The deepest terrace (1,750-2,300 ms) was probably formed

before channel entrenchment, as suggested by its deeper location and shape. Terrace
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erosion would have been associated with reworking processes in the deepest part of the
basin margin during initial inflow immediately before the catastrophic flooding, and the
terrace subsequently preserved as a relict feature. This scenario would correspond to
the initial stage of slow sea-level rise proposed by Bache et al. (2009) for the Gulf of

Lions immediately before the Zanclean flooding.

The shallower terraces (600— and 900-2,400 ms) along the Spanish and
Moroccan margins probably formed in response to repeated erosional events following
the Zanclean Channel entrenchment, in the course of pulsed filling of the Alboran Sea
when the Mediterranean was already partly refilled. The widespread occurrence of
terraces on both the Spanish and Moroccan margins, their concave-up shapes
paralleling the margins in continuity of the Gibraltar Arc, and their lateral changes in
shape in accordance with the local morphology are all evidence in support of this
interpretation. Their restricted occurrence along the margins of the WAB can be
explained by the proximity to the Strait of Gibraltar, in a sector that experienced the

greatest impact of the Atlantic water inflow.

Similar terraces with concave-up shapes occur on the present-day seafloorin the
westernmost sector of the upper slope along the Spanish margin close to the Strait of
Gibraltar. Their origin has been related to the erosional action of Atlantic water masses
entering the Alboran Sea and describing an anticyclonic gyre in the Western Alboran
Basin (Medialdea et al. 1994). Evidence arguing against this hypothesis is the eastward
deepening of the terraces, although this could also be explained by the Plio-Quaternary
tectonic deformation of the Spanish margin. In fact, several lines of stratigraphic
evidence support the occurrence of differential uplifting and tilting of the Spanish
margin at that time: the outcropping of Pliocene deposits, the local non-preservation of
Quaternary deposits on the Spanish shelf and along the shelf break, and an unequal
configuration of slope deposits that is more enhanced close to the Strait of Gibraltar
(Ercilla et al. 1992, 1994; Maldonado et al. 1992). These tectonic processes—uplifting

and tilting—must have favoured eastward deepening of the terraces.

Despite uncertainties regarding terrace palaeo-depth, these features may also
have formed when Western Mediterranean waters reached the level of the Sicily Sill and

started flooding the Eastern Mediterranean Basin (Bache et al. 2009; Just et al. 2011). In
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this scenario, it is tentatively suggested that the upper terrace (600 ms) formed when
the filling of the Western Mediterranean Basin reached the Sicily Sill, and that the lower
terrace (900 ms) formed later when sea level dropped in the western basin due to the
collapse of the Sicily Sill (similar to that of the Strait of Gibraltar; Garcia-Castellanos et
al. 2009) accompanied by water release into the Eastern Mediterranean Basin. During
each of these two events the sea level would have remained constant, thereby favouring
the development of wave-cut terraces in shallow waters. Recently, similar terraces have
been described from two other areas (Balearic and Algerian margins) of the Western
Mediterranean, these also having been related to sea-level stagnancy while the water
overflowed into the Eastern Mediterranean Basin (Just et al. 2011). This hypothesis,
however, would need to be supported by more morphological and sedimentary

evidence from other Mediterranean basin margins.

Other factors controlling the formation of the terraces are the relative energy of
the Atlantic flooding event, the topography (slope gradients), and the type and nature
of the eroded deposits. Assuming that the erodibility of Miocene deposits was similar
throughout the region (based on their similar seismic and sedimentary characteristics;
Campillo et al. 1992; Comas et al. 1992), it is suggested that if the deepest terrace
formed before the Zanclean Channel entrenchment, then this would have been when
the Alboran Basin experienced the dramatic change from a subaerial to marine
environment. In this scenario, the erosion caused by the Atlantic flooding event would
have affected the whole deep basin. This would explain the larger width of the terrace
(6 km), its deeper location (1,750-2,300 ms), and its topographic link with the Strait of
Gibraltar. On the other hand, the smaller widths (ca. 1.5 km) of the shallowest terraces
along both the Spanish and Moroccan margins may have been associated with a
decrease in the energy of the inflowing Atlantic water, a steeper gradient of the slope
margins, and/or a smaller part of the seafloor being affected by erosion due to the sea-
level rise. When the Alboran Sea was partly infilled, erosion would have affected only
those sections of the marginal seafloor close to the new sea level. Along steep margins,

correspondingly smaller sections of the seafloor would have been affected by erosion.

The canyons identified along the Spanish margin between the Strait of Gibraltar

and the ODP976 high (Figs. 7.1-3 and 7.1-8) represent morphological features that
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developed in a subaerial environment when the Mediterranean Sea level was
substantially lower (by ~1,500 m) during the MSC (Bache et al. 2009). Such canyons
(although smaller) occur also along the Moroccan sector of the Gibraltar Arc. This
contrasts with other areas of the Alboran margins where canyons are absent (except for
one off Malaga). These observations suggest that canyon development was enhanced
by the westward pushing of the Gibraltar Arc (Loget and Van Den Driessche 2006), which
resulted in uplifting and tilting of the margin. This would imply an origin prior to the
Zanclean flooding. These tectonic processes produced steep slopes that would have
favoured subaereal mass-wasting processes associated with canyon formation. The
courses of the canyons are interrupted by terraces, in a succession of perched thalwegs.
This implies that the canyons predate the terraces, the latter linked with the Atlantic
flooding. The preservation of the canyons and the lack of terraces upslope both suggest
that, after the formation of the shallower terraces, the flooding of the Alboran Basin
proceeded as depicted in the mathematical model of Garcia-Castellanos et al. (2009).
Based on the scenario describing the shallowest terrace formation, the flooding
occurred after the sea level reached the same elevation in both the Western and Eastern
Mediterranean basins, although more evidence in support of this hypothesis is required

(cf. above).

7.1.9 Conclusions

In conclusion, the Messinian surface broadly depicts the main physiographic
setting that configured the Albordn Basin and conditioned the Zanclean flooding. The
occurrence of several submarine terraces at different depths and the development of
subaerial canyons suggest several inflow events of Atlantic water into the basin. There
could have been two major inflow phases of Atlantic water, one shortly before and the
other during the Zanclean flooding, the latter accompanied by periods of relative sea-
level stillstands that enabled terrace development. Alternatively, these features were all

generated during the main flooding event and subsequent pulsed infilling of the basin.
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ABSTRACT

The Mediterranean Sea became disconnected from the world’s oceans and mostly
desiccated by evaporation about 5.6 million years ago during the Messinian salinity crisis
(Hsl et al., 1973; Clauzon et al., 1996; Krijgsman et al., 1999). The Atlantic waters found
a way through the present Gibraltar Strait and rapidly refilled the Mediterranean 5.33
million years ago in an event known as the Zanclean flood (Blanc, 2002). The nature,
abruptness and evolution of this flood remain poorly constrained (Blanc, 2002; Hsii and
Ryan, 1973; Meijer and Krijgsman, 2005). Borehole and seismic data show incisions over
250 m deep on both sides of the Gibraltar Strait that have previously been attributed to
fluvial erosion during the desiccation (Blanc, 2002; Campillo et al., 1992). Here we show
the continuity of this 200-km-long channel across the strait and explain its morphology
as the result of erosion by the flooding waters, adopting an incision model validated in
mountain rivers. This model in turn allows us to estimate the duration of the flood.
Although the available data are limited, our findings suggest that the feedback between
water flow and incision in the early stages of flooding imply discharges of about 108 m?3
s ! (three orders of magnitude larger than the present Amazon River) and incision rates
above 0.4 m per day. Although the flood started at low water discharges that may have
lasted for up to several thousand years, our results suggest that 90 per cent of the water
was transferred in a short period ranging from a few months to two years. This
extremely abrupt flood may have involved peak rates of sea level rise in the

Mediterranean of more than ten metres per day.
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7.2.1 Introduction

The main evidence for a kilometre-scale sea level drop in the Mediterranean is
the excavation of canyons by the rivers flowing to the empty sea during the Messinian
stage, up to 2,500 m deep in the Nile Delta (Barber, 1981) and about 1,000 m deep at
the mouth of the Rhone (Clauzon, 1978). The salt accumulation in the deeper parts of
the basin and the deposition of cyclic alternations between brackish and fresh-water
sediment of the Lago Mare facies, combined with high-resolution biostratigraphy and
astronomically-calibrated magnetostratigraphy (Clauzon et al., 1996; Krijgsman et al.,
1999), indicate that total disconnection between both sides of the Betic—Rifean orogen

started about 5.6 million years ago.

The Messinian salinity crisis finished 5.33 million years ago (Krijgsman et al.,
1999), when the Atlantic waters found a way through the present Gibraltar Strait and
refilled the Mediterranean in an event known as the Zanclean or post-Messinian flood
(Blanc, 2002). There is agreement that this was triggered primarily by tectonic
subsidence at the Gibraltar sill, probably related to the sinking of a lithospheric slab
under the Betic—Rifean orogeny (Govers, 2009), and perhaps in combination with sill

erosion (Loget and Van Den Driessche, 2006) and sea-level rise.

Outburst floods triggered by overspilling of large lakes have induced dramatic
changes in surface hydrology and topography in regions as diverse as the Pleistocene
Lake Bonneville (O’Connor, 1993), the Tertiary Ebro basin (Garcia-Castellanos et al.,
2003) (northeast Iberia), or the English Channel (Gupta et al., 2007), but the case of the
post-Messinian flood is special because of the enormous size of both the source and the
sink basins. The equilibrium level of the isolated Mediterranean during desiccation was
between 1,500 m and 2,700 m below present sea level (Meijer and Krijgsman, 2005;
Blanc, 2006), implying that the flooding water volume was three orders of magnitude
larger than that at Lake Bonneville. Because they were based on an arbitrary evolution
for the depth of the Gibraltar Strait during the flood, previous estimates of the flood
duration yielded divergent values ranging between ten years (Blanc, 2002) and a few

thousand years (Hsli and Ryan, 1973; Meijer and Krijgsman, 2005).
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To quantify and understand the abruptness of the post-Messinian flood we
needed to incorporate the dynamics of rock incision as the mechanism that
progressively excavated the floodway and let ever increasing flow of Atlantic waters into

the Mediterranean basin.

The present maximum depth of the Gibraltar Strait ranges between 284 m at the
present Camarinal sill (the shallowest pass between the Atlantic and the Mediterranean;
Fig. 7.2-1) and about 900 m at the Strait itself. Its present morphology might be affected
by the strong streams between both oceanic domains and by tectonic vertical motions
after flooding, rather than being an intact relict of Messinian or Zanclean incision.
However, the streams did not impede deposition in the strait after the Messinian (Fig.
7.2-2a and Supplementary Fig. 7.2-S2), and therefore they cannot be responsible for the
bulk of the present bathymetry. As for tectonic motions, if present at all after the
Messinian, they are limited to long-wavelength isostatic or dynamic motions such as
those controlling the onset (Duggen et al., 2003) and the end (Govers, 2009) of the
Mediterranean isolation, because local fault deformation is minor (Loget and Van Den

Driessche, 2006; Iribarren et al., 2007) (see, for example, Fig. 7.2-2b).
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Figure 7.2-1. Geological map and bathymetry of the Gibraltar Arc region. The extent of the
erosion channel is shown (after Blanc, 2002 and Campillo et al., 1992). The incision channel cuts
70 km beyond the drainage divide, which we interpret as the result of westwards retrogressive
erosion during the post-Messinian flood. The interpretation of the seismic lines is correlated
with the three located wells. Fault tectonic deformation has been mi
nor since the Messinian. The water divide between the Atlantic and Mediterranean rivers is
shown as a white dashed line.
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Figure 7.2-2. Evidence for an erosion channel across the Gibraltar Strait. a), Section across the
Gibraltar Strait based on borehole exploration18. Flysch breccia coming from the Betic—Rifean
flysch units fill an erosive trough more than 250 m deep. Whether Mount Tartesos is an
autochthonous relict of the resistant flysch (Esteras et al., 2000), or a block slumped from the
undermined banks of the flooding channel (Blanc, 2002) is not clear. Vertical exaggeration is 5:1.
b), Multi-channel seismic profile of Conrad 828 (Watts et al., 1993; Docherty and Banda, 1995)
interpreted in this work, based on correlation with the wells located in Fig. 7.2-1. The profile
shows the dimensions and U-shape of the late-Messinian incision channel in the eastern side of
the Gibraltar Strait related to the Zanclean flood. The asymmetry of the channel is partly due to
the obliquity of the profile in its northern end (see location in Fig. 7.2-1), and partly due to
differential isostatic subsidence after the flood (Govers, 2009). MES, Messinian Erosional
Surface. Approximate vertical exaggeration is 4:1.
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7.2.2 Methods

To use the incision around the Gibraltar Strait as a constraint for the flood
velocity, we developed a one-dimensional model that accounts for the feedback
between water-flow-controlled incision and sill-depth-controlled water flow. The
formulation, based on previous river incision studies (Whipple and Tucker, 1999) and on
hydrodynamic formulae, is detailed in the Methods. In essence, the model is based on
the approach that incision rate dz,/dt underneath a water flow is a power-law function

of basal shear stress tb:
az; = K,b(th)? 1
dt b ( ) ( )

where K, and a are positive constants. An analytical solution of this equation
coupled to slope-driven water flow shows that sill incision grows exponentially with time
in the early stages of flooding, the speed of this incision being dependent on the
lithological erodibility K, and the effective slope on the Mediterranean side of the sill.
For the post-Messinian flood, erosion rate doubles in timescales of ten to a hundred
years, showing that feedback between incision and water flow is a key control of the

timing of the flood.

The interplay between incision (as the floodgate opener) and slope reduction
due to the replenishment of the Mediterranean is calculated using an explicit finite-
difference time-iterative technique, starting with an initial sill depth of z; = 1m at t =0.
At each time step, water discharge is calculated based on the depth of the sill and then
sill incision is calculated based on basal shear stress and effective slope S (hydrological
gradient). As the Mediterranean becomes filled, S gradually decreases to zero. The
calculated water discharge is passed from the Atlantic Ocean to the western
Mediterranean basin and, if the Sicily sill (430 metres below sea level) is reached, to the
eastern Mediterranean basin, accounting for a reconstructed hypsogram of the

Messinian Mediterranean (after Meijer and Krijgsman, 2005).

Consider a sill at an average depth zs > 0 (a positive value of depth means below
initial ocean level) acting as a water gate between a source basin (the Atlantic Ocean) at
level zo and a sink basin (the western Mediterranean basin) at level z1 (z1 > zs > zo).

Symbols are depicted in Supplementary Fig. 7.2-1. The incision rate dzs/dt under a water
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flow is generally approached as a power-law function of basal shear stress Th (equation
(1)). The unit stream power approach, including water velocity V as multiplying factor of
Tb in equation (1), has also been tested, but the predicted floods are more abrupt than
those shown here because incision is more concentrated at the fastest flooding stages.
River incision studies show that a ranges between 1 and 3 (Whipple and Tucker, 1999).
For a = 1, kp ranges between 10° and 2 X 10* m yr! Pa! (Lavé and Avouac, 2001) and
~107 m yr! Pal (Wobus et al., 2005) for river bed incision, and is 18—40 m yr! Pa! for
unconsolidated soil erosion (Elliot et al., 1989). For a = 1.5, k» has been estimated at 8 X

10®m yr! pals (Attal et al., 2008).

Shear stress at the sill can be approached as the product of water density r, the
acceleration of gravity g, the mean water depth of the channel (zs - zp) and the slope of

the water surface S (also known as hydraulic gradient):

b = pg(zs — 70)S (2)

We assume that S=H/L, where H = z; - zo is the head loss, and length L = 100 km,
which maximizes the half-width of the Betic—Rifean orogen. For a conservative
estimation of S we impose a limit of H < 1,000 m (representative for the present depth
of the Alboran Sea). We note that adopting higher slopes would result in a more abrupt

flood.

To calculate the water flow over the sill and the level of the Mediterranean
basins, we use an empirical relationship relating water flow speed V with the hydraulic
gradient S (Manning’s formula), frequently used to estimate outburst flood discharges

(Gupta et al., 2007):

S (3)

where V is the average velocity (in metres per second), n = 0.05 is the roughness
coefficient, and Rn is the hydraulic radius (in metres) of the strait connecting the Atlantic
and the Mediterranean. The hydraulic radius is a measure of the flow efficiency of a river
channel, and because channel width is significantly larger than channel depth, it can be

estimated as Ry = zs — zo. River discharge (in cubic metres per second) can be calculated
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as Q =W (zs — z0)V, where the W is the width of the channel expressed in metres. At
each iteration we update the value of W using a relationship derived from river channel

studies (Whittaker et al., 2007):

W =k, QW (4)

where aw = 0.5 is an empirically determined constant (see, for example, Attal et al.,
2008; Whittaker et al., 2007) and ky = 1.2 is a value comparable to normal rivers that
has been calibrated here to account for the final width of the Gibraltar Strait, assuming
this coincides with the present strait width W = 14 km. The model predictions have a

very small sensitivity to these parameters, as well as to the assumed initial width.

It is possible to solve the feedback dynamics analytically taking zo and S as
constant (which is valid as long as head loss is not reduced by the refill of the

Mediterranean):

dzg(t
) — K(ze — 7)° (5)

where K =k (pgS)? for K > 0. The solution to equation (5) for a = 1 for the sill depth as

a function of time is:

zs (t) = 25 (0) + cett (6)

Therefore, the sill is incised exponentially with time in the early stages of water
flow, and the speed of this growth is dependent mostly on the lithological erodibility kb
and the slope in the Mediterranean side S. For the post-Messinian flood, K = 102 to 10!
per year, indicating that erosion rate doubles in timescales of ten to a hundred years
and that the feedback between incision and water flow is relevant to the timescales of

the post-Messinian flood.

To study a more general scenario incorporating both the role of incision (as the

mechanism excavating the water gate) and the head-loss reduction due to the
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replenishment of the Mediterranean, we numerically solved equations (1) to (4) using
an explicit finite-difference time-iterative technique. A time step of 0.1 days is used,
starting with an initial sill depth of zs = 1 m below the initial ocean level, taken as zo = 0.
We note that changing the initial sill depth from 1 m to 0.1 m induces a strong delay in
the reference flood (t; increases from 14 to 47 years; see note 4 in Supplementary Table
1), while the predicted maximum flooding rates undergo otherwise insignificant changes
(the flood evolution is just shifted in time). Our model cannot determine whether this
initial sill depth is related to tectonic subsidence at the Gibraltar Strait (Govers, 2009),
or to global sea level rise, or to erosion of the sill (Loget and Van Den Driessche, 2006).
For the Mediterranean basins we adopt initial levels of z1 = 2,500 m (west) and z; = 2,700
m (east) below sea level (Meijer et al., 2004). The predicted timing of the flood does not
vary substantially for a more conservative initial level of 1,500 m. Global sea level drops
9.5 m as a result of the flood, although this result uses the present global ocean

hypsometry as a proxy for the one at Messinian times.

The initial geometry adopted for the flooding channel is conservative in the sense
that it is chosen to find a maximum estimate for the duration of the flood. For this
reason, we have adopted a low value for both the initial slope (S = 1%) and a mean
incision (240 m for the examples in Fig. 7.2-3). Similarly, we have neglected other
mechanisms that may have increased incision during the flood, such as cavitation
(O’Connor, 1993). It is also implicitly assumed that the observed incision is due to a
single flood. If an earlier flood took place, its incision across the sill should have been
raised above sea level to close theMediterranean and, in order to affect our estimation
of the amount of incision, should be brought below sea level again before the next flood
occurred. In other words, multiple flooding could only induce an overestimation of the
amount of incision in the presence of post-flood uplift and desiccation-related
subsidence at the sill. These vertical sill motions are exactly the opposite of those
predicted for the Messinian choking of the Mediterranean (Govers, 2009). It is therefore
unlikely that the incision resulted from multiple flooding. Supplementary Fig. 7.2-3a

shows the effect of the estimated total incision on the predicted duration of the flood.
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7.2.3 Evidences of channel incision

The strongest evidence for a deep incision channel across the Gibraltar Strait
comes from recent boreholes and from seismic data. Drilling cores related to the Africa—
Europe tunnel project (Fig. 7.2-2a) show a thickness of at least 250 m of flysch breccia
redeposited or slumped into a trough carved across the original flysch units (Late
Cretaceous to Neogene in age) outcropping in the Iberian and Moroccan sides of the
strait (Esteras et al., 2000; Pliego, 2005). A similar eastward-oriented incision is observed
further to the east, in the Alboran side of the strait7 (Fig. 7.2-1). Both features have
previously been interpreted as subaerial (fluvial) erosion during the Messinian
desiccation (Blanc, 2002; Loget and Van Den Driessche, 2006; Esteras et al., 2000). In Fig.
7.2-2b and Supplementary Fig. 7.2-S2 we present two sample seismic profiles correlated
with Ocean Drilling Program (ODP) site976 and the commercial well Andalucia G-1
(Comas et al., 1996; Tandon et al., 1998) through a large set of other publicly available
seismic surveys (Fig. 7.2-1). These profiles provide evidence for the geometry of this
incision and its continuity across the Gibraltar Strait along at least 200 km. As previously
recognized (Esteras et al., 2000), this erosive channel is incised into Miocene deposits
and filled by Pliocene—Quaternary sediments, and merges laterally with the basin-wide

Messinian Erosional Surface (MES).

In areas unaffected by the widespread mud diapirism, the geometry of the
incision has a U-shaped cross section with a size varying from 650 m depth by 11 km
width near the strait to less than 300 m depth per 6 km in different branches of the
channel further to the east. The size of this channel is not comparable to any other
Messinian palaeovalley observed in the Alboran Sea, but only to canyons carved during
the Messinian desiccation by the largest rivers in the Mediterranean (Barber, 1981;
Clauzon, 1978). However, the U-shape of this incision (Fig. 7.2-2b) and its presence at
both the eastern and western sides of the drainage divide (Fig. 7.2-1) cast doubt on its
formation by subaerial fluvial erosion (typically producing V-shaped valleys) by an
eastward-flowing river. Such mechanism would require a large catchment area during
the Messinian, but the scarcity of tectonic deformation since that age (Loget and Van
Den Driessche, 2006; Iribarren et al., 2007) suggests that the drainage divide shown in

Fig. 7.2-1 has not undergone major changes. Recently, U-shapederosion channels found
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in the English Channel have been attributed to a megaflood sourced in a large glacial

lake in the North Sea (Gupta et al., 2007).

7.2.4 Flood modelling

We therefore postulate that the erosion channel observed in Gibraltar (Fig. 7.2-
1) was excavated by the Zanclean flood. To validate this hypothesis, we calculate the
timing of water flow and incision produced during the overspill of the Atlantic basin into
the Mediterranean basin by combining a model of rock incision by water with
hydrodynamic equations (see Methods). To calculate the flood evolution displayed in
Fig. 7.2-3, we searched for combinations of the erosional parameters k, and a that fit a
final sill incision of 240 m (a mean value of observed incision in the eastern and western
sides of the strait, averaged across the channel). All model runs show a long first period
of very little incision owing to the reduced amount of water discharge allowed by the
shallow sill depth of 1 m prescribed at the initial time (t = 0). As the Gibraltar gate is
excavated growing deeper and wider, water flow and incision rate increase
exponentially. This situation persists until water flow becomes limited by the rising level
of the Western Mediterranean. This event is labelled as stage 1 in Fig. 7.2-3. Later, the
reduction of the hydrological gradient between the Atlantic Ocean and the western
Mediterranean results in reduction of flow velocity, water discharge and incision rate.
As the Sicily sill is reached (stage 2), the level of the western basin (and the hydrological
gradient) remains constant and the flooding water discharge is transferred to the
eastern basin until this is also filled up to that level (stage 3). Afterwards, the whole
Mediterranean rises synchronously while the level difference between basins, the water

discharge, and the velocity decrease gradually to zero (stage 4).
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Figure 7.2-3. Evolution of three floods producing a final incision of 240 m, calculated for different
exponents of the erosion law a.a) Water velocity and water discharge through the Gibraltar
Strait; b) Channel width and incision rate; c) Sill depth (black lines) and level of the Atlantic, the
Western Mediterranean, and Eastern Mediterranean (red lines). For comparison purposes, time
is relative to the time when the Sicily Sill is reached t2 (Supplementary Table 1). The three floods
start with a sill depth of 1 m. Although peak discharges take much longer to arrive for large a
values, the bulk of the water flow is concentrated in a similar amount of time. Circled numbers
refer to the five stages shown in the cartoon d): (0) initial time; (1) time of maximum incision
rate; (2) western Mediterranean level reaches the Sicily Sill (£2); (3) eastern basin level reaches
the Sicily Sill; and (4) The Mediterranean becomes full.
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For comparison, the three model evolutions in Fig. 7.2-3 are shown using a time
relative to the instant when the western basin reaches the Sicily sill (t2, stage 2), which
roughly coincides with the time when the rate of sea level rise becomes maximum.
Though the exponent of the erosional law a strongly influences t, (Supplementary Table
1 and Supplementary Fig. 7.2-S3), the abruptness of the flood remains relatively
insensitive to a. This is shown by defining the bulk duration of the flood At; as the time
taken by 90% of the total water transfer. High-a, low-k, model runs imply slow incision
at the first stages and therefore a long period of water supply and basin level rise before
the catastrophic flow (large t;). A priori, this could result in a significant refill of the
Mediterranean and a reduction in hydraulic gradient, diminishing the abruptness of
discharge, but the results show that this occurs only for unrealistic values of the
exponent a > 3. Within a value derived for river incision studies, At, changes only from
510 days to 790 days. A complete model parameterization is available in Supplementary

Fig. 7.2-S3.

7.2.5 Discussion and conclusions

The amount of incision expected during the post-Messinian flood on the basis of
river incision studies (see note 2 in Supplementary Table 1) is comparable in depth and
width to the erosion channel observed at the Gibraltar Strait. Using this geometry as a
model constraint implies that the Zanclean flood was a catastrophic event (Fig. 7.2-3),
more abrupt than previously thought (Blanc, 2002; Hsii and Ryan, 1973; Meijer and
Krijgsman, 2005), and involved maximum rates of Mediterranean level rise of over 10 m
per day. This abruptness has significance not only for its potential effects on ecosystems
of the Mediterranean region but also for its palaeoclimatic effects, because a smaller
(by two orders of magnitude) outburst flooding at Lake Agassiz has been related to a
global cold period around 12,000 years ago (Broecker, 2006). The peak discharge across
the Gibraltar Strait reached more than 102 m3 s at a speed of over 40 m s'%, only months
before flood completion, and produced maximum incision rates exceeding 0.4 m per
day. For comparison, the Amazon mean discharge is only 1.5 X 10> m3 s* and the Lake
Missoula late glacial catastrophic flood has been estimated in 10’ m3 s** (O’Connor and

Baker, 1992). The Messinian flood implied a dissipation of gravitational potential energy
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of about 1.6 X 10?2 J, similar to the heat transport along the Gulf Stream in a year, and

~4% of the kinetic energy of the K-T Chicxulub meteorite impact (Covey et al., 1994).

These estimates are consistent with the exceptionally rapid restoration of deep
marine conditions recorded at the Messinian—Pliocene boundary (Rouchy and Caruso,
2006). High-resolution sedimentological studies of this boundary (laccarino and Bossio,
1999; Pierre et al., 2006) show a brief freshwater influence on the mineralogy, fauna
and stable-isotope composition of carbonates over only 15 cm of sediment in ODP site
975. These might reflect the initial flooding period of relatively slow water flow
predicted in our calculations, before stage 1. The flood evolution obtained for high
values of the incision law exponent (g = 3) undergoes little sea level rise in the
Mediterranean for the first few thousand years before the catastrophic flow is triggered.
Future studies should determine the spatial distribution of the approximately 500 km3

of rock eroded at the Gibraltar Strait during the flood climax.

We do not envisage the flood as a waterfall, as is often represented: instead, the
geophysical data (Supplementary Fig. 7.2-S2) suggests a huge ramp, several km wide,
descending from the Atlantic to the dry Mediterranean with a slope of 1% to 4%, similar
to the slope of the present sea floor eastward from Gibraltar. Erosional retreat caused
by the flood shifted the sill 30—80 km westwards from its Messinian location at the
Gibraltar Strait and shaped the incision channel and the bulk of the strait morphology as

we see them today.
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Figure 7.2-S2. Multi-channel seismic profile Conrad 829 along the Gibraltar Strait. a) Row data;
b) Interpretation based on correlation with the wells located in Fig. 7.2-1. Approximate vertical
exaggeration is 15:1 (a) and 5:1 (b). The vertical axis is two-way travel time of the seismic waves.
The profile follows the channel path only roughly, and the offset between both induces the
undulations in the MES reflector (Messinian Erosional Surface). Taking the deepest points of the
western and eastern sides as indicators of the channel axis depth yields a channel slope of ca.
2%. Location in Fig. 7.2-1. The sedimentary mound is a contourite depositional system (Ceuta
Drift) resulting from the interaction of the Mediterranean outflow water and sediments coming
from the Moroccan margin. Most seismic lines located in Fig. 7.2-1 are available at the websites
of the Instituto Geoldgico y Minero de Espafia (IGME) and the Institut de Ciencies del Mar (ICM-
Barcelona).
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Figure 7.2-S-3. Model parameterization. Relationship between the calculated total sill erosion
zs-z0 and: a) the time lapse taken by 90% of the water flow Atb; b) the time when sea level
reaches the Sicily Sill t2; and c) the maximum level rise rate dz1/dt. The values predicted for river
incision parameters from Attal et al.34 are indicated with a circle. The shaded area indicates the
range of incision observed, averaged across the sill in the Gibraltar area.
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7.3 Integration of the mathematical model with the geomorphological evidences

ABSTRACT

The mathematical modelling of the catastrophic event that put an end to the
Messinian Salinity Crisis is integrated with the geomorphological features defined on the
Messinian top surface, based on the analysis of a dense net of seismic profiles surveyed
in the surroundings of the Strait of Gibraltar and Albordn Sea. The mapped
morphosedimentary features as terraces and great erosive channel that crosses the
entire Alboran basin coupled with the five Zanclean flooding phases (0 to 4) of the
mathematical model, have allowed a more precise interpretation and timing of the
geological processes related to the flooding. Likewise, this integration permits
quantifying the catastrophic magnitude of that flooding which had been difficult to infer

from the geomorphological evidences.
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7.3.1 Introduction

The study of the evolution of the relief through mathematical modelling in
combination with geomorphological analysis is a very useful tool to understand the
processes that have governed the relief formation. Mathematical modelling allows a
continuous view in the time between original relief and the resulting morphology as well
as the interaction between the parameters responsible of relief formation. In this
subchapter is analysed how the flooding mathematical model fits with the
geomorphological evidences obtained from the analysis of seismic profiles and
bathymetric data of the catastrophic event that ended to the Messinian salinity crisis in

the Mediterranean.

7.3.2 The mathematical model

The mathematical model predicts five phases in the evolution of the Zanclean
flood (Fig. 7.3-1). Phase O corresponds to a long-term period where the reduced entry
of Atlantic water, induced by the depth of 1 m established (imposed) by the
mathematical model at time t = 0, generates little significant erosion. In phase 1, the
Strait of Gibraltar becomes deeper and wider, exponentially increasing its erosion rate
and Atlantic water flow. In phase 2, there is a reduction in the hydrological gradient
between the Atlantic Ocean and the Western Mediterranean that results in a decrease
in speed flow and discharge of water, as well as the rate of erosion. During this phase all
the Atlantic water that enters the Strait of Gibraltar is invested in filling the Western
Mediterranean Basin (Fig. 7.3-2). The Eastern Basin remains isolated from the western
one due to the Sicily sill. In phase 3, the sea level reaches the threshold of Sicily and the
hydrological gradient remains constant in the Western Basin, since the water that enters
through the Strait of Gibraltar is transferred to the Eastern Basin, producing a rapid sea
level rise in the latter. Finally, in phase 4, the sea level rises synchronously in both

Mediterranean basins until it is level with the Atlantic Ocean.
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Figure 7.3-1. Mathematical model of the Zanclean flooding in the Strait of Gibraltar.
a) Water velocity (black) and discharge (red). b) Channel width (black) and incision
rate (red). c) Sill depth (black) and level of the Atlantic, Western and Eastern
Mediterranean (red). Modified from Garcia-Castellanos et al., (2009).

7.3.3 Geomorphological evidence

The geomorphological study of the impact of the Zanclean flood in the area of
the Strait of Gibraltar and the Alboran Basin reveals the existence of a large erosive

channel and the presence of several terraces.

The erosive channel originates in the Strait of Gibraltar and crosses the entire
Alboran Basin from west to east through the deepest zone and along 390 km. It has a U-
shaped cross section with dimensions of kilometre order, in general, decrease with
distance from the Strait of Gibraltar. This erosive channel truncates the regional surface

of the Messinian affecting more than 600 m in the deposits of the upper Miocene.
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Moreover, it interrupts the distal part of several Messinian-age canyons developed on

the Spanish continental margin near the Strait of Gibraltar.

The terraces develop in the Western Alboran Basin outside the area of influence
of the erosive channel, identifying two groups located at different depths, between 650
and 2450 ms (double time) on the Iberian and African margins. The lower terraces are
better developed on the Iberian margin, which was more exposed to the direct impact
of the Atlantic flow. The upper terraces locate on the African and lberian margin and
developed in some cases on the chaotic deposits attributed to the salinity crisis, when
these preserved. A better development of the upper terraces on the Iberian margin is

also observed in this case.

Figure 7.3-2. Topo-bathymetric map of the Mediterranean Sea showing the Eastern and
Westerns basins and the location of the Sicily sill that separates them.

7.3.4 Discussion and conclusions: integration of mathematical and geological models

The different phases of the Zanclean flood, established by the mathematical
model (Fig. 7.3.1) (Chapter 7.2), allow integrating both models and chronologically
ordering the geomorphological elements and associating them with a specific phase of
the flood. The first level of terraces, the deepest, are probably associated with phase 0
of the mathematical model, given the depth at which they develop. They would
represent morphologies formed just before the great flood by a reduced watercourse
and which were left hanging by the subsequent incision of the erosive channel. It is not
ruled out that they may also be related to an initial stage of the flood, during phase 1,

when the corridor began to impact.
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The erosive channel, which crosses the entire Alboran Sea, from west to east,
would be formed in phase 1 of the flood, when the impact of the Atlantic water was
greater due to the marked hydraulic gradient existing between the Atlantic Ocean and
the Mediterranean Basin. It probably formed in the early stages of this phase, before
the reduction of the hydraulic gradient by the Mediterranean fill reduced the impact of

the flood on the seabed of the Alboran Basin.

The second level of terraces, shallower, would be developed during phase 3 of
the mathematical model, when the sea level temporarily stabilized upon reaching the
threshold of Sicily and all the water that entered through the Strait of Gibraltar was
invested in the filling of the Eastern Mediterranean Basin. These terraces present a
similar development on both the African and Iberian margins, although the orientation
of the Strait of Gibraltar with respect to the Iberian margin significantly favoured the
development of the Iberian terraces. Recently, similar terraces have been observed in
areas far from the Strait of Gibraltar such as on the Alboran Island and the Mallorca
Island (Just et al., 2011). Finally, during phase 4 of the mathematical model, the
connection between the Mediterranean and the rest of the world's oceans is

reestablished.

The integration between the mathematical and the geomorphological model
shows the great benefit of the interdisciplinary approach in general, and in particular, it
allows to explain more precisely the history of the Zanclean flood in the Alboran Sea.
Geological observations offer the main and necessary data to limit the variables that
must be applied to the mathematical model. The numerical model allows fitting the
geomorphological elements in a frame / temporal succession, and therefore to establish
the evolution of the different sedimentary processes, their interaction with the
environment, the paleoenvironmental variations and the history of the Zanclean flood

of the Alboran Sea.
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ABSTRACT

About six million years ago, the Mediterranean Sea underwent a period of
isolation from the ocean and widespread salt deposition known as the Messinian Salinity
Crisis (MSC), allegedly leading to a kilometer-scale level drawdown by evaporation. One
of the competing scenarios proposed for the termination of this environmental crisis 5.3
million years ago consists of a megaflooding event refilling the Mediterranean Sea
through the Strait of Gibraltar: the Zanclean flood. The main evidence supporting this
hypothesis is a nearly 390 km long and several hundred meters deep erosion channel
extending from the Gulf of Cadiz (Atlantic Ocean) to the Algerian Basin (Western
Mediterranean), implying the excavation of ca. 1000 km?® of Miocene sediment and
bedrock. Based on the understanding obtained from Pleistocene onshore megaflooding
events and using ad-hoc hydrodynamic modeling, here we explore two predictions of
the Zanclean outburst flood hypothesis: 1) The formation of similar erosion features at
sills communicating sub-basins within the Mediterranean Sea, specifically at the Sicily
Sill; and 2) the accumulation of the eroded materials as megaflood deposits in areas of
low flow energy. Recent data show a 6-km-wide amphitheater-shaped canyon
preserved at the Malta Escarpment that may represent the erosional expression of the
Zanclean flood after filling the western Mediterranean and spilling into the Eastern
Basin. Next to that canyon, a ~1600 km? accumulation of chaotic, seismically transparent
sediment has been found in the lonian Sea, compatible in age and facies with megaflood
deposits. Another candidate megaflood deposit has been identified in the Alboran Sea
in the form of elongated sedimentary bodies that parallel the flooding channel and are
seismically characterized by chaotic and discontinuous stratified reflections, that we
interpret as equivalent to gravel and boulder megabars described in terrestrial
megaflood settings. Numerical model predictions show that sand deposits found at the
Miocene/Pliocene (M/P) boundary in ODP sites 974 and 975 (South Balearic and
Tyrrhenian seas) are consistent with suspension transport from the Strait of Gibraltar

during a flooding event at a peak water discharge of ~108 m3 s,
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8.1 A pre-scientific myth about the origin of the Mediterranean Sea

In his Historia Naturalis (~77 AD), Pliny the Elder reports on a legend popular
among the inhabitants of southern Iberia, telling how the Mediterranean Sea was born.
According to this myth, the Mediterranean Sea was deserted and cut-off from the
Ocean, and it was Hercules who dug an inlet with his sword between Jebel-el-Mina
(Africa) and the rock of Gibraltar (Europe). This allowed the ocean to flow into the
Mediterranean Basin, where “it was before excluded”, thus “changing the face of
Nature”. All through the history of western culture, a myriad of later classical writers
including Galileo Galilei's Dialogues (1632) or Jacinto Verdaguer's poem Atlantida (1876)
were inspired by Pliny's account, elaborating on the scenario of a desiccated
Mediterranean Sea flooded by Atlantic waters. None of these accounts linked explicitly
the myth to field evidence. Even after Steno and Lyell set the principles of Geology and
the Messinian stage was recognized as a pan-Mediterranean evaporitic phase in the late
nineteenth century by Mayer-Eymar in 1867 (Selli, 1960), nobody linked it with Pliny's
accounts, perhaps because their catastrophic nature was at odds with the principle of

gradualism, a scientific pillar deeply rooted in the birth of Geology.

Gradualism was eventually challenged when Bretz (1925) and Pardee (1942) set
the floor for a paradigm change in geology recognizing outburst floods of unprecedented
magnitude as the main agent for landscape formation in the Scablands (Washington
state, NW USA) during the Pleistocene. Bretz and Pardee described flood deposits, giant
erosion coulees and giant ‘ripples’ that are today widely accepted to be the result of the
catastrophic emptying of Lake Missoula in Montana, about seventeen thousand years

ago (Benito, 2003).

8.1.1 The development of the Messinian Salinity Crisis theory

Only in the decade of the 1970's did the hypothesis of a flood ending a
Mediterranean desiccation enter the scientific literature, when DSDP drilling confirmed
large deposits of evaporites in the deepest regions of the Mediterranean Sea (Hsu et al.,
1973b; Ryan et al., 1973). The question as to how did this Messinian Salinity Crisis (MSC)

end emerged from the barely 15 cm M/P transition in ODP 974B (Tyrrhenian Sea; Fig. 8-
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1), which meant an “abrupt palaeoceanographic change created by the re-
establishment of an open-marine environment in the earliest Pliocene” (laccarino and
Bossio, 1999). The term flood or reflooding of the Mediterranean became a common
place in the scientific literature studying the MSC (Hsu et al., 1973a, b; Comas et al.,
1996), although it referred vaguely to a geologically-rapid transition from evaporitic to
open marine conditions. Sedimentological analysis of the drilling cores (grain-size and
microfauna) cannot resolve gradual changes shorter than a few millimeters in the core
(i.e., a few thousand years in duration). For example, based on DSDP sites 121-139, K. J.
Hsi et al. (1973a) speculated about a refill of the Mediterranean lasting “probably less
than 1000 years”. Onshore evidence for a rapid Mediterranean Sea level rise at the end
of the MSC came from the abundance of Giberttype deltas in the Gulf of Lyons and the
Tyrrhenian Sea (Clauzon, 1978, 1982; Breda et al., 2009) and from the abrupt transit
from paleosol to foraminifera-rich, deep marine laminites in the M/P contact in Pissouri
(Orszag-Sperber et al., 2000). These observations suggested that the sea level rise was
rapid in sedimentological terms and that the Strait of Gibraltar was the scenario for the
reconnection between the Atlantic Ocean and the Mediterranean Sea, reestablishing

the normal marine conditions ca. 5.3 million years ago.

The main evidence for a restriction from the Ocean and a Mediterranean-wide
environmental change is the widespread presence of gypsum deposits along the
Mediterranean coast, and a 1 to 3 km thick layer of halite in the abyssal areas of the
Mediterranean, generally interpreted as the result of a severe restriction of the
connection to the Atlantic Ocean. This halite layer is outcropping today in Calabria and
it is widely present in the subsurface of the Caltanissetta Basin in Sicily, where it is
commercially exploited in salt mines, and it is conspicuous in the deep Mediterranean
basins from marine seismic reflection data (Lofi, 2010, 2018). Its mass had been
estimated at > 3 1018 kg (Blanc, 2000; Ryan, 2009), around 10% of the salt contained in
the global ocean, but a recent study based on a dense compilation of seismic
prospection surveys, estimates its volume at only 821 to 927 106 km3 of (Haq et al.,

2020), ca. 4% of today's salt dissolved in the ocean.
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Figure 8-1. a) Topographic map of the lonian Sea and western Mediterranean showing the
location of data shown in this article. Red arrows indicate the average motion of Africa relative
to Eurasia since 5.3 million years ago. Numbers in red indicate IODP/DSDP drillings mentioned
in the text. b) Cartoon (not to scale) showing the timing and the flood erosional and depositional
features expected in the eastern and western basins of the Mediterranean as a result of a large
water input through the Gibraltar gateway, showing 5 stages: 0) Initial level before significant
Atlantic inflow occurred; 1) time of maximum erosion rate at the Strait of Gibraltar; 2) the
western basin level reaches the Sicily Sill. 3) eastern basin level reaches the Sicily Sill; and 4) the
Mediterranean is filled to the normal oceanic level. The mobile unit (Messinian halite), Lago-
Mare, and flood deposits discussed in this study are depicted in yellow, green, and red,
respectively.

However, salt precipitation does not necessarily imply a desiccation. Natural salt
pans do not require a level drawdown by desiccation in order to accumulate salt; a
persistent but restricted connection that allows no outflow of brine but only inflow of

normal saline water can lead to salt precipitation with no drawdown (e.g., today's
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Garabogazkol in Turkmenistan). The main evidence actually supporting a kilometric
drawdown for the Mediterranean during the late Neogene is the Mediterranean-wide
Messinian Erosion Surface (MES) (Lofi, 2010, 2018) recorded in the seismic stratigraphy

of the basin margins.

The Zanclean flood hypothesis is thus entangled with a wider dis cussion about
the MSC: whether there was a kilometric-scale drawdown after the precipitation of the
marginal primary gypsum. The Zanclean (5.33 to 3.60 million year ago) is the first stage
of the Pliocene and its beginning coincides with the termination of the Messinian (last
stage of the Miocene). A megaflood-like termination of the MSC requires a significant
drawdown of the Mediterranean level. The occurrence of a significant drawdown of the
Mediterranean during the Messinian (be it a full or a partial desiccation) is currently
under strong debate and far from a consensus. Let us start summarizing the main
reasons that question the kilometric drawdown scenario. A geochemical reexamination
of the aforementioned drillings has questioned the shallowwater formation of the deep
evaporite cores (Hardie and Lowenstein, 2004). Some studies suggest that the evaporitic
deposition occurred under no substantial sea level drawdown but in a deep-basin under
deep-water in a deep-basin condition, i.e., in a Mediterranean Sea filled to a level close
to today's (e.g., Lugli et al., 2015; Roveri et al., 2001). This model is also supported by
the homogeneity of isotopic signatures between distant synchronous gypsum deposits,
suggesting a connection between the Mediterranean sub-basins and hence a high water

level (Garcia-Veigas et al., 2018).

Questioning a significant lowering of the level of the Mediterranean requires a
mechanism to explain the MES alternative to subaerial exposure. The most developed
such alternative mechanism so far is the hyperpycnal submarine cascading erosion
(Roveri et al., 2014b), according to which the erosion of the margins resulted from sea
water currents from the platforms towards the abyssal areas as a result of high density
related to evaporation. As for the abrupt M/P transition, the alternative explanation to
the Zanclean flood is a density-driven outpumping (Marzocchi et al.,, 2016) of the
Mediterranean Sea. In this model, the Mediterranean level raises due to fresh water
inputs from the Paratethys during the Lago-Mare stage, reconnecting and pumping it

out to the denser Atlantic Ocean. Salt deposition was followed by a pan-Mediterranean
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phase of sedimentation in a fresh to brackish water environment, represented by the
so-called “Lago-Mare” sedimentary facies, which includes microfossils and ostracods
originating from the Paratethys realm (present Carpathian and Black Sea areas)
(Krijgsman et al., 2010). This deposition preceded the reestablishment of normal open
marine conditions (Zanclean stage), and its presence at nearly the present sea level in
outcrops in the margins around the Mediterranean Sea suggests that those
fresh/brackish waters were covering a full and connected Mediterranean. However, the
nature and environment of this last stage of the MSC are to date far from well

understood since it also includes marine fish (Carnevale et al., 2006, 2017).

Studies that argue for a kilometer-scale drawdown (not necessarily implying a
full desiccation) place it temporally either following (Escutia and Maldonado, 1992;
Ryan, 2008; Estrada et al., 2011; Urgeles et al., 2011) or preceding (Bache et al., 2009,
2015) the precipitation of the 1 km of halite in the abyssal regions. Within the drawdown
hypothesis, the erosional surfaces in the margins of the sea are attributed to subaerial
processes such as river incision or wave erosion. Further evidence supporting is based
on the relative abundance of volcanic samples dating to the MSC around the
Mediterranean, which according to modeling results can be explained by the
decompression of the crust due to the removal of the water column (Sternai et al.,

2017).

As for the deep geodynamic causes for these changes in oceanic connectivity at
the Strait of Gibraltar, computer simulations suggest that desiccation of the basin, as
well as its later reflooding at the earliest Pliocene, may have been caused both by the
vertical motions related to deep processes in the lithospheric mantle, namely the sink
and detachment of a lithospheric slab underneath the Gibraltar Arc (Garcia-Castellanos
and Villasefior, 2011; Jiménez-Munt et al., 2019). The combination of these processes
with erosion by the inflowing water at the gateway may explain the long initial stage of

salt precipitation (gypsum and halite) and an extremely rapid basin refill.

The aim of the present article is to summarize recent and new stratigraphic
evidence and modeling results that test the megaflood hypothesis (Garcia-Castellanos
et al., 2009). The geophysical data we examine target the erosional and depositional

impact of a large water flow entering the Mediterranean through the Alboran Sea and
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then entering the Eastern Mediterranean over the Malta Escarpment. Be-cause such a
megaflooding event would require a significant sea level drawdown in the
Mediterranean, we will discuss the implications of the findings for the evolution of the

MSC.

8.1.2 First models and quantifications of the Zanclean flood

The quantification of a geologically-rapid refill after the MSC was addressed
specifically only in this century, first based on the geomorphology of the Strait of
Gibraltar area and then based on geophysical and modeling techniques (Blanc, 2002,
2006; Garcia-Castellanos et al., 2009). According to Blanc (2002), an unprecedented
stream shaped the Strait of Gibraltar after a capture of the Atlantic Ocean took place by
retrogressive erosion of a river draining into the desiccated Alboran Sea (a process also
known as river piracy). Based on assumptions on the size of the gateway during the Late
Messinian and on collapse structures near the straits, that study concluded that the refill

was cataclysmic, following an “instant breakthrough of the Atlantic waters”.

Meanwhile, cores from drilling funded by the Africa—Europe tunnel project
(Esteras et al., 2000) showed a > 200 m-deep erosional trough carved in the hard flysch
units (Late Cretaceous to Neogene in age) outcropping around the strait. A similar
eastward-oriented Pliocene incision is observed further to the east, in the
Mediterranean side of the strait (Albordn Sea; Fig. 8-2). Both features had previously
been interpreted as subaerial (fluvial) erosion by a forerunner stream during the
Messinian sea level drawdown (Blanc, 2002; Esteras et al., 2000). However, the U-shape
of the Messinian erosion surface (MES) in the Alboran Sea, the lack of a significant
catchment, and the fact that this erosional channel crosses the natural drainage divide
between the Atlantic and the Mediterranean (80 km in the Gulf of Cadiz and >200 km in
the Alboran Basin) argue against subaerial erosion during the MSC drawdown (Garcia-
Castellanos et al., 2009). Numerical modeling of this erosion channel assuming that it

was excavated by the Atlantic waters overtopping the Strait of Gibraltar, led to

estimations of the flood discharge of up to 100 Sv (1 Sverdrup = 106 m3 5_1), with a

duration of 2 years or less (Garcia-Castellanos et al., 2009) (see Section 5). The initial
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stages of the flood, according to that model, may have lasted up to a few thousand years
before the inflow of water becomes significant relative to the Mediterranean water

balance. By the time the flood overcomes lake evaporation and significantly refills the

Mediterranean basin, erosion rates are predicted higher than a few mm yr_l, preventing
any tectonic or eustatic change from closing the seaway again and making the flooding
process irreversible. This argues against the possibility of multiple flooding events
(Rouchy and Martin, 1992) or against calm periods intercalated during the flood. It
conflicts with the interpretation of a ravinement surface in the Gulf of Lions as the result
of wave erosion during the flood (Bache et al., 2009; Estrada et al., 2011) and suggests
that this might have been formed during climatically-controlled changes of lake level
during the drawdown phase, similar to the wave-cut surfaces in the Malta Escarpment
that will be shown below (Micallef et al., 2019). The accelerating flooding rates due to
inlet erosion (Garcia-Castellanos et al., 2009) precludes the stagnation of the flooding
process once the water discharge has become substantial in comparison with the water

budget of the Mediterranean and has significantly risen its level.

In summary, while observations remain unclear on whether the crisis involved
an important desiccation of the Mediterranean Sea (necessary condition for a
catastrophic flood), models do provide some ideas on how to independently test this
scenario. In this article, we summarize recent results from seismic stratigraphy and
hydrological modelling assessing two predictions implied by the Zanclean flood thesis:
1) that at a few thousand cubic kilometres of rock eroded from the sills should have
deposited elsewhere in the Mediterranean Sea; and 2) that flood erosion and
sedimentation patterns similar to those described in Gibraltar should be found near the
Sicily Sill, in the area where the flooded western Mediterranean should overspill into the

eastern basin.

8.2 Flood erosion features

Apart from the ubiquitous MES discordance in the seismic sedimentary record of
the Mediterranean Sea, two erosional features have so far been described that seem

incompatible with subaerial exposure during the MSC drawdown or with processes
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other than an unprecedented discharge of water. One is at the seaway between the
Atlantic Ocean and the Mediterranean Sea, and the other at the gateway between the

western and eastern Mediterranean basins.

8.2.1 Alboran Sea erosion channel

A remarkable erosive channel has been described in the deepest areas of the
Messinian Erosion Surface (MES) of the Alboran Sea, particularly in the vicinity of the
Strait of Gibraltar. Fig. 8-2 shows a significantly updated version of the depth to the MES
in this region, based on a denser and more extended seismic reflection database relative
to Estrada et al. (2011). The erosion channel is in lateral continuation with the erosional
trough incised into the flysch units in the Strait of Gibraltar (Blanc, 2002; Esteras et al.,
2000) and extends along 390 km with a W-E trend from the Gulf of Cadiz (Atlantic Ocean)
(Garcia-Castellanos et al., 2009), crossing the deepest parts of the Alboran Sea (Figs. 8-
2 and 8-3) until the Algerian Basin. This erosion channel geometry varies from 2 km
width and > 200 m depth in the Atlantic side (were it dissects the basement) to > 15 km
width and > 500 m depth in the Albordn Sea (were it erodes Miocene sediment). While
Blanc (2002) linked the Atlantic section of this feature to the reflooding of the
Mediterranean Sea, its Albordn continuation was linked to subaerial erosion by rivers
during the MSC drawdown (Blanc, 2002; Campillo et al., 1992). Later investigations
based on a wider geophysical database and numerical modeling lead to the alternative
interpretation of an outburst flood erosion due to the breaching of the Strait of Gibraltar
(Garcia-Castellanos et al., 2009; Estrada et al., 2011), after which the subsequent flood-
retrogressive erosion propagated westwards, 80 km into the Atlantic domain. This
hypothesis is consistent with the channel's U-shaped section, which contrasts with the
V-shaped valley associated to fluvial erosion (Fig. 8-3). It also explains why this erosional
feature has continuity westwards from the Strait of Gibraltar into the Gulf of Cadiz,

crossing the natural divide formed by the Betic-Rif orogen.
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The morphological setting of the Albordn Basin is inherited from Late Neogene
E-W extension coeval with African-Eurasian convergence and with volcanism (Duggen et
al., 2003). As a result, the relief of the Alboran Basin was already abundant in volcanic
seamounts and structural highs (Fig. 8-2). Adapting to this inherited landscape, the
channel splits in two W-E branches only to merge again further to the E (Fig. 8-2). They
are separated by a seamount (the Vizconde de Eza High, VdE in Fig. 8-2) that may have
been a topographic obstacle during the flood. The channel incises vertically up to 600 m
into the upper Miocene deposits, eroding MSC deposits that do not include the halite
evaporites (Mobile Unit) found in the deeper basins of the Mediterranean. This is
probably due to the shallower depth of this basin during that time (e.g., Booth-Rea et
al., 2018). The channel has been subsequently deformed during the Plio-Quaternary by
mud diapirism in the Western Alboran Basin and the compressional tectonism as a
consequence of the ca. 4-5mm yr-1 of the ongoing convergence rate between Africa

and Eurasia (Estrada et al., 2018).

8.2.2 Amphitheater-headed canyon in the Malta Escarpment

The Noto Canyon is a ca. 27 km long, 15 km wide, and 1.5 km deep geomorphic
feature in the northern Malta Escarpment (SE Sicily margin; Fig. 8-4) (Micallef et al.,
2018). It includes a canyon with a Ushaped cross-section carved in Mesozoic limestone.
The head of this canyon has an amphitheater-shaped head, 6 km in width and 700 m
high. This is very unusual for a submarine canyon and conspicuously different from the
other canyons along the escarpment (Micallef et al., 2019). The strike of the Noto
Canyon changes by 90° at a distance of 8 km upslope from its mouth. The canyon walls
have a slope of 70°. Upslope of the Noto Canyon head, the seafloor has a gentler
gradient of 7° and hosts a dendritic network of small tributary canyons. At the base of
the Noto Canyon head, a sediment layer 100-200 m thick has accumulated at the

bottom of the canyon (Fig. 8-4b).
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Figure 8-4. Probable gateway for the Zanclean flood into the eastern Mediterranean. (a) Shaded
relief model of south-eastern Sicily showing terrestrial chaotic Zanclean deposits, and seafloor
slope gradient map showing Noto Canyon. Isobaths denoted by dotted red lines. Location in Fig
8-1. (b) Seismic reflection profile CIR-07 showing Noto Canyon head and Messinian erosional
surface upslope. Location in (a). The sediment resting on the acoustic basement in the right side
(bottom of the canyon) is up to 200 m thick. Modified from Micallef et al. (2018).
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The Noto canyon is located next to a set of massive, seismically chaotic to
transparent deposits identified through multi-channel seismic reflection data in the
western lonian Basin and interpreted as a sedimentary body of up to 860 m in thickness
and 1600 km3 in volume (see next section). Based on the inference that this sedimentary
unit is compatible with a megaflood deposit, the Noto Canyon has been interpreted as
having formed via excavation by a large subaerial flow of water caused by the overflow
of the Western Mediterranean and its spilling into the Eastern Mediterranean basin
during Zanclean flood (Micallef et al., 2018). However, this erosional feature is not
directly dated and no stratigraphic correlation exists between its excavation and the

lonian stratigraphy and drillings.

Further to the south along the same escarpment, a series of concave slope
breaks is observed at a consistent depth of 2400-2500 m below present sea level and
with a total length of about 100 km (Fig. 8-5). These are interpreted as palaeoshorelines
and shore platforms excavated by wave erosion related to a lowstand of the

Mediterranean Sea below its present sea level (Micallef et al., 2019).

An isostatic restoration of those palaeoshorelines and shore platforms on the
northern Malta Escarpment suggest an evaporative drawdown of 1800—-2000 m below
present sea level. While these do not directly support the occurrence of an abrupt
outburst flood refilling the eastern Mediterranean, the shorelines do support a large
hydraulic head available for the refilling waters pouring into the eastern basin with a

flow energy comparable to, if not larger than, that at the Strait of Gibraltar.

The bottom of the Noto Canyon (2300-2600 m) is close to the depth of those
shorelines and to the base of the megaflood deposit, allowing us to speculate that the
canyon may have been excavated after a long period when the level of the Eastern
Mediterranean remained at that level. After isostatic restoration by removing the
weight of the Plio-Quaternary sediment and the water column (Micallef et al., 2019),
the original depth of the base of the canyon the during the MSC would range between
1750 and 2050 m.
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Figure 8-5. (a) Multi-channel seismic reflection profile across the Malta Escarpment intersecting
the break of slope (dotted black line) and associated terrace, with the concave break of slope at
the base. (Facies B=sub-parallel, convex upward reflectors; facies C=transparent facies). (b)
Histogram of the depth of breaks of slope in the northern Malta Escarpment. The concave breaks
are concentrated at depths of 2400-2500 mbsl. After isostatic restoration, these breaks have
been interpreted as the result of wave erosion during the MSC lowstand of the Mediterranean
level at -1800 to -2000 m below present sea level. Modified from (Micallef et al., 2019).

8.2.3 Hydrodynamic models for the fate of megaflooding sediment

The erosional channel that runs from the Gulf of Cadiz to the Algerian Basin (Fig.

8-2) implies the excavation of at least 1000 km3 of Miocene sediment from the Alboran
Basin and bedrock (Oligocene flysch) from the Strait of Gibraltar. The submarine
threshold at today's Camarinal Sill is thought to have been incised by at least 200 m
during the flood (Garcia-Castellanos et al., 2009). This number is key in constraining the
peak velocity and discharge of the Zanclean flood (Fig. 8-6; Garcia-Castellanos et al.,
2009; Periafiez et al., 2019). To show this, we calculate the feedback between the flow
of water (calculated using Manning's equation) and the enlargement of the inlet by
erosion (assumed proportional to basal shear stress). using the same algorithm as
Garcia-Castellanos et al. (2009). We show two simulations of the Mediterranean refill
using two values of sill rock erodability (Fig. 8-6). Although erodability ke is a still a poorly
understood property of rocks and its quantification is limited by orders of magnitude of
uncertainty (Garcia-Castellanos and O'Connor, 2018), the erodability value used for our
reference model is constrained by the total incision of the flood, estimated at > 200 m

in the present Camarinal Sill (Esteras et al., 2000), The results show that this depth of
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erosion is reached only if ke >21074 myr‘1 Pa~1-3, which in turn implies a peak water

discharge close to 100 Sv (1 Sverdrup = 106 m3s71). Smaller values of erodability fail to
reproduce the observed depth of the erosional trough across Camarinal and the Strait

of Gibraltar.

Figure 8-6. Modeling results of the evolution of the Zanclean flood based on the same
methodology as in Garcia-Castellanos et al. (2009). These two simulations assume different rock
erodability k. for the Gibraltar Sill. The refill of the Mediterranean starts with a 10 m deep inflow
river of oceanic water. The reference model (bold lines) erodes this sill down to -200 m below
the global sea level, whereas imposing half the erodability (thin lines) leads to a sill eroded by
only 155 m, less than observed in geophysical data. a) Water velocity and inflow channel width
at the Strait of Gibraltar. b) Water discharge and incision rate. c) Inlet depth (black lines) and
level of the Atlantic, the Western Mediterranean, and Eastern Mediterranean (red lines). The
Sicily Sill is flooded after 1.9 yr in the reference model (3.6 yr in the less erodible model). Most
of the water flow is concentrated within less than two years in the reference model, implying
sea level rise rates of up to 10 m/day in the Mediterranean. Circled numbers and vertical dashed
lines show the five stages defined in Fig. 8-1 (for the reference model only).

Nevertheless, the fate of these eroded materials has remained unknown, despite
the fact that their present location might be an independent source of evidence to
validate the megaflood hypothesis. A first attempt to predict the distribution of these
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flood deposits has been recently performed (Peridiez et al., 2019) using a Lagrangian
2D hydrodynamic model to simulate the transport of material eroded from the Strait of
Gibraltar. The transport of rock particles of variable size, either in suspension or as bed
load is calculated using standard sediment transport equations. Water circulation during
the flood has been estimated from a hydrodynamic model of the whole Mediterranean
Sea (Abril and Peridiez, 2016) based on the assumption that the inlet was enlarged by
the flow itself (Garcia-Castellanos et al., 2009). The hydrodynamic model solves the 2D
depth-averaged fluid dynamic equations incorporating wetting/drying processes. The
model finds the topographic lows in the exposed seafloor along which water flows
(Peridfiez and Abril, 2015). The numerical solution of the equations yield values for the
water velocity over the model domain and modifies water depth preserving the volume
of water. Sea-bed stresses over the domain due to the water current are calculated for
the suspended sediment transport. The incision model used for calculating the enlarge-
ment of the Gibraltar inlet is based on an energy balance for the energy dissipated by
the stream of water (when gravitational potential energy decreases) and the energy
required for eroding the unit volume of substrate. This explains the erosion of the
former Gibraltar isthmus and the Zanclean Channel (both the branch running through
the Alboran Sea and the recessive incision channel extending to the Camarinal Sill in the
Gulf of Cadiz). The approach uses as initial conditions the water level drop inferred from
the Messinian shoreline reported by Urgeles et al. (2011), ca. 1200 m, and adopts the
present-day bathymetry of the Mediterranean as a proxy for the Messinian hypsometry.
Sediment transport is described in a Lagrangian framework both for suspended load and
bed load. The transport model for suspended load includes the processes of advection
(transport with the water current), diffusion (mixing due to water turbulence), and
settling of particles. Settling velocity depends on the particle size. Particles are deposited
once they reach the bottom if the bed stress is lower than a critical deposition stress.
This critical stress depends on the particle size as well. A detailed description of the
model and its parameters (particle sizes, settling velocities, critical stresses) may be seen
in Periafiez et al. (2019). Bed load transport occurs when a critical velocity is exceeded
that depends on the local water depth and sediment size following (Bilgili et al., 2003).
Particles are assumed to travel at one-sixth of the depth averaged current (Periafiez et

al.,, 2019).
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We show the areas of preferential sediment deposition in the Mediterranean Sea
depending on grain size (Fig. 8-7) for sediments eroded from the Strait of Gibraltar and
precisely at the stage of peak discharge, when the sea level has risen to -170 m.
Suspended load is deposited in areas sheltered from the jet of incoming water by the
local topography, areas where water current abruptly decreases due to a sudden
increase in water depth, and the central zone of eddies, where water current
magnitudes also decrease, as well as in areas were the flow changes from more to less
restricted. Thus, main deposits are predicted at both sides of the Strait of Gibraltar (i.e.,
both sides of the Zanclean channel), the Alboran Sea central area and its northern and
southern shores during the peak discharge. Once a particle leaves the Alboran Sea, it
follows two main routes, one along the African coast and the second south of the
Balearic Islands and Sardinia. Particles, as they are transported with the water jet, fall
according to their settling velocity and finally they are deposited on the seabed in areas
of lower flow energy. The distance of these deposits to the Strait of Gibraltar increases
as particle size decreases. As a consequence, very extensive deposits of mainly silt and
fine sand are predicted between the Balearic Islands and Sardinia due to energy loss and
deposition along a northern current jet (Fig. 8-7c to e). Only a small fraction of sediment,
particularly the finer particles, reaches the eastern Mediterranean through the Sicily Sill.
Long deposits may also be seen along the Algerian coast, tracing the route of the

stronger southern jet (Fig. 8-7a).
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In contrast, sediment particles transported as bed load are deposited following
the main streamlines. Deposits of very coarse sediment eroded from the Strait of
Gibraltar and transported as bed load are more localized in space than sediment
transported in suspension (Fig. 8-7b; Periafiez et al., 2019). In interpreting these model
results, one must bear in mind that they are valid for the adopted bathymetry, which
we take as the present one due to the absence of reconstructions of the Messinian
paleo-bathymetry. Therefore, the relevance for the Zanclean flood is in the qualitative
relationships between flow and deposition, rather than the exact location predicted for
the deposits, particularly in areas of significant tectonic deformation such as the

Tyrrhenian and the Alboran seas.

8.2.4 Identification of possible flood deposits in seismic reflection and borehole data

While the volume of eroded bedrock and sediment in Gibraltar and Alboran was

estimated at 500 km3 (Garcia-Castellanos et al., 2009), more recent data in Figs. 8-2 and

8-8 suggest this volume could be double that amount, since the erosional trough is now

known to extend towards the east until the Algerian basin (Fig. 8-8). 1000 km3 of

sediment evenly distributed over the extent of the western Mediterranean evaporites

(4 103 km2) would imply a sediment layer of only 2 m, un-detectable in the available
seismic stratigraphy. However, our model predictions suggest a strong localization of
the flood deposits in areas of low energy (Fig. 8-7), and therefore larger size deposits are
expected to be detectable in the seismic record and apparent in the core sedimentary
record from drilling. Here we report new and recently published possible Zanclean flood
deposits within the eastern Alboran Basin and off the Malta Escarpment based on

seismic reflection profiles.
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8.2.5 Possible megabar deposits in the Alboran Sea

Seismic reflection profiles show the presence of an elongated sedimentary body
(Fig. 8-8C to D) associated to the erosion channel shown in Figs. 8-2 and 8-3. These
deposits have contrasting seismic character with the underlying Miocene and overlying
Pliocene deposits. Seismically they are characterized by chaotic, hyperbolic and
discontinuous stratified facies. They form an elongated body up to 163 m thick, 35 km
long and 7 km wide, located next to the main erosion channel and oriented parallel to
its main trend (Fig. 8-8A). The Upper Miocene and Plio-Quaternary seismic stratigraphy
of the Alboran Sea (Estrada et al., 2011; Juan et al., 2016), based on correlation with
commercial, DSDP and ODP sites, indicate that this body is sandwiched between the
MSC erosive surface (MES) and the Pliocene contourites deposited once the oceanic
circulation was restored. The presence of these deposits occurs in the eastern Alboran

basin, behind (in the lee side of) a pre-MSC volcanic edifice.

Their elongated plan-view shape, seismic facies, stratigraphic position and their
orientation parallel to the flooding channel, are compatible with megabar flood deposits
described for Pleistocene outburst flood scenarios such as the Altay floods (Carling et
al., 2009; Herget, 2005). We propose that these deposits are related to the formation to
the Zanclean erosion channel and represent possible megaflood deposits that were
deposited because of the presence of a volcanic obstacle. This edifice may have acted
as a topographic obstacle to the impinging flood flow, allowing the accumulation of
sediments near the peak of the Zanclean flood, in the protected area at the lee side of
the volcano. Similar sedimentary bars of larger grain size (boulder) have also been
reported downstream the Snake River, spillway of the Bonneville flood in the Late
Pleistocene (O'Connor, 1993), in areas where the flooding waters decreased in flow

energy, for instance as a result of entering a less restricted topography.
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Chaotic deposits have been reported as filling the bottom of the erosion channel
in a seismic profile a few kilometers to the west of the section shown in Fig 8-7b
(Periafiez et al., 2019), and interpreted as the deposition of flood-erosion products
during the late stages of the flood. These are not visible in the Conrad 823 seismic line,
perhaps due to the smaller thickness undetectable in the seismic record, in turn caused
by a more constrained flow imposed by the seamounts in this area. However, it must be
noted that ODP site 977 (Figs. 8-1 and 8-7) drilled the lowermost part of the southern
and northern erosion channels, respectively, reaching partially cemented rounded
gravels and sands that contained a mixed fauna of Miocene and Pliocene, interpreted as
possibly related to the Zanclean reflooding (Comas et al., 1996). ODP site 978 also
reported pebble-sized clasts in the equivalent stratigraphic position. Model results in Fig
8-7b predict that gravel-to-pebble-sized clasts can be dragged for a few hundreds of km
at peak discharge, thus suggesting that the pebbles recovered from the drilling cores
could come from the numerous volcanic sea mounts located further to the west, in the

centre of the Alboran Basin.

8.2.6 Possible megaflood deposits in the lonian Sea

Multi-channel seismic reflection data in the western lonian Basin exhibit an
acoustically chaotic to transparent body of up to 860 m in thickness and 1430-1620 km3

in volume, covering an area of 11,000 km?2 buried at depth between 3.4 and 4.8 km
below sea level (Fig. 8-9) (Micallef et al., 2018). Towards the west, this body terminates
abruptly against the Malta Escarpment. Although this unit has not been drilled, its
stratigraphic position is placed with confidence between the Messinian Upper Unit (UU)
and the overlying 200—400 m thick Plio-Pleistocene sediment layer characterized by
well-laminated, continuous reflectors. Therefore, its age is at or near the

Miocene/Pliocene boundary (5.33 Ma).

The scale of this feature cannot be readily explained by collapse of the eastern
margin of the Malta Escarpment. A large submarine mass movement has been discarded
as a possible explanation for the origin of Unit 2 due to the lack of nearby scars of

sufficient volume and the hard (limestone) lithology of the escarpment (Micallef et al.,
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2018). A formation by folded Messinian upper gypsum is also discarded based on the
seismic velocities measured (2.3-2.6 km/ s), which are significantly lower than the 3.1

km/ s associated with gypsum deposits. Finally, the lack of local sources of sediment (the

canyons along the Malta Escarpment combined add up to only 1100 km’ in volume),
suggests that this unit may be a megaflood deposit. The seismic texture and the isopachs
of the body indicate that this sedimentary unit represents highenergy deposits sourced
in the W, beyond the Malta Escarpment. Its location next to the Noto amphitheater-
shaped canyon (SE Sicily margin; Fig. 8-9) suggests a NW provenance of the flow, likely
through the Pelagian Platform. Thus, the interpretation by Micallef et al. (2018) is that
the chaotic body records deposition from a megaflood flow as the water refill of the
western Mediterranean overtopped the Sicily Sill. These overtopping waters would
plunge into the partially desiccated eastern Mediterranean basin, possibly at a level of
-1750t0 -1900 m as suggested by the wave erosion marks preserved in the escarpment,

the base of the Noto Canyon, and the base of the flood deposits (Figs. 8-4, 8-5 and 8-9).
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Figure 8-9. a) and b) lateral extension of the transparent unit interpreted as megaflood
deposits off the Malta escarpment, next to the Noto canyon. c) Seismic stratigraphy of
western lonian Basin. Interpreted units on reflection profile CROP 21 (pre-stack depth-
migrated). The red plot shows the estimated PSDM seismic velocity profile. Correlation
with DSDP drilling site 374 indicates that Unit 1 corresponds to Pliocene-Quaternary
pelagics, contourites and turbidites; Unit 3 correlates with MSC evaporites including a
highly reflective and mostly deformed upper unit made of gypsum and marls (3a, green),
and a typically reflector-less unit with a basin-fill geometry made of halite and also
known as mobile unit (3b, yellow); a lower, highly reflective, discontinuous unit (3c,
purple) has never been drilled yet but is attributed to lower gypsum or clastics. Modified
from (Micallef et al., 2018).

8.3 Discussion
8.3.1 Significance for the Messinian salinity crisis

The Zanclean flood hypothesis is closely entangled to the controversy about the
desiccation of the Mediterranean Sea during the Messinian salinity crisis. The
occurrence and extent of this desiccation by the end of the Neogene is far from a
consensus among the scientific community (e.g., Roveri et al., 2014a). The main
evidence questioning a kilometric-scale drawdown right before the Pliocene is the
ubiquitous presence of Lago-Mare facies (fresh to brackish water fauna that also include
marine fish; Carnevale et al., 2017) during the last stage of the MSC, at elevations close
to normal sea level (Orszag-Sperber, 2006). The Lago-Mare is characterized by mollusks,
ostracods and/or dinoflagellate cysts of Paratethyan-type (originating from the Black

Sea region) indicating a brackish sedimentary environment before the return to normal
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open-marine environment across the Miocene-Pliocene boundary. The widespread
presence of these sediments from southern Spain to the Levant Basin suggests that,
right before the Pliocene, the Mediterranean was a single connected body of water with
its level above the Sicily Sill (today at -430 m) and that its salinity was lower than the
open ocean. To explain the abrupt end of the MSC without a significant drawdown that
can trigger a flood, Marzocchi et al. (2016) proposed a Mediterranean-wide hydrological
pump model driven by the strong salinity contrast between the Mediterranean, the
Atlantic, and the Paratethys. This can explain the co-existence of dense Atlantic water
influx from Gibraltar and lighter brackish water influx from the Paratethys during the
Lago-Mare stage prior to the end of the MSC, all under normal sea-level conditions.
Supporting this view, the ages of the Neogene marine seaways onshore the Alboran Sea
suggest that the Gibraltar Strait (Krijgsman et al., 2018) may have never been fully closed
(Manzi et al., 2005), questioning the idea of a completely isolated Mediterranean Sea
during the MSC. In order to keep a kilometric drawdown for a period longer than a few
thousands of years, a full disconnection of the marine gateways is required (Garcia-
Castellanos and Villasefior, 2011), because otherwise the inflow of water would trigger
a fast erosion and reestablish the level of the Mediterranean Sea. Finally, models
excluding a significant sea level drawdown explain the erosion features of the
Mediterranean margins as the result of hyperpycnal density currents related to storage
of high-density water due to evaporation during the MSC (Roveri et al., 2014b). A
possible explanation for the intriguing Lago-Mare facies is that it post-dates the flooding.
Based on outcrops near Malaga (southern Spain), Do Couto et al. (2014) suggest that the
Lago-Mare sediments were deposited after the Atlantic flooding, which would then have

taken place at 5.46 Ma instead of the Messinian/Zanclean boundary (5.33 Ma).

To add to these conflicting observations, recent industrial seismicreflection data-
sets in the deep lonian Sea (Sirt Basin, Libya) and in the deep Levant Basin (offshore
Syria) show the existence of large fluvial sedimentary systems formed after the halite
precipitation (Bowman, 2012; Madof et al., 2019). In the Levant, these fluvial systems
are longer than 100 km and interpreted as fluvio-deltaic lobes resting directly atop the
Messinian halite and seem coeval with the erosion of deformed salt layers (Bowman,

2012; Kartveit et al., 2019; Madof et al., 2019). These are interpreted as the result of
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vast paleo-river basins draining areas of Africa and the Middle East region during the
lowering of the Mediterranean Sea level. In contrast, seismic stratigraphy in the same
area suggests that salt promontories formed by salt flow in the sea floor were truncated
by dissolution under a deep, stratified water column, conflicting with the possibility of a
seafloor exposure (Gvirtzman et al., 2017). In the absence of drill holes and age de-
terminations, the presumed fluvial lobes are ambiguously correlated to the Lago-Mare
phase, but could they alternatively predate it and predate the megaflood? The seismic
stratigraphic record to date fails to answer this question so far and points to the need

for scientific drilling.

The evidence shown in this chapter supports an abrupt, catastrophic refill of the
Mediterranean in the form of an outburst flood caused by the overtopping of the
Atlantic through a Neogene isthmus in Gibraltar (Garcia-Castellanos et al., 2009). The
same mechanism has been described for tens of Pleistocene overtopping lakes that
triggered outburst floods (Garcia-Castellanos and O'Connor, 2018). Such scenario
requires a significantly low level in the Mediterranean Sea (hundreds of meters at least)
prior to flooding, to be consistent with the erosion and flood deposits reported in the
Alboran area and the Malta Escarpment. But it does not require a complete desiccation

of neither of the Mediterranean sub basins.

8.3.2 Comparison to other megafloods

The Missoula floods in the Scablands region (Washington, USA) are the first
studied and best-known outburst floods that have. Based on information as diverse as
the elevation of ice-rafted boulders, megaripple marks, the size of mobilized blocks and

0D step-backwater and 3D hydrodynamic modeling, several tens of events of up to

around 107 m3 s_1 in discharge (O'Connor and Baker, 1992; Benito and O’Connor, 2003;
Alho et al., 2010; Larsen and Lamb, 2016) have been described in this region dating

between 18.5 and 15 thousand years ago (late Pleistocene).

Erosional and deposition features, including km-scale regressive erosion cliffs as
the Dry Falls or the Potholes Coulee are attributed to a series of outburst events

involving a water flow deeper than 100 m at speeds up to 15 m/ s. Such horseshoe-or
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amphitheatershaped cliffs, frequent smoking guns for megaflooding, are similar to the
Noto Canyon in the Malta Escarpment (Fig. 8-4). Such features are found widespread
across the state of Washington and attributed to the Missoula floods. The Pothole
coulee is ca. 2 km wide and therefore narrower than the Noto Canyon (6 km), a priori
consistent with the 10 times higher peak discharge derived for the Zanclean flood

(Garcia-Castellanos et al., 2009; Abril and Periafiez, 2016).

Similar amphitheater-headed valleys have been linked to megaflooding events
in Idaho (Lamb et al., 2008). Because of the current impossibility to date the formation
of the Noto Canyon, the only indication linking its origin to the Zanclean flood is its
morphology, its location next to the possible megaflood deposits in Fig. 8-9, and the

absence of other explanations for its formation (Micallef et al., 2018).

The Altay flood along the Katun River (Altay Republic, Russia) is another case
scenario where discharge rates comparable to the Missoula Floods (~10 Sv) have been
estimated. Here, outburst-flood sedimentary features along mountain valleys are well
exposed due to tributaries of the main flooding channel that were backflooded during
the events. An abundant depositional feature is megabars, equivalent to fluvial bars but
two orders of magnitude larger and thought to form near the time of peak discharge of
outburst floods. The concept in Fig. 8-10 is based on a gravel megabar exposure cut by
a tributary river after the flooding. It shows three cycles of flood deposition separated

by slack water deposits, interpreted as an indication for repeated flooding.

Accretion results from intense fallout of suspended gravels and is then
rearranged by unsteady traction transport during upper stage surges. As the flood
discharge wanes, cross-beds may form due ripple and dune migration during the lower
stage (Carling et al., 2009). In the analogue case of the Zanclean flood, one single
flooding event is envisaged. If, as proposed, the sedimentary feature shown in Fig. 8-8
corresponds to an equivalent megabar formed during the transition from high to low
energy flow in the Alboran Sea, then an upward-fining sequence of mostly suspended
sediment would be expected within that unit. However, the potential megabar shown
in Fig. 8-8 has not been drilled so far, and the existing seismic surveys do not have
enough resolution to detect grain-size changes or features like those in Fig. 8-10.

Therefore, while we are unable to further check the consistency between the unit
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identified in Alboran Sea and the megabars in the Altay, the morphological distribution
of the sediments (elongated, parallel and next to the main channel) make it an important
candidate site for future drilling to find supporting lithological evidence for the Zanclean

flood deposits.

Figure 8-10. Sedimentological studies in Pleistocene continental megafloods provide a model for
future assessment of the megaflood origin of the buried deposits of the Zanclean megaflood (Fig.
8-9). One frequent feature observed along the spillway of outburst floods consists of lateral
megabars off- and parallel to the main flooding channel. This sedimentary facies model
summarizes the depositional surfaces across a megabar along the Katun River in the Altay Mnts,
were an ice-dam lake burst during the Pleistocene reached a discharge of ca. one million m3/s,
with layers tilting towards the mountain side of the valley. Flood flow is directed towards the
reader. The section has been exposed by incision along a tributary valley that had been
backflooded during the events. Three cycles of flood deposition are visible separated by slack
water silt deposits (black). For each cycle, fine gravel is deposited onto the flooded, rapidly-
accreting bar surface, largely from intense fallout from suspension and is then rearranged by
unsteady (surges) traction transport during upper stage flow. As flood flow wanes, cross-beds
form due to bedload sheet and minor ripple and dune migration across predominantly at lower
stage. A detailed correlation between these deposits and those in Fig. 8-9 will require scientific
drilling. Modified from Carling et al. (2009).

8.3.3 Future search for further evidence

A fundamental peculiarity of the Zanclean flood setting relative to Pleistocene
outburst floods is that, whereas its water source (the global ocean) is virtually infinite in
volume, the sink (the desiccated Mediterranean Sea) is not. During the flood, the
western shoreline of the western Mediterranean should raise and shift towards the

Strait of Gibraltar, possibly hindering the spatial concentration of deposits.
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Nevertheless, because of the large size of the Mediterranean basin, the ever-increasing

flooding discharge becomes significant to the water budget only when the flood

discharge becomes comparable to hydrological deficit (presently 75,000 m’ 5_1).
Therefore, future geophysical exploration of the western margin of the Algerian basin
should address the presence of buried Zanclean flood deposits postulated by the hy-

drodynamic models.

The numerical modeling results in Fig. 8-7 provide an explanation for the 15 cm
M/P transition found in ODP site 974 in the Tyrrhenian Sea (Fig. 8-1 for location)
(laccarino and Bossio, 1999; Pierre et al., 2006) and the 2-3 cm of > 0.3 mm of
terrigenous clasts (medium sand) recovered just above the M/P boundary in site 975 at
the South Balearic Basin (laccarino and Bossio, 1999; Zahn et al., 1999) consisting of
“foraminifera and calcareous nannofossils that are reworked from the early marine

Messinian, while the ostracod fauna reflects the original paleoenvironment”. The inflow

of Atlantic waters at unprecedented discharge rates close to 10°m’s (100 Sv) are
proven capable of transporting medium sand and foraminifera at such distances (Fig. 8-
7). In using these models for searching flood erosional and depositional features in the
Albordn sea, one must consider the uncertainty induced by the use of today's
bathymetry as a proxy for the paleogeography of the region. During the Messinian, most
of the Tyrrhenian Sea, for instance, was still not formed by the retreat of the Calabrian
Arc. In the Alboran Sea, the paleo bathymetry at the time of flooding may have been
significantly different from today, since the lithosphere was younger, thinner, hotter and
therefore more buoyant (Booth-Rea et al., 2018), and the compressional tectonics of
the ongoing convergence between Africa and Eurasia has raised most of the Albordn
Ridge during the Plioquaternary. Since the Messinian, Africa has approached Eurasia by
20 to 100 km (in the west and the east of the Mediterranean Sea, respectively), and the
bathymetry has been modified by a layer of Plio-Quaternary deposits of, typically, a few
hundreds of meters. The lack of good reconstructions of the bathymetric and geographic
changes of the Mediterranean Sea at the time of the flooding limits a more detailed

prediction of the locations ideal for future megaflood deposits exploration.

The present review shows recent independent assessments of the Zanclean

megaflood hypothesis, and highlights the need for further future research in order to
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test it. Seismic studies may validate it if clinoform deposits and found in the
westernmost Algerian basin and dated to the end of the MSC, for example. But a more
direct test may arrive from drilling the sedimentary deposits described in the Alboran
basin and in the lonian Sea. In this regard, the outcome of three drilling proposals
(DEMISE, DREAM, and IMMAGE) that are currently undergoing a second round of review
by I0DP, will be crucial. If approved and drilled, they have the potential to decipher
many of the aforementioned open scientific questions regarding the end of the

Messinian salinity crisis.

8.4 Conclusions

We have summarized a set of observations that provide additional evidence to
the previously identified erosional channel at the Strait of Gibraltar, supporting a
megaflood of the Mediterranean basin near the limit between the Miocene and the

Pliocene. Based on them, we can draw the following conclusions:

1. If the > 200 m erosion at the Strait of Gibraltar was caused by the refilling of the

Mediterranean Sea, numerical modeling shows that this erosion implies a flood of an

unprecedented discharge, possibly above 100 Sv (108 m3 5‘1).

2. The amphitheater-headed Noto Canyon, off SE Sicily, is compatible with an overspill
the Zanclean flood from the western to the eastern Mediterranean across the Sicily sill.
The morphology of the canyon and the Malta Escarpment slope suggest a

Mediterranean Sea level at the time of the flood -1750 to -1900 m lower than today.

3. A 1600 km3 sedimentary body to the east of the Noto Canyon, laying atop the
Messinian salt layer and below the Plio-Quaternary muds is compatible with a
megaflood deposit delivered to the eastern basin and bringuing to an end the drawdown

phase.

4. A 163 m thick, elongated sediment body of 35 x 7 km, oriented parallel to the main
flood channel in the Alboran Sea and located in the lee side of a seamount, is compatible

with megabars formed along the largest documented continental outburst floods.
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Chapter 9

9.1 General discussion

The convulsive events analysed in this Thesis, i.e., the tsunami earthquake
triggered by the Averroes fault and the Zanclean megaflood, provide new insights in the
recognition of their products in the submarine sedimentary record, their underlying
causative mechanisms, their impacts at basin scale evolution/analysis and their serious
threat to society, economy, and environment. In general, earthquakes, landslides and
volcanism are the examples of convulsive events mostly studied in the geological record,
both offshore and onshore. But there are also unusual convulsive events that have been
reported as unique case studies, such as the Chicxulub crater in the Gulf of Mexico (Fig.
9-1), produced by the impact of an asteroid 66 Ma ago (Canales-Garcia et al., 2018); or
the megaflood in the English Channel (Gupta et al., 2007) (Fig. 9-2). These unusual
examples are limited in the geological record and their influence on the sedimentary
record is generally poorly understood (Clifton, 1988). In the marine environment, this
scarcity is accentuated by the practical inexistence of studies. This is because the difficult
access to deep seafloor and sub bottom due to the technical limitation that the marine
environment imposes. This fact determines that there are very few analogous reference

models for comparison.

The difficulty associated with the identification of convulsive events in the
marine sedimentary record, as opposed to "classic" records, lies mainly in three main
factors: the magnitude of the event, understood as the energy suddenly released; the
affected area/space, which varies commonly from regional to global scales; and the
short duration on a geological time scale. These intrinsic properties of the convulsive
events contrast with the generally more gradualist view of geological processes to which
geologists are more accustomed. Sedimentary evidence of convulsive events, whether
in the form of deposits or erosional surfaces, are rarely well preserved, and this fact
often means that their distinctive marks in the sedimentary record are limited, or
deficient, and their sedimentary processes are poorly understood, especially for events
that did not occur in historical times (Clifton, 1988). All this affects the ability of

geologists to recognize the effects of convulsive processes in the geological record,
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mainly of those being unusual and affecting large areas, the latter hindering the
correlation of their sedimentary products between basins or even within the same basin.
In any case, and as Clifton (1988) says, "responsible scientific procedure dictates that we
accept the most likely explanation, usually the simplest, for any phenomenon in the
geologic record", and as he continues, "it is very likely that deposits resulting from a
large event will be considered as part of a "typical" sedimentary sequence and given the

inability to establish their origin their real significance is obscured".

Figure 9-1. Bouguer anomaly map of Chicxulub crater; below, Schematic cross-section showing
the main structural elements (Canales-Garcia et al., 2018 and references therein).
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Figure 9-2. Location map and inferred distribution of palaeovalleys on the English Channel
shelf (Gupta et al., 2007).

In light of the difficulty of studying convulsive events, the combination of classical
geological analysis with geophysical techniques, together with mathematical modelling,
has proved to be a powerful tool for their study, allowing us to investigate deeper into
their mechanisms of formation, dynamics of the process, and recognition of their
products in the sedimentary record. From partial geological evidences, obtained with
seismic profiles and other marine research techniques, we usually have a biased and
discontinuous view of the true nature of these processes, which hinders their correct
identification and understanding. On the other hand, mathematical models, based on
geological evidence and knowledge of the physical laws that govern those events, offer
a continuous vision of them, in space and time, thus helping to better fit their geological

evidences and formation contexts.

The Albordn basin is an excellent laboratory for studying convulsive events by a
distinctive multidisciplinary approach bringing together long-term geological records,
such as seismic profiles with different degrees of resolution and penetration,
geophysical data (e.g., magnetometer, gravity and seismic data), and numerical

modelling. This is because of its relatively limited extension (350x174 km) and its semi-
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enclosed basinal configuration that favour the correlation and identification of
geological processes in space and time. The complex tectonic dynamics and active
seismicity in the context of collision between the Eurasian and Nubian (Africa) plates
makes this area prone to earthquakes and sedimentary instability processes that can
trigger tsunamigenic events (Amir et al., 2010, Gonzélez et al., 2010; Alvarez-Gémez et
al., 2011; Vazquez et al., 2012; Macias et al., 2013; Macias et al., 2015; Rodriguez et al.,
2017;). In addition, the chronostratigraphy of its infilling sedimentary record is well-
known, mainly the Plio-Quaternary (Ercilla et al., 1992, 2016; Alonso and Maldonado,
1992; Estrada et al., 1997; Juan et al., 2016, 2020). Likewise, the existence of a dense
network of seismic profiles covering almost the entire basin makes the correlation of

geological structures and their spatial/temporal relationships possible.

9.1.1 Convulsive event versus Catastrophism

The term convulsive event, as used in this thesis, refers to an extraordinarily
energetic event of regional influence (Clifton, 1988). We agree with this author’s
formulation, and we think that the term convulsive event is preferable to “catastrophe”.
This is because catastrophe leads to the concept of disaster and carries philosophical
implications. The term “convulsive” is neutral in the sense of disaster and has no
doctrinal implications (Clifton, 1988). As Vera (1994) said, “the new conception of
actualistic catastrophism (Hsi, 1983) has led to... the birth... of Event Stratigraphy”,
however this author does not reject the idea of catastrophism, although it deepens and

develops the concept of event.

Another implication of the term catastrophism, in relation to the use of
convulsive event, is the long nineteenth-century debate between the concept of
gradualism and catastrophism that contained a strong religious charge. It is important
to note that, in the 80s of the last century, and as a result of the increase in studies of
catastrophic processes (Berggren and Couvering, 1984), a new debate resurfaced about
the importance of catastrophic events over the "gradualists". In the late 1980s it was
stated that "many sedimentologists today would agree with the assertion that the

sedimentary record is largely a record of episodic events" (Clifton, 1988). This statement
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is probably extrapolated to the present-day. The current tendency with respect to the
concept of catastrophe refers to this type of events in terms of geological hazards, which
is a more aseptic concept and in accordance with a scientific view. However, large events
such as the Zanclean megaflood, or the impact of the Chicxulub crater do not easily fit
into the concept of geological hazard and it is in these cases where the term "convulsive

event" acquires relevance.

9.1.2 Convulsive events: megaflood versus tsunami

Comparing the earthquake tsunami triggered by the Averroes fault and the
Zanclean megaflood, in terms of magnitude (energy released by the event), geographical
area affected and duration of the convulsive process, we observe that both events

present similarities and differences.

The difference between both events has to do with magnitude. The case of the
earthquake tsunami, the energy released by the seismic shaking is significantly lower
than the megaflood, which is equivalent to ~4% of the kinetic energy released by the
Chicxulub meteorite impact (Chapter 7.2). In order to compare both processes, the
energy released has been transformed into tons of explosives trinitrotoluene (TNT)

(https://www.translatorscafe.com/unit-converter/es-ES/energy/1-41/).

In the case of the earthquake that triggers the tsunami, the graph in Figure 9-3
has been taken as a reference and shows that the magnitude of a given earthquake is
linked to the energy released by the equivalent in kilograms of explosives. The
approximate value for the earthquake is 1,800,000 t of explosives, which corresponds

to a seismic magnitude MW=7 calculated for the Averroes fault (Chapter 6).

For the case of the Zanclean megaflood, a gravitational potential energy
dissipation of 1.6x1022 J was calculated (Chapter 7.2) which is equivalent to
3,824,091,778,200 t of explosives. Comparing the equivalence in tons of explosives
between both convulsive events, we observe that the megaflood is 6 orders of
magnitude higher than the tsunami. Therefore, the magnitude of the geological
consequences will be in accordance with the energy released. It should be noted that in
the case of the energy released by the earthquake, the magnitude does not reflect all
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the energy involved in the earthquake, since a significant part is released in the form of
heat. Even so, 6 orders of magnitude difference indicate that the megaflood released

relatively more energy than the tsunami.

Figure 9-3. Graph comparing the magnitude of earthquakes with their
equivalent of energy released by an explosive (TNT). The most relevant events
and the number of annual earthquakes according to magnitude are highlighted
(Source: U.S. Geological Survey).

The similarities refer to the area affected by both events. The area is similar and
driven by the evolution of the Eurasia-Africa plate boundary. While the consequences
of the tsunami were mostly confined to the Albordn basin, the indirect consequences of
the megaflood event likely went beyond that geographical area. In fact, the
oceanographic circulation at the scale of the Mediterranean basin was reactivated (Juan
et al., 2016 and 2020) (Fig. 9-4). Likewise, the reconnection of the Mediterranean with
the Atlantic Ocean through the Strait of Gibraltar influenced the North Atlantic
circulation, mainly impacting on the Atlantic Meridional Overturning Circulation (AMOC)
(Fig. 9-5) (Pérez-Asensio et al., 2012; Swingedouw et al., 2019). This is because the
Mediterranean Outflow Water (MOW) is considered one of the major transporters of

dense water, as well as an injection of salt and heat that has influenced not only the
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oceanic circulation, but also the climate of this hemisphere (Voelker et al., 2006; Legg et
al., 2009; Rogerson et al., 2012). With regard to the tsunami, its consequences on the
coast are unknown due to the lack of studies. Only the evidence of tsunamites described
on the Andalusian coast is known (Reicherter and Becker-Heidmann, 2008; Roig-Munar

et al., 2020).

Figure 9-4. Seismic profile showing the widespread development of contourites in the
Alboran Sea after the Zanclean megaflood during the Plio-Quaternary (Juan et al., 2020).

Regarding the duration of each process, it has been found that it differs
significantly. In the case of the tsunami, its effects can be felt up to one hour after the
event (Video 6-S1); in the case of the megaflood it has been calculated that the
Mediterranean basin was filled in approximately 2 years (Fig. 7.2-3). In terms of
geological time, both cases can be considered instantaneous, but there is an important
difference in terms of prediction, due to the underlying mechanisms governing their
occurrence. In the case of the earthquake tsunami, the sismo- and chrono-stratigraphic
analysis of the Averroes fault lead to estimate a recurrence period of ~ 31,000 years. On
the contrary, in the case of the Zanclean megaflood, the convulsive event is dependent
of the regional space-time variations in the basin tectonism, which makes it difficult to

estimate when a similar situation may occur again.
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Figure 9-5. Schematic of the Mediterranean-Atlantic circulation constraint during the Tortonian
(a), Messinian (b) and Pliocene (c) (Ng et al., 2021).

9.2 Geohazard implications of convulsive events in the Alboran Sea

The Alboran Sea develops in the framework of the NW-SE collision of the African
and Eurasian plates with the Alboran microplate (Fig. 4-1), leading to one of the most
tectonically active areas of the marine environment surrounding the Iberian Peninsula.
The tectonic activity is evidenced by active sets of folds and seismic faults (Chapters 4,
5 and 6) that make the Albordn Sea an area highly prone to the development of

convulsive events.

As noted in Chapter 4, most of the current deformation is concentrated in the
central part of the Albordn Sea, due to a process of tectonic indentation that forms the
Central Alboran Arc (Fig. 4-2). This arc determines the main features of the Trans Alboran
Shear Zone (De Larouziere et al., 1988), the major seismogenic active area in the SW
Mediterranean with sea-land influence that has evolved during the Neogene and
Quaternary (Chapter 5). It affects the central and eastern Betic Cordillera connecting,
through the continental margins of the Alboran Sea, with the Rif Cordillera (Gracia et al.,

2012; d’Acremont et al., 2014; Grevemeyer et al., 2015; Galindo-Zaldivar et al., 2022).
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The tectonic indentation is produced by the collision of a spur of African
continental crust that is displaced to the NNW by two major strike-slip fault systems, the
NW-SE dextral Yusuf fault and the seismogenic NNE-SSW sinistral Al-Idrisi fault (Fig. 4-
2). This African crustal indenter also develops a NNE-SSW and WNW-ESE conjugate
strike-slip fault systems and folds (e.g., the Alboran Ridge) which generate earthquakes,
earthquake tsunamis (Chapter 6) and submarine slope sedimentary instabilities

(Chapter 5) (Vazquez et al., 2010; Rodriguez et al., 2017; d’Acremont et al., 2022).

In general, strike-slip faults are not considered tsunamigenic, because they do
not significantly displace the seafloor. However, the analysis carried here about the NW—
SE dextral Averroes Fault (chapter 6) contradicts this theory and indicates the need to
investigate other strike-slip faults in similar geological frameworks. Also, tsunamigenic
submarine landslides can occur (e.g., Reicherter and Hibscher, 2007; Macias et al.,
2015; Rodriguez et al., 2017) including coastal ones entering the sea (e.g., Mateos et al.,
2017; Harmouzi et al., 2019). Therefore, the central Albordn Sea is a key area to: i) assess
the geohazard implications of the convulsive events; ii) analyse how these events can
interact and their potential to generate cascading processes; and iii) understand the link
between indentation and geological hazards in a land-marine transition context. Studies
like this one will lead to a much greater understanding of hazardous processes, and will
have significant effect on the probabilistic methods for assessing geological hazards with

more robust models from which early warning systems will benefit.

Against the common social perception, hazardous processes triggered by
convulsive events have impacted repeatedly on Spanish and African coasts causing
damage to coastal communities and infrastructures. Prehistorical and historical cases of
offshore geohazard events have been recognized in SW Mediterranean (Table 1). About
9 tsunamis impacted since 1361 (Papadopoulos et al., 2014), and also tens of historical
earthquakes with offshore and nearby onshore epicentres were felt, and some with
important destructive events. The seismic activity in the region continues even today
(http://www.ign.es). Offshore slides, although widely spread in the SW Mediterranean
margins and coastal areas, are the great unknown, in terms of frequency (Table 1,

references there).
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Earthquakes

Mass-movements

Tsunamis

Andalucia: about 24

Almeria after the 1522

Almeria: in 1522, by a submarine

1660, 1682, 1792, 1847,
1848, 1887, 1899, 1916,
1926, etc

scarps, Ceuta drift, among
others: Millennial to tens of
thousands recurrences

historical events (e.g. 880, | earthquake (aprox M=5.5). | slide triggered by an
1013-1014, 1406) felt or earthquake.

with destructive effects.

Morocco: with M > 6 | Seamounts, foot of Incrisis, | Spanish  coast-Albordn  Sea
historical earthquakes in | Al-Idrissi and Averroes fault | triggered by earthquakes: in

1790, 1804, 1954 and tide
station signal in 2016. Morocco

and Algerian coasts: 1680, 1733,
1790, 1980.

Active coastal
e.g. Cantarrijan landslide
(Spain); between Oued
Laou and El Jebha coastline
(Morocco).

landslides,

Table 1. Examples of events related to the two tectonic indentation areas of the SW
Mediterranean. Earthquakes are the most frequent processes. Large amount of mass
movements is observed but their recurrence is unknown. Tsunamis could be small in size but
with high impact because the densely populated coastal areas. (Reicherter and Hibscher, 2007;
Alvarez-Gémez et al., 2011; Alonso et al., 2014; d’Acremont et al., 2014; Buforn et al., 2017;
Mateos et al, 2017; Harmouzi et al., 2019; Gracia et al, 2019.
http://iagpds.ugr.es/pages/informacion_divulgacion/Terremotos historicos;
https://www.ign.es, among others).

Figure 9-6. Earthquake epicentres distribution with respect to focal depth in the
Alboran Sea Basin, according to the .G.N. database updated as of September 2010, on
the ETOPO topo-bathymetric database (Macias et al., 2013).
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9.3 The Atlantic flooding convulsive event: what it tells us about the end of the MSC

Historically, the Messinian salinity crisis has been considered a geological event
that produced the almost desiccation of the Mediterranean Sea, as consequence of the
disconnection from the Atlantic Sea. Evidence of this desiccation are the evaporitic
deposits up to 3 km thick in the deepest Mediterranean basins, and the regional erosion
observed in the continental margins attributed to a sea level drop of about 1500 m.
However, the hypothesis that there has never been such a disconnection has been
gaining strength, mainly because several connection-disconnection cycles (7-8) are
needed to explain the salt thickness as well as for geochemical reasons (Flecker et al.,
2002). Currently, three models are proposed: deep desiccated basin (Hsu et al., 1973),
deep non-dessicatted basin (Roveri et al., 2014) (Fig. 2-14), and the mixed model (Mascle
and Mascle, 2019). The second hypothesis postulates that the Zanclean megaflood did
not occur but there was a permanent Atlantic-Mediterranean connection, which,
despite the lack of geological evidence, is located in the Strait of Gibraltar. The Alboran
Basin is a key area to understand the evolution of the MSC given its proximity to the
Atlantic connection. Progress made and results achieved in this thesis has led to
significantly improved understanding on the impact of the convulsive event of the
Zanclean megaflood in the sedimentary evolution of the Alboran Sea, and also offers
important key points to the debate about the interpretation of the end of the Messinian

Salinity Crisis) (Chapters 7 and 8).

The analysis of the stratigraphic architecture carried out in this Thesis with a
dense network of seismic profiles, suggests that there was a disconnection and that it
ended abruptly through the Zanclean Flood. The key to this statement rests in the
preserved MSC deposits, their morphological features, and their chronostratigraphic
relationships with the Messinian M surface, and others (Figs. 7.1-4, 7.1-5, 7.1-7 and 8-
8). Typical MSC units in the Mediterranean are (Fig. 9-7): the LU (Lower Unit, with
primary gypsum deposition), MU (Mobile Unit, with halite deposition) and UU (Upper
Unit with lago mare facies deposition) (Lofi, 2018). On this stratigraphic basis, the MSC

stratigraphy in the Alboran Sea is characterized by:
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° There is a poor or lack of the typical Messinian Salinity Crisis sequence (trilogy)

(Figs. 9-7 and 9-8).

° The presence of Chaotic deposits, between the LU and MU (Fig. 7.1-4). This
chaotic unit is identified on the continental slope in the Malaga area and on the
Moroccan coast near Melilla (Figs. 9-8 and 9-9), and results from the erosion of primary
gypsum (LU) (Martinez del Olmo and Comas, 2008; Do Couto et al., 2016). Chaotic

deposits are linked to the erosion caused by the 1500 m lowering of sea level.

° The lack of halite deposition, i.e. of MU (Figs. 9-7 and 9-8).

° The presence of the Lago-Mare UU mapped at the eastern end of the basin (Fig.
8-8). This unit is physically correlatable with its equivalent in the Algero-Balearic basin,

where the MSC unit trilogy is well represented.

° The fact that the Messinian M surface is affected by a striking erosion in the deep
basin, in the form of an E-W erosional channel crossing the entire basin (390 km long
and up to 488 m deep) (Fig. 7.1-6). This channel also erodes the Chaotic unit and the UU
in the easternmost Alboran (Fig. 8-8). These stratigraphic relationships suggest that the
channel incision occurred at the end of the MSC and, together with their along basin
trend, this indicates that the channel could be considered as being formed by the
Zanclean flooding. This erosion in the deep part of the basin is in contrast with what is
observed in other areas of the Mediterranean, where Messinian erosion develops

mainly at the margins.
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Figure 9-7. Messinian trilogy of the western Mediterranean and its relation with messinian
markers (Modified from Roveri et al., 2014).

° Adjacent to the channel, along the Spanish and Moroccan margins, and close to
the Strait of Gibraltar, several submarine terraces also affect the M surface at different

depths, which suggests a pulsed flooding of the Alboran Basin (Figs. 7.1-6 and 9-9).

° The Messinian M surface is directly overlaid by the Plio-Quaternary contourite

sequence (Fig. 9-4) (Juan et al., 2016, 2020).

° The lack of contourite deposits during the MSC. It is to be expected that if there

was a permanent connection in the Strait of Gibraltar, the Mediterranean circulation
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conditions were similar to those of the Plio-Quaternary, and therefore contourite

deposits developed.

Figure 9-8. Seismic profile showing the poorly developed MSC sequence in the
Albordn Sea (offshore Fuengirola). Legend: (BQD) base of Quaternary, (M) Miocene-
Pliocene boundary, (Ms) base of MSC, (M-T) Messinian-Tortonian boundary, (intraT)
IntraTotornian boundary and (Tinv) Tortonian inversion (Flecker et al., 2020).

All these key stratigraphic elements characterizing the MSC sedimentary record
of the Albordn Sea, indicate that the Messinian M surface is clearly a polygenetic surface
formed by the superimposition of repeated erosional, subaerial and desiccation
processes, and marine influence during the Atlantic flooding. All this makes the
Messinian M surface of the Alboradn Sea unique in its sedimentological, morphological

and stratigraphic characteristics in the Mediterranean Sea.

Despite all these stratigraphic evidences, several unknowns remain unsolved,
pending the IODP IMMAGE proposal in the Alboran Sea (Flecker et al., 2020). What
caused the opening of the Strait of Gibraltar? This is a question that currently has no
clear answer. Several hypotheses related to tectonic control, sea level changes or
regressive fluvial erosion have been postulated (Blanc, 2002; Loget and Van Den
Driessche, 2006). Based on the geological evidence presented in this Thesis, we consider

that the most plausible answer is a combination of tectonics and regressive fluvial
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erosion (Garcia-Castellanos and Villasefior, 2011) that responds to the thickness of salts

in the Mediterranean basin.

Figure 9-9. Distribution map of the Messinian chaotic deposits in the
Alboran Sea (Modified from Lofi, 2018).
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Chapter 10

10 CONCLUSIONS

This PhD thesis analyses two convulsive geological events, of tectonic and
sedimentary-oceanographic character, that occurred in the past in the Alboran Sea: the
earthquake tsunami associated with the activity of the Averroes fault and the Atlantic
Zanclean megaflood. The analysis of the geology of the region allows us to deepen our
knowledge of the geodynamics where both convulsive events are framed and to better
understand their genesis and the geohazards associated with them. To those aims, a
multidisciplinary approach based on geomorphology, geophysics, sedimentology,
tectonics and mathematical modelling allowed us to reconstruct how these events
developed and their consequences. On the other hand, the use of the term convulsive
event versus catastrophe has also been analysed from a conceptual point of view,
reaching the conclusion that the use of the first one is preferable since it is a more

aseptic term, without philosophical connotations.

10.1 Major achievements

The main contributions of this PhD research are summarized in the following two

major points:

° To understand the genesis and impact of convulsive events it is necessary to
analyse the characteristics of active tectonics and associated geodynamic processes.
Thus, this Ph.D. defines for the first time the tectonic indentation model that develops
in the Alboran Sea, in the framework of the Eurasian—Nubia plate collision. This model
contributes to increase the understanding of the recent geodynamic evolution of this
sea. NNE-SSW sinistral and WNW-—ESE dextral conjugate fault sets forming a 75° angle
surround the rigid basement spur of the African plate. Northward, the faults decrease
their transcurrent slip, becoming normal close to the tip point. The Alboran Ridge

antiform above a detachment level was favoured by the crustal layering. The
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indentation tectonics entails the highest hazard of seismic convulsive events of the
Alboran Sea. This Ph.D. also offers new insights for the hazard assessment of these type
of convulsive events, based on imaging the growth of recent active faults through the
analysis of a seismic sequence sea bottom deformation. The results indicate that the
growth of recent faults can produce potentially higher magnitude earthquakes than
those associated to the already formed faults, thus increasing the expected earthquake

convulsive events of the area.

For a deep insight on of these events, this Ph.D. assesses their potentiality to
provoke another type of convulsive event in the Alboran Sea: the tsunamis. In this case,
the study focused on the Averroes strike-slip fault tip. Its tsunamigenic potential is
modelled, and reveals how the tsunami waves reach highly populated sectors of the
Iberian coast with maximum arrival heights of 6 m within 21 and 35 min. The short time
elapsed between the earthquake and the arrival of the tsunami means that the reaction
time of the early warning systems is very short. The characteristics of the tsunami and
the high use of beaches and the Andalusian coastline in general make this area
particularly prone to seismic tsunami convulsive events. The findings have broad crucial
consequences for the offshore geohazards, with two major implications. One is related
to the hazardous seismic faults and suggests that the tsunamigenic potential of strike-
slip faults is more important than previously known, and the other is related to the

tsunami early-warning systems, which should be considered for their re-evaluation.

o The Zanclean megaflood represents an unusual and great convulsive event with
sedimentary and oceanographic implications at the basin scale, in the Mediterranean.
This Ph. D. more accurately asserts the chronological constraints of their features
preserved in the sedimentary record. This constrain leads to the determination that a
great flooding occurred at the end of the Messinian, and that it put an end to the MSC.
The key feature for this statement is the striking and large E-W channel (the Zanclean
channel, up to 600 ms of relief and 250 km long) eroding the upper unit deposits (UU)
that closes the MSC trilogy. In addition, the occurrence of post-flooding sedimentary
features such as several submarine terraces at different depths, and the development

of subaerial canyons, reveal that the megaflood of Atlantic water occurred in several
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stages. These results are quite important because they shed light on the current debate
about the three models of the MSC: deep desiccated basin, deep non- desiccated basin
and mixed, in favour of the desiccated basin and mixed models because it considers

both the subaereal exposure and subsequent Atlantic flooding of the Alboran Basin.

For a deep insight on the magnitude and duration of this extraordinary
convulsive event, the Zanclean megaflood was mathematically modelled. The model
determines that this convulsive event involves five phases, 0 to 5, being the phases 2
and 3 those with convulsive character, due to their short duration from a geological
point of view. Phase 0 corresponds to a period of long duration where the reduced
inflow of Atlantic water generates little significant erosion. In phase 1, the Strait of
Gibraltar becomes deeper and wider, exponentially increasing its rate of erosion and
Atlantic water flow. In phase 2, there is a reduction in the hydrological gradient between
the Atlantic Ocean and the western Mediterranean resulting in a decrease in the flow
velocity and discharge of water, as well as a decrease in the rate of erosion. During this
phase all the Atlantic water entering through the Strait of Gibraltar is reversed to refill
the Western Mediterranean Basin. In phase 3, the sea level reaches the Sicily threshold
and the hydrological gradient remains constant in the Western Basin, as the water
entering through the Strait of Gibraltar is transferred to the Eastern Basin, producing a
rapid rise in sea level in the latter. Finally, in phase 4, the sea level rises synchronously
in both Mediterranean basins until it levels with the Atlantic Ocean. The estimated time
to transfer 90% of the water to the Mediterranean basin is two years, causing a sea
level rise of 10 m per day. Due to the enormous flow generated at the peak of the
megaflood (10% m3 s?), and the high velocities reached (v=40 m s?), it is very likely that
the image of a waterfall filling the Mediterranean basin is not correct and was probably

produced by a flood ramp.
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10.2 Outstanding questions

The research carried out in this thesis reveals several questions not fully resolved
or in the need of future research. These are relevant to the knowledge of convulsive

events not only in the Alboran Sea, but also extrapolable to other areas.

For hazardous convulsive events: the generation of seismic tsunamis in the Alboran Sea
still remains practically unknown. There are many potentially seismic faults to trigger
tsunamis that should be mathematically modeled, especially strike-slip faults that were
not previously considered as risk source. The detailed analysis of these potential sources
will allow in the future a much more detailed map of the coastal areas that can be
affected by tsunamis and to what degree, and thus improve early warning and
mitigation plans. The aforementioned can be extrapolated to other areas located in

similar tectonic frameworks.

Another important aspect for future studies would be to move further with
convulsive events in cascade. For example, from an initial earthquake source, other
earthquakes can be generated in highly stressed areas, which in turn can generate
landslides that give rise to tsunamis. In this sense, the CASCADE, project presented to
the Spanish “convocatoria 2021 de la Agencia Estatal de Investigacién (AEl) de proyectos
de investigacién [+D+i PID2021"” and in which | participate, (co-directed by Dr. Casas D.
and Dr. Ercilla G. from ICM-CSIC and Dr. Galindo J. from UGr-IACT), will address this issue
in order to improve the understanding and the impact of cascading processes in tectonic

indentation areas.

As it has been seen throughout this thesis, the Albordn Sea is an area prone to
the occurrence of submarine landslides, some considered to be convulsive events. This
topic, that is scarcely investigated, is an extremely important element, if we wish to
develop a strategy helpful for the early warning systems and mitigation measurements.
A big unknown in the Albordn Sea is the development of megaslides, of which we have
some evidences that occurred in the past, such as the Lower Pleistocene, landslide of
Nerja, 35 km wide and 20 km long, with a maximum thickness of 221 m (Belzuz, 1999).

The head of this landslide is located on the upper continental slope of Nerja (Malaga) at
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472 m water depth and its implications in terms of geological hazards are unknown. In

fact, the potential impact of an event of this magnitude could be enormous.

For the Zanclean megaflood convulsive: with regard to the Messinian salinity
crisis several aspects remain unsolved: what caused the Zanclean megaflood?; what was
the paleotopography of the Albordn Sea during the MSC; or what do the Messinian
deposits tell us about the MSC and its influence on the global climate? To answer the
question of what caused the convulsive event of the Zanclean megaflood, a more
detailed analysis of the seismic stratigraphy record on both sides of the Strait of Gibraltar
is required, since many of the hypotheses in the literature about its genesis are

speculative due to lack of detailed studies.

To better understand the evolution of the MSC in the Mediterranean and its
environmental implications, it is important to know what was the paleotopography of
an area as sensitive to MSC as the Alboran Sea. Currently, we are collaborating with
researchers from the GEO3BCN-CSIC Institute in the paleogeographic reconstruction of
the Alboran Sea during the Messinian that will provide essential information to better

understand how the MSC evolved.

The paleoenvironmental implications of the MSC and its impact on global
climate is a topic of current debate. Marine gateways play a critical role in the exchange
of water between oceans and seas that influence thermohaline circulation. The role of
straits, such as the Gibraltar Strait, in mathematical climate modelling is critical because
existing models use cells of a size that exceeds the dimensions of the strait itself, causing
a significant bias in climate prediction. To better understand this bias, | am involved in
the IMMAGE 895-ADP proposal (Flecker, 2020) that has been submitted to International
Ocean Discovery Program (IODP). This proposal will carry out several drillings on both
sides of the Strait of Gibraltar, in order to recover a complete record of the Atlantic-

Mediterranean exchange from the Late Miocene to the present configuration.
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