
Scenarios for earthquake-generated tsunamis on a complex tectonic area of diffuse 
deformation and low velocity: The Alboran Sea, Western Mediterranean 
Jose A. Alvarez-G6mez , Ifiigo Aniel-Quiroga , Mauricio Gonzalez , 
Maitane Olabarrieta , Emilio Carrefic 
• Instituto de Hidraulica Ambiental "IH Cantabria", Universidad de Cantabria, ETSL de Caminos, Canales y Puertos, Av, de [os [astros, s!n, 39005 Santander, Spain 
b Departamento de Geodinamica, Facultad de Geologfa, Universidad Complutense de Madrid, Cl Jose Antonio Novais, s!n, 28040, Madrid, Spain 

C US Geological Survey, Woods Hole Coastal and Marine Science [enter, 384 Woods Hole Road, Woods Ho/e, fI.1A 02543, United States 

d Instituto Geogn:ifico Nacional, Cl General lbanez Ibero, 3, 28003, Madrid, Spain 

Keywords: 

Alboran Sea 

Western Mediterranean 

tsunami hazard 

Carboneras Fault 
Alboran Ridge 

Yusuf Fault 

1. Introduction 

ABSTRACT 

The tsunami impact on the Spanish and North African coasts of the Alboran Sea generated by several reliable 

seismic tsunamigenic sources in this area was modeled. The tectonic setting is complex and a study of the 

potential sources from geological data is basic to obtain probable source characteristics. The tectonic 

structures considered in this study as potentially tsunamigenic are: the Alboran Ridge associated structures, 

the Carboneras Fault Zone and the Yusuf Fault Zone. We characterized 12 probable tsunamigenic seismic 

sources in the Alboran Basin based on the results of recent oceanographical studies. The strain rate in the area 

is low and therefore its seismicity is moderate and cannot be used to infer characteristics of the major seismic 

sources. These sources have been used as input for the numerical simulation of the wave propagation, based 

on the solution of the nonlinear shallow water equations through a finite-difference technique. We calculated 

the Maximum Wave Elevations, and Tsunami Travel Times using the numerical simulations. The results are 

shown as maps and profiles along the Spanish and African coasts. The sources associated with the Alboran 

Ridge show the maximum potential to generate damaging tsunamis, with maximum wave elevations in front 

of the coast exceeding 1.5 m. The Carboneras and Yusuf faults are not capable of generating disastrous 

tsunamis on their own, although their proximity to the coast could trigger landslides and associated sea 

disturbances. The areas which are more exposed to the impact of tsunamis generated in the Alboran Sea are 

the Spanish coast between Malaga and Adra, and the African coast between Alhoceima and Melilla. 

The Alboran Sea is located on the western end of the Mediterra­
nean Sea. Tectonically, the Alboran Basin is a complex zone that is 
being squeezed between the approaching Iberian and African plates. 
This convergence between the two main plates deforms the Alboran 
thinned crust, forming a set of conjugate shear zones and transpres­
sive structures, including reverse faults, active since the Late 
Tortonian (Larouziere et al., 1988; Bourgois et al., 1992; Comas 
et al., 1992; Vegas, 1992; Woodside and Maldonado, 1992; Watts 
et al., 1993; Martfnez-Dlaz, 2002; Masana et al., 2004; Gdcia et al., 
2006). Although the rate of deformation is low, approximately 
4.7 mm/year (McClusky et al., 2003; Stich et al., 2006; Serpelloni 

et al., 2007), the geomorphological and geophysical data show 
evidences of recent ruptures and faults large enough to generate 
great earthquakes (Gd.cia et al., 2006; Mauffret et al., 2007; 
Ballesteros et al., 2008; Maestro-Gonzalez et al., 2008). 

This area has suffered in the past several tsunamis, the main part of 
them with little impact, although damages to harbors and coastal 
inundations have been described (Soloviev et al., 2000; IGN, 2009b). 
The margins of the Alboran Sea are very developed areas, with 
increasing population and key to the tourism sector of the western 
Mediterranean, whether consolidated, such as the Spanish coast or 
emerging such as the North African. The recent experience of the 2003 
Boumerdes-Zemmouri earthquake and tsunami has shown that even 
moderate events can produce sea waves with enough energy to cause 
significant economic losses. Tsunamis in the Alboran coast are 
historically more frequent than in the Balearic (IGN, 2009b), and 
given that the population and industrial development are higher in 
this area, an evaluation of the tsunami hazard seems necessary. 

Our approximation to the study of the tsunami hazard in the area 
is based on the generation of worst case scenarios. This deterministic 
approach supplies information of the expected tsunami impact along 



the Alboran Sea Margins based on realistic assumptions of fault 
ruptures. Gonzalez et al. (2010) studied the same area although the 
approximation to the problem in that case was different, a 
probabilistic method was used and the sources used were not based 
on the most recently published geological and geophysical data 
(Gracia et al., 2006; Mauffret et al., 2007; Ballesteros et al., 2008; 
Maestro-Gonzalez et al., 2008). 

Within the framework of the European Research Project TRANS­
FER (Tsunami Risk ANd Strategies for the European Region; http:// 
labtinti4.df.unibo.it/transfer/) the tectonic structures capable of 
generating tsunamigenic earthquakes in the Alboran Basin were 
compiled. The probable fault ruptures were characterized based on 
these structures to be used as sources for the generation of numerical 
models of wave propagation. These models allowed us to determine 
the most exposed areas to the tsunami hazard and can be of use to the 
civil protection agencies, land-use planners and tsunami warning 
system development. 

The results are shown as maps of Maximum Wave Elevation and 
Tsunami Travel Time, and Wave Elevation Profiles along the coast. A 
total of 12 individual and composed sources have been modeled. 

2. Tectonic setting 

The Alboran Sea is located between the Betic range (southern 
Spain) and the Rif (northern Morocco) (Fig. 1). There is debate on the 
nature of its crust. The existence of oceanic crust or thinned 
continental crust in the Alboran Sea has important implications for 
tsunami generation models. 

The crust characteristics control basic parameters of the elastic 
models of fault deformation: maximum depth of the fault, stiffness 
and displacement-stress-drop relation for the earthquake generated. 
The maximum depth of failure will determine the width of the fault 
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plane and therefore the area of the rupture. The rupture area, along 
with the stiffness and the mean displacement along the fault at an 
event provides the seismic moment and magnitude. Moreover the 
nature of the crust determines the type of empirical relationship 
which can be used; the Wells and Coppersmith (1994) relation being 
valid only for the continental crust. 

Regarding the depth, there is a reasonable consensus on the 
thinned character of the crust in this area (Comas and Soto, 1999; 
Tome et al., 2000; Lopez Casado et al., 2001; Faccenna et al., 2004; 
Booth-Rea et al., 2007; Dlaz and Gallart, 2009). Dlaz and Gallart 
(2009) propose a crustal thinning related to large extensional 
tectonics affecting the area, which agrees with previous observations 
of thinning from a crustal thickness of 35-40 km in the Betic Chain to 
about 15-20 km beneath the central Alboran Sea (Comas and Soto, 
1999; Tome et al., 2000; Lopez Casado et al., 2001). Booth-Rea et al. 
(2007) reach similar conclusions based on the study of deep seismic 
profiles. This thinning has implications for the seismogenic depth and 
therefore the maximum width of the fault. Lopez Casado et al. (2001) 
clearly show the almost exclusive presence of shallow seismic events 
« 15 km) in the Alboran domain, ignoring the deeper earthquakes 
related to the Arc of Gibraltar, and not related to the deformation of 
the Alboran domain. These shallow depths are typical of earthquakes 
occurring on the continental crust; in the oceanic crust the events 
often reach depths of up to 40-50 km (Watts and Burov, 2003), such 
as in the Gulf of Cadiz, with oceanic crust and involving the elastic 
deformation of the lithospheric mantle Stich et al. (2005). 

Regarding the nature of the crust of the Alboran basin, for Tome et 
al. (2000) there is no doubt: "there is no evidence for the existence of 
Cenozoic oceanic lithosphere in the Betic-Rif-Alboran region" and "the 
basement of the Alboran Basin is formed primarily of metamorphic 
complexes belonging to the Alboran crustal domain." However, it is 
true that towards the eastern part of the basin, entering in the Algero-
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Fig. 1. Geological sketch of the Betic-Rif orogen and the Alboran Basin modified from (Alvarez-Marr6n. 1999). lE: Tofif'io Bank: AR: Alboran Ridge: CF: carboneras Fault; YF: Yusuf 

Fault. The tectonic structures have been compiled from Alvarez-Marr6n (1999): Gr,kia et al. (2006): Mauffret et al. (2007): Ballesteros et al. (2008): Maestro-Gonzalez et al. (2008). 



Balearic basin, the characteristics of the crust are more increasingly of 
the oceanic type (Booth-Rea et al., 2007) although all the tsunami­
genic structures discussed in this work are clearly developing in the 
central-western basin, with characteristics essentially of thinned 
continental crust as described by Booth-Rea et al. (2007). This thinned 
crust has been intruded by magmatic complexes in the Miocene, 
although it does not present purely oceanic crust characteristics but 
immature oceanic arcs developed on continental crust. 

The structural configuration of the Alboran Basin and its evolution 
is complex and is a subject of debate. That which seems to be clear is 
the huge displacement of this crustal domain from an eastward 
position towards its actual location during the Neogene. Different 
processes have been proposed to explain this evolution and the 
thinning of the crust: westward displacement due to the opening of 
the Algero-Provenc;al Basin (Sanz de Galdeano, 1990); subduction of 
Africa under Iberia, being the Alboran Basin a back-arc basin (Morley, 
1993); subduction of Iberia under the Betic Cordillera and the Alboran 
Basin (Morales et al., 1999); east dipping subduction of the Atlantic, 
Iberia and Africa under the Alboran domain (Royden, 1993; lonergan 
and White, 1997); and thinning of the crust due to convection 
processes in the mantle (Weijermars, 1985; Doblas and Oyarzun. 
1989; Platt and Vissers, 1989; Vissers et al., 1995). In addition to these 
hypotheses to explain the shallow tectonics, there are also a number 
of hypotheses to explain the intermediate and deep focus earthquakes 
that take place in the area, divided into delamination processes 
(Garcia-Duefias et al" 1992; Watts et aI., 1993; Docherty and Banda, 
1995; Seber et al., 1996; Buforn et al., 1997; Mezcua and Rueda, 1997; 
Morales et al., 1997) and subducted slab processes (Royden, 1993; 
Gutscher et aI., 2002; Thiebot and Gutscher, 2006); maybe being both 
active for deep and intermediate earthquakes respectively (Bufom 
et aI., 1991; L6pez Dsado et aI., 2001). 

The active tectonics of the Alboran Basin is mainly characterized by 
the relevant strike-slip fault systems. This strike-slip faulting is active 
since at least late Tortonian times (7-9 Ma) (Bourgois et al., 1992; 
Comas et aI., 1992; Woodside and Maldonado, 1992) during which the 
Alboran Basin was broken into sub-basins divided by transverse 
volcanic ridges. Two families of conjugate strike-slip fault systems are 
active in the Alboran Basin. These structures have been interpreted as 
a pure shear deformation mechanism due to the NNW-SSE conver­
gence of Iberia and Africa (Vegas, 1992). The main branches of this 
conjugate system are the left-lateral system that runs from Almeria in 
southeastern Spain towards El jebha in northern Morocco and the 
right-lateral system runs from northern Algeria to Malaga, in southern 
Spain. The former is composed basically by the Carbon eras Fault (CF in 
Fig. 1) and the faults belonging to the Alboran Ridge (AR in Fig. 1), this 
shear zone is known as the Trans-Alboran Shear Zone (TASZ) 
(Larouziere et al., 1988; Fem.indez-Ibafiez et al., 2007). The main 
structure of the right-lateral system is the Yusuf Fault (YF in Fig. 1). 
The TASZ has been interpreted as a major block boundary which 
nucleates the deformation and varies the stress tensor orientation on 
its surroundings (Fernandez-Ibafiez et al., 2007). The NE-SW trending 
structures have been described as transpressive, being mainly left­
lateral with thrust component (Bourgois et al., 1992; Watts et al., 
1993; Martfnez-Olaz, 2002; Booth-Rea et al., 2004; Masana et al., 
2004; Gracia et al., 2006), while the WNW-ESE structures are mainly 
right-lateral presenting normal dip-slip components in some areas 
(Alvarez-Marron, 1999). 

In accordance with this complex tectonic setting, the seismicity of 
the area is varied and scattered (Fig. 2), with small to moderate 
earthquakes and focal mechanisms ranging from pure thrust to strike­
slip and oblique with normal component (Figs. 4 and 5). The 
seismicity of the zone is characterized by its shallow depth (Fig. 3), 
except in the Gibraltar Arc (Fig. 2), where a band of intermediate to 
deep seismicity with north-south direction appears. These interme­
diate to deep events seem to be related with the existence of a 
lithospheric slab under the western part of the Alboran domain. This 

intermediate seismicity is not a probable cause of sea bottom 
deformation in the Alboran Basin and therefore is not considered in 
this study. 

A reasonable lower limit for the shallow seismogenic zone in the 
Alboran Domain is around 10-12 km, where a major part of the 
seismicity is concentrated (Fig. 3). This shallow lower limit is in 
agreement with the lithospheric structure obtained from geophysical 
and rheological modeling (Docherty and Banda, 1995; Tome et al., 
2000; Fullea et aI., 2007; Fernandez-lbafiez and Soto, 2008) and from 
previous seismicity studies (Lapez Casado et al., 2001). This thin crust 
implies a physical limit to the generation of great earthquakes, 
although some important events have been described in historical 
times with intensities of VIII-IX and estimated magnitudes of 6.5-7.0 
(Martinez Solares, 2003; IGN, 2008). 

Another element which proves the complexity of the area is the 
varied character of the focal mechanisms. In Fig. 4 the focal 
mechanisms for the area from the IGN (2009a) and Stich et al. 
(2003) catalogs are shown. Many of the focal mechanisms in the 
Alboran Basin show strike-slip character with dip-slip component; 
while the events situated onshore show normal and reverse character. 
In Fig. 5 these events are represented in a classification diagram 
(Alvarez G6mez, 2009) modified from the one proposed by Kagan 
(2005) based on the geometrical representation of Kaverina et al. 
(1996). The earthquakes situated offshore (represented as filled 
circles) are projected mainly on the fields of strike-slip-normal 
character, but on the field of reverse character too, although to a lesser 
extent. Great part of the events seems to be related to the structures 
that forms the TASZ: the Alboran Ridge and the Carboneras Fault. 

As shown in Fig. 5 most of the events have magnitudes less than 5, 
which means that they have been generated by fractures of small size. 
Ifwe use the empirical relationships of Wells and Coppersmith (1994} 
we can see that a Mw;:::j 5 event is generated by a fault with a 
subsurface rupture length of around 2 km. The focal mechanisms that 
we have in this area mostly represent fractures of hundreds of meters 
and release energies so low that they cannot be considered 
representative of the seismic cycle of large tsunamigenic structures. 

These small events cannot therefore be used to characterize the 
sources, they are only of use to show the tectonic complexity of the 
area. Moreover, the strength of the faults is greater in the case of 
reverse faulting events (Scholz, 2002) than in that of normal events 
due to the rheology of rocks. This means that while the reverse events 
can release more energy and generate greater earthquakes, they are 
also less common, while the normal fault events are more frequent 
and smaller in magnitude. The tensile strength of faults and rocks is 
much smaller than the compressive strength, especially in shallow 
areas of the crust. 

In addition to this inherent characteristic of the methodology of 
seismotectonics, the uncertainty of the focal mechanism calculus with 
such small sized events is not negligible. Although in the case of large 
earthquakes the results obtained by different seismic networks are 
very similar (though rarely identical), in the case of small earthquakes 
the uncertainty and error make the results of different networks 
sometimes inconsistent from a tectonic point of view. 

3. Sources characterization 

In order to characterize the potential seismic tsunamigenic sources 
from a deterministic point of view, the geometric characteristics of the 
faults, and the expected amount of slip for a worst case earthquake 
must be defined. The maximum surface rupture can be approximated 
from the known fault traces, imposing a maximum size for the 
earthquake based on geomorphological observations. In the last years 
a number of oceanographical surveys, in addition to a compilation of 
previous data, have led to the definition of different structures by 
various authors (Grada et al., 2006; Mauffret et al., 2007; Ballesteros 
et al., 2008; Maestro-Conzalez et al., 2008); these results have been 
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Fig. 2. Map showing the epicenters of events with magnitudes mb2:2 from the IGN (2008 ) catalog. The size of the circles is proportional to the magnitude, while the color is function 
of the depth, as shown in the scale. 

used to define the fault's segmentation and rupture lengths (Fig. 6). 
For the maximum depth, and consequently for the width of the fault 
we have estimated the maximum seismogenic depth based on the 
distribution of earthquakes and from the bibliography discussed in 
the previous section. For the Yusuf Fault the maximum depth is 
shallower due to the progressive thinning of the crust towards the 
east. The dip and rake of the faults have been obtained from the 
bibliography when possible. When not available, the values were 
estimated taking into account the tectonic setting and the typical 
rupture characteristics of similar faults. 

3.1. Alboran Ridge 

The Alboran Ridge is bound to the northwest and to the southeast 
by steep faults that form positive flower-like left-lateral strike-slip 
structures. The northern fault dips slightly towards the southeast 
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while the southern fault dips slightly towards the northwest (Estrada 
et al., 1997). Ballesteros et al. (2008) proposed that the northeastern 
fault of the Alboran Ridge is connected in some way with the Serrata­
Carboneras Fault, supporting the hypothesis of Maldonado et al. 
(1992) and Woodside and Maldonado (1992). Some of the secondary 
structures seem to be reverse faults that fold the overlaying sediments 
(Alvarez-Marron, 1999). Other authors also describe compressional 
structures on both sides of the Alboran Ridge (Woodside and 
Maldonado, 1992; Watts et al., 1993). The estimated uplift of the 
Alboran Ridge is 750 m relative to the Alboran Basin (Campos et al., 
1992). A northwest-dipping fault with reverse component in the 
southern flank coincides with the jebha left-lateral strike-slip fault 
inland (Meghraoui et al., 1996; Morel and Meghraoui, 1996), this 
structure being proposed as the onshore continuation of the offshore 
structures (Maestro-Gonzalez et al., 2008). In a similar way Mauffret 
et al. (2007) interpret the presence of the Tofifio Bank and the Xauen 
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Fig. 3. Histograms for the frequency of depths for earthquakes taking place under the sea bottom. The left histogram shows all the depths up to 150 km. The right histogram shows 

the shallow seismicity. Thick lines show accumulated frequencies as percentages. 



-6' 

-6' 

3B' 

36' 

-6' 

IGN catalogue 
2002 - 2009 

IAG catalogue rz; 
1984 - 2005 

([)6 

-4' -2' o· 

o 

36' 

-4' -2' o· 

38' 

Q� 

36' 

-4' -2' o· 

N NS SN S SR RS R 

Fig. 4. Shallow focal mechanisms (:2::20 km) distribution from local catalogs. IGN: Instituto Geogratico Nacional (IGN, 2009a): and IAG: InstitutoAndaluz de Geofisica (Stich et al, 2003). 

The calor of the compressional quadrants represents the focal mechanism character as shown in the scale: N, normal; NS, normal-strike-slip; SN, strike-slip-normal: S, strike-slip; SR, 
strike-slip-reverse: RS, reverse- strike-slip; R, reverse. 

Bank as morphological expressions of mainly reverse structures on 
the southern edge of the Alboran Ridge. 

We model the Alboran Ridge as a "pop-up" like structure, 
associated to a positive flower strike-slip structure, with the faults 
of the northern and southern flanks dipping towards the south and 
north respectively, uplifting the ridge with important reverse 
component. The southern flank of the ridge is composed of two 
segments with similar characteristics, high dip and mainly reverse 
slip; the "Alboran Ridge Southern Fault East" (ARSFE) and "Alboran 

Ridge Southern Fault West" (ARSFW). The northern flank is composed 
of three faults with different characteristics. The eastern segment is 
subparallel to the southern flank faults, presenting oblique slip, we 
named it here as the "Alboran Ridge Northern Fault East" (ARNFE). 
The middle segment, the "Alboran Ridge Northern fault West" 
(ARNFW), has a NNE-SSW direction with higher dip and mainly 
strike-slip motion. Finally, at the southern edge we model the "Tofifio 
Bank Fault" (TBF), a mainly reverse fault uplifting the Tofifio Bank 
(Mauffret et al.. 2007). 
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Fig. 5. Representation of the focal mechanisms shown in Fig. 4 on the K.averind et aJ. (1996) diagram, with the classification proposed by AIvarez G6 mez (2009). Classification fields: 

N, normal; NS, normal-strike-slip; SN, strike-slip-normal: S, strike-slip; SR, strike-slip-reverse: RS, reverse- strike-slip; R, reverse. Solid circles are for offshore earthquakes. 

3.2. Carboneras Fault 

The Carboneras Fault (also known as Serrata Fault or Serrata­
Carboneras Fault) is a NE-SW active structure that forms the 
northwestern boundary of the volcanic complex of Cabo de Gata 
(Pined a Velasco et al., 1978). The trace of this fault is clear onshore 
and also offshore, mainly presenting left-lateral strike-slip charac­
ter but with a dip slip component too (Pineda Velasco et al., 1978; 
Gracia et aI., 2006; Ballesteros et aI., 2008). The length of the fault 
offshore is greater than 70 km (Gracia et al., 2006) having at the 
present stage some reverse component (Estrada et al., 1997; Gra.cia 
et al., 2006) that downthrows the northwestern block (Ballesteros 
et al., 2008). Bell et al. (1997) propose a main reverse component of 
the fault in recent times, with an uplift rate of 0.05-1 mm/year for 
the last 100 ka; although the offshore shows a positive flower 
structure indicating the basically strike-slip component (Estrada et 
al., 1997) being active at least since Messinian times (Wood side 

and Maldonado, 1992; Rodriguez and Martin, 1993; Watts et al., 
1993; Estrada et al., 1997). Some authors point to this fault as the 
source of the 1522 Almeria earthquake, which caused seafloor 
rupture and coastal flooding (Gracia et al., 2006; Reicherter and 
Hubscher, 2007). 

The fault offshore is divided into two main segments with slightly 
different strike and morphological expressions (Gracia et aL, 2006): 
a north segment, 33 km long, dipping towards the southeast and a 
south segment, 26 km long, dipping towards the northwest. We have 
included the onshore segment due to its proximity to the coast, 
therefore dividing the Carboneras Fault into three segments: the 
onshore segment, here called "Carboneras Fault Northern" (CFN); 
the northern offshore segment; "Carboneras Fault Central" (CFC) and 
the southern offshore segment, "Carboneras Fault Southern" (CFS). 
The characteristics of the onshore segment are very similar to those 
of the northern offshore segment (Keller et al., 1995; Grana et al., 
2006; Moreno et aI., 2008). 
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Fig. 6. Tsunamigenic seismic sources in the Alboran Sea considered in this study. The size of the rectangles is proportional to the magnitude of the earthquake generated on each 

segment; its position in the figure is in interest of a clearer representation and is not related to any geometric parameter of the source. 



Due to the clear continuity of this fault, we decided to model not 
only the three segments described above, but the combination of the 
two northern segments and the three fault segments at the same time 
to take into account the worst cases. 

3.3. Yusuf Fault Zone 

The Yusuf Fault Zone is a right lateral strike-slip fault system made 
up of two branches in right step over that forms an elongated rhomb­
shaped pull-apart basin (Mauffret et aI., 1987; Nvarez-Marr6n, 1999). 
The Yusuf Fault shows an apparent vertical throw of at least 2000 m 
(Mvarez-Marron, 1999) and forms negative flower structures into a 
transtensive regime (Estrada et al., 1997). Mauffret et al. (1987) also 
suggested a horizontal displacement for the Yusuf Fault of 30-35 km 
based on the distribution of magnetic anomalies and the basin 
morphology. If we assume a coeval evolution of both deformation 
components, a rake of 176c is obtained for an idealized sub-vertical fault. 
The rate of deformation of this fault seems to be decreasing since the 
first stages of the Quaternary until recent times (Estrada et al., 1997). 

We model the Yusuf Fault Zone as a right-lateral strike-slip 
structure formed by two clear segments forming a right step-over. The 
northern side of the structure is downthrown and a pull apart basin is 
formed in the transition between the two branches. These two 
segments are referred to as "Yusuf Fault Western" (YFW) and "Yusuf 
Fault Eastern" (YFE). 

3.4. Rupture parameters 

Being the main character of the faults in the Alboran Basin strike­
slip, and although thinned, the crust can be considered of continental 
affinity (Tome et al., 2000), we have used the Wells and Coppersmith 
(1994} empirical relations to define the expected maximum magni­
tude. From the length of the fault trace we obtained the Mw 
magnitude; and the average rupture displacement over the fault 
from the moment magnitude definition (Kanamori and Anderson, 
1975; Kanamori, 1977): 

3 
logM, = ;;:Mw + 11.8 ( 1  ) 

M, = j.iSD (2) 

being Mo the seismic moment, J1 the shear modulus, S the rupture area 
and I5 the average displacement over the fault. We have considered 
the maximum depth of the rupture as 11 km, except for the Yusuf 
Fault, in which the maximum depth has been taken as 10 km dueto its 
eastward situation. 

In Fig. 6 the seismic tsunamigenic sources considered are shown. 
The size of the earthquake generated by each segment has been 
represented by the size of the rectangie. In accordance with the 
historic catalogs, we have obtained maximum earthquake magnitudes 
Mw of 6.7-7.2; with average slips ofl-l.9 m (Table 1). The maximum 
length of individual sources varies from the 37 km of the smallest 
rupture (ARNFE) to the 97 km of the largest one (YFE). Ifwe take into 
account the composed ruptures, the value of 138 km for the complete 
Carboneras Fault (CFS + CFC +CFN) is reached. The width of the faults 
are similar to the maximum depth of the seismogenic zone due to the 
high dip common to these mainly strike-slip structures; with the 
exception of the Tofifio Bank Fault, modeled with more reverse 
component and smaller dip. In general the rupture parameters are in 
agreement with the expected maximum earthquake sizes and its 
geometrical characteristics have been selected to reflect in a simple 
manner the geological and seismological information available. 

Table 1 
Faults parameters. ARNFE: Alboran Ridge North Fault Eastern; ARNFW: Alboran Ridge 

North Fault Western; ARSFE: Alboran Ridge South Fault Eastern; ARSFW: Alboran Ridge 

South Fault Western; TBF: Tofifio Bank Fault; CFS: Carboneras Fault Southern; CFC: 

carboneras Fault Central; CFN: Carboneras Fault Northern; YFW: Yusuf Fault Western; 
YFE: Yusuf Fault Eastern. 

Fault L (km) W (Ian) Strike Dip Rake Mw Slip (m) 

ARNFE 37 13 57 60 45 6.71 1 .02 

ARNFW 45 11  38 75 10 6.74 1 .07 

ARSFE 93 13 242 60 70 7.10 1.56 

ARSFW 58 13 242 60 70 6.91 1 .32 

TBF 49 16 78 45 75 6.92 1 .34 
CFS 42 11  237 85 15 6.70 1.01 

CFC 42 11  48 85 15 6.70 1.01 

CFN 54 11  50 85 15 6.81 1 .16 

CFC+CFN 96 11 7.08 1.57 
CFS + CFC + CFN 138 11  7.24 1 .9 

YFW 83 10 101 80 170 6.96 1 .39 

YFE 97 10 282 80 - 170 7.03 1 .51 

4. Numerical model 

The model used in the present study is the COMCOT (Cornell 
Multi-grid Coupled Tsunami) Model. This model is based in the finite 
difference scheme and has been used to investigate several historical 
tsunami events in the past: 1960 Chilean tsunami (liu et al., 1994), 
1992 Flores Islands (Indonesia) tsunami (Uu et al., 1995), 2004 Indian 
Ocean tsunami (Wang and Uu, 2006) and 2003 Algerian tsunami 
(Wang and Liu, 2005). Additionally, the model has been validated 
using the benchmark cases proposed in the working frame of the 
European Tsunami Project TRANSFER (http://labtinti4.df.unibo.it/ 
transfer/). The initial sea bottom deformation used to start the wave 
propagation has been computed by means of the Okada (1985) 
equations from the rupture parameters described above. We assume 
an almost instantaneous deformation that is fully transmitted to the 
sea bottom, reported values of rupture velocity over a fault in an 
earthquake range from 2 to 6 kmjs (Young et al., 1989; Hartzell and 
Liu, 1996; Sekiguchi and lwata, 2002; Umutlu et aI., 2004). 
Considering that the water is uncompressible, this deformation is 
translated instantaneously into sea surface disturbance. 

The model solves both nonlinear and linear shallow water 
equations, adopting a modified leap-frog scheme. Its nesting 
capabilities allow simulating tsunami generation and its propagation 
from the source zone to a given coastal area, considering the possible 
inundation of coastal zones. In the Mediterranean region, earthquake­
generated tsunamis are expected to present wave lengths between 20 
and 5 km (Wang and Uu, 2005), while maximum water depths are in 
the order of 3 km. In these circumstances, wave dynamics can be 
considered mainly horizontal, the vertical accelerations being negli­
gible, hence the pressure field can be assumed to be hydrostatic. The 
propagation of this kind of waves can be correctly simulated using the 
shallow water wave equations. In a Cartesian coordinate system these 
equations can be expressed as: 

Mass conservation equation: 

Momentum conservation equations: 

ap ap2 aPQ a; 
- + - + - +gH- +TH-fQ=O at ax ay ax ' 

ap aPQ aQ2 a; 
- + - + - +gH- +TH-fP=O at ax ay ay Y 

(3) 

(4) 

(5) 



where?; is the free surface elevation above mean sea level; x and y 
represent the longitude and latitude of the earth; Tx and Ty are the 
bottom shear stress in x axis (pointing to the east) and y axis pointing 
to the north; P and Qstand for the volume fluxes (P=Hu and Q=Hv 
with u and v being the depth-averaged velocities in the longitude and 
latitude direction); H is the total water depth CH = h + 0 with h being 
the water depth; f represents the Coriolis parameter; and g is the 
acceleration due to gravity. 

The simulation domain covers basically the Alboran Basin, in the 
western Mediterranean region. The grid is composed of 1095 x 673 
nodes in x and y axis respectively (cell size of 500x 500 m). The lower 
left corner of this grid is located at (6CW, 35CN). For all the numerical 
simulations a radiation boundary condition has been considered in all 
the boundaries falling into the water region, while in all those 
boundaries separating wet and dry domains, a vertical wall condition 
has been adopted. 

The bathymetry used is the GEBCO_08 dataset (GEBCO, 2008), 
with an original cell size of 30" (Fig. 7). The histogram of Fig. 7 
presents two clear maximums of frequency, near the minimum and 
maximum depth of the area. The highest peak of the frequency 
distribution represents the lower sea bottom of the Alboran Basin 
towards the east (;:::j -2650 m). This deep flat area gradually increases 
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its depth towards the west (blue colors). The northern and southern 
boundaries of this area show a steep slope, as is evidenced by the 
closeness of the contours on the coasts of Car tag en a (Spain) and Oran 
(Algeria). Towards the west, the sea bottom is much more irregular, 
with the presence of several important banks and ridges. The main 
bathymetric feature is the Alboran Ridge, with NE-SW direction and 
its flanks formed by recent tectonic activity. To the southeast of this 
ridge there are a number of banks of which the most important is the 
Western Cabliers Banks and Eastern Cabliers Bank. Northwest of the 
Alboran Ridge there is a platform with a mean depth of ;:::j -900 m 
responsible for the local maximum at this depth of the histogram. 
Developed on this platform there are several banks and mounts such 
as the Horseshoe Southern Bank, the Djibouti Bank or the Algarrobo 
Bank (Fig. 7). The other peak on the histogram represents the 
continental shelf, showing a value of ;:::j -90 m for the Alboran Basin. 

5. Results 

In order to identify the more exposed areas of the Alboran Sea 
coasts, we have computed tsunami travel times and maximum wave 
elevations for each considered scenario. The results are presented in 
maps covering the Alboran Sea. In a number of locations distributed 
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Fig. 7. Bathymetry dataset used in the numerical simulations from GEBCO (2008). Numbered points are places where synthetic mareograms have been computed. AB: Algarrobo 

Bank. SHB: Southern Herradura Bank. DB: Djibuti Bank. WCB: Western cabliers Bank. ECB: Eastern cabliers Bank. The dataset is binned in 10% percentiles as shown in the histogram. 



along the coast, synthetic mareograms have been generated to obtain 
precise estimated tsunami travel times and maximum wave eleva­
tions. The data extracted from the synthetic mareograms are shown in 
the maps too. 

In addition to these maps we have performed an approximation to 
the threat based on a classification of the levels of damage expected as 
a function of the wave height. We have followed the levels proposed 
by Tiberti et al. (2008), which follow a three color coded classification 
similar to the one used by the "japan Meteorological Agency" (http:// 
www.jrna.go.jp/en/tsunarni/). These levels classified the wave eleva­
tion in 0.5 m steps, dividing the threat as "Marine Threat" for 
maximum wave elevations between 0.05 m and 0.5 m; "Land Threat" 
for the range 0.5 m to 1 m; and "Severe Land Threat" for maximum 
wave elevations over 1 m. We have used the - 10 m contour line from 
the bathymetry to obtain the expected maximum wave elevation in 
front of the coast. Using this value we avoid numerical problems and 
artifacts due to the proximity to the numerical model boundary (the 
o meters contour), while retaining the general characteristics of the 
wave in each point. Although the model can represent adequately the 
"general picture" of the hazard, the resolution of the grid is too coarse 
to study local effects of amplification and resonance, and therefore the 
obtained results should be considered as lower limits of the expected 
tsunami impact. 

To obtain an estimated tsunami travel time we have used two 
approximations. On one hand we have computed by means of the 
COMCOT model synthetic mareograms for a number of locations 
along the coast (Fig. 7) from which we extracted the tsunami travel 
time (with a minimum wave elevation threshold of;:::jO.01 m) and the 
maximum wave elevation travel time (Fig. 8); and on the other hand 
we have computed tsunami travel times following the technique 
described by Shokin et al. (J987)and implemented by LULs (2007) to 
obtain tsunami travel time contours as shown in the maps (Figs. 10, 
12, 14 and 17). If we assume that the tsunami wave length is much 
greater than the water depth, the tsunami travel time can be 
computed taking into account only the water depth: 

(6) 

where c stands for wave propagation speed, g is the acceleration of 
gravity and h is the water depth. Following the Huygens' Principle the 
minimum time of travel of a wave front generated on a point can be 
computed for each node on a grid. The result is independent of the 
tsunami height or wavelength, which makes this approximation faster 
and simpler than the numerical modeling of the wave propagation. 
The main weakness of this technique compared with the more 
sophisticated numerical models is that in shallow waters the 
nonlinear effects are not taken into account, and therefore the travel 
time estimations near the coast have greater errors. Shokin et al. 
(1987) estimated the error associated with the technique and found 
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Fig. 8. Synthetic mareogram generated for the ARSFE source in the "La Herraduran 

location (point 7 of Fig. 7). The points of interest extracted from each mareogram are 

shown. 

that usually a 3% deviation is the maximum error encountered, 
approximately 2 min per hour. 

The maximum elevations have been obtained from the numerical 
model. We have modeled an hour of wave propagation in 1 minute 
steps. With this modeling we generated synthetic mareograms for 
each node of the grid (Fig. 8), from which the maximum wave 
elevation was extracted. Maps of maximum wave elevation for the 
Alboran Basin where then generated for each source. 

5.1. Alboran Ridge 

5.1.1. Alboran Ridge North Fault Eastern (ARNFE) 

As specified above, the sea bottom deformation was computed for 
each source using the Okada (1985) equations. The maximum vertical 
displacement of the sea bottom caused by this source is 0.46 m, the 
maximum horizontal displacement being the same (Fig. 9a). The 
maximum wave elevation produced in open sea is ;:::j0.72 m, the 
tsunami being more energetic towards the north-west (Fig. lOa). This 
propagation towards the Spanish coast causes the maximum 
elevations in the area of Motril (point 8 in Fig. 7). The African coast 
presents lower elevations, probably due to the pseudo-barrier that the 
Alboran Ridge forms to the propagation of the wave, dissipating its 
energy. The threat in the affected coasts is "Marine", from Marbella 
(point 3) to Las Negras (point 14) in Spain; and from El jebha (point 
20) to Ghazaouet (point 23) in Africa. 

Due to its central position in the Alboran Basin, the tsunami travel 
time map shows similar travel times for the Spanish and Moroccan 
coasts, although the presence of the shallows of the Alboran Ridge 
slows down the propagation of the wave towards the south (Fig. lOa). 
The first coastline affected by this source is the Cape Tres Forcas, 
;:::j 15 min after the rupture, on the Moroccan coast. The first populated 
area reached by the wave is the Spanish coast between "Castell de 
Ferro" and "El Pozuelo" (Los Yesos in Fig. 7, point 9), where the 
continental shelf is very steep. Here the first wave arrival is basically 
the maximum wave elevation, 17 min and 18 min respectively. The 
coast between Malaga and Murcia (points 5 to 16 in Fig. 7) is exposed 
to the wave in less than 30 min; as well as the north African coast 
between Alhoceima (point 21) and Ghazaouet (point 23). 

5.1.2. Alboran Ridge North Fault Western (ARNFW) 

Due to the mainly strike-slip component of this source, the 
maximum vertical displacement is 0.17 m, while the horizontal left 
lateral displacement reaches 0.59 m in the NNE direction of motion 
(Fig. 9b). Due to its small vertical deformation, the maximum wave 
elevation obtained is ;:::j 0.22 m. This maximum elevation takes place 
in the epicentral area, in the Alboran Ridge, the elevation along the 
coasts being lower (Fig. lOb). Similarly to the previous source, the 
most exposed area is the Spanish coast between Fuengirola (point 4) 
and Motril (point 8), although only with "Marine" threat. On the 
Moroccan coast this level of threat is reached locally between El-jebha 
(point 20) and Ghazaouet (point 23) although with very low 
elevations. 

The proximity of this source to the Moroccan coast makes the 
wave arrive in just 14 min to Alhoceima (Fig. 7, point 21); sweeping 
the Mediterranean Moroccan coast in less than 30 min (Fig. lOb). The 
Cape Tres Forcas forms a barrier protecting the Algerian coast from the 
incidence of these southern sources. The waves generated take 
around 45 min to reach this Algerian coast. On the other hand, the 
southern Spanish coast is very exposed, and similarly to that which 
occurs on the Moroccan coast, in ;:::j 30 min all the coasts between 
Algeciras (point 1) and Mojacar (point 15) are affected. 

5.1.3. Alboran Ridge South Fault Eastern (ARSFE) 

Its dimensions make this source one of the most capable to 
generate tsunamis in the area; with a maximum vertical displacement 
of 0.93 m and maximum horizontal displacement of 0.65 m (Fig. 9c). 
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Fig. 9. Sea bottom deformation for the following sources: a) ARNFE, "Alboran Ridge North Fault Eastern"; b) ARNFW, "Alboran Ridge North FaultWestern"; c) ARSFE, "Alboran Ridge 
South Fault Eastern"; d) ARSFW, "Alboran Ridge South Fault Western". Colors and contours show vertical displacement while the vectors show horizontal displacement. 
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Fig. 10. Model results map for the following sources: a)ARNFE, "Alboran Ridge North Fault Eastern": b)ARNFW, "Alboran Ridge North FaultWestern"; c) ARSFE, "Alboran Ridge South Fault 

Eastern": d) ARSFW, "Alboran Ridge South FaultWestem". Maximum Wave Elevation is represented by the sea color gradient, note that the color scale is logarithmic in order to adequately 
represent the lower variations. The threat level is represented by the color of the dots along the coast. Tsunami travel time data is represented by dashed contours in 5 minute intervals. 

Precise estimated travel times (bold numbers) and maximum wave elevation travel time (italic numbers) obtained from synthetic mareograms. All time data is expressed in minutes after 

the rupture. The thick line shows the fault trace. 



The maximum wave elevation generated by this source is the biggest 
of all the models, reaching values of 1.6 m along the Alboran Ridge, 
and greater than 1 m for some points of the Spanish coast. Almost all 
the Alboran Basin margins are affected, at least with "Marine" threat 
level (Fig. 1 Oc); the threat being of "Land" level locally in the Spanish 
coast between Fuengirola (point 4) and Balanegra (point 10) and in 
the western edge of the Cape Tres Forcas in the Moroccan Coast, near 
Melilla (point 22). The "Severe Land" threat is reached between Velez 
(point 6) and La Herradura (point 7); although locally this level could 
also be reached in other areas if we expect amplifications near the 
coast that are not well represented with our model resolution. 

In a similar way to the previous source, the Moroccan and southern 
Spanish coasts are reached in less than 30 min, the nearest coast being 
the area between Cape Tres Forcas and Alhoceima, with estimated 
travel times of;:::j 15 min (Fig. 1 Oc). Due to the deeper area to the north 
of the Alboran Ridge, the propagation towards the Spanish coast is 
faster; and although the distance is greater, the estimated time of 
travel is lower than 20 min for the coast between Motril and Cabo de 
Gata (Fig. 3, points 8 and 13 respectively). 

5.1.4. Alboran Ridge South Fault Western (ARSFW) 

This source presents an oblique slip with important reverse 
component. This produces a maximum vertical displacement of 
0.73 m, greater than the maximum horizontal displacement of 
0.51 m (Fig. 9d), generating a maximum wave elevation of ;:::j 1.17 m 
and elevations greater than 0.5 m along the Moroccan coast in the 
area of Alhoceima (point 21) (Fig. 1 Od). The threat level posed by this 
source is "Marine" and mainly confined to the western Alboran Basin, 
being locally of "Land" level in Alhoceima (point 21). 

The ARSFW is the southern segment of the Alboran Ridge Fault 
system and could be continued onshore by the jebha Fault (Morel and 
Meghraoui, 1996; Alvarez-Marron, 1999). The closeness of this source to 
the Moroccan coast produces travel times of less than 10 min (Fig. 1 Oc) 
with the maximum wave elevation reaching Alhoceima in 10-11 min 
(point 21). The Cape Tres Forcas forms an effective barrier for the 
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propagation of the waves towards the east; delaying the travel time of 
the wave to 54 min at Ghazaouet. The Spanish coast from Algeciras 
(point 1) to Balanegra (point 10) is reached in less than 30 min. 

5,1.5. Tafilia Bank Fault (IBF) 

The Tofifio Bank Fault can be interpreted as a reverse splay fault of 
the Alboran Ridge northern flank. This fault uplifts the Tofifio Bank, 
situated towards the south, thrusting the northern African margin 
over the Alboran Basin. The maximum vertical displacement 
generated by this source is 0.82 m, while the horizontal displacement 
is 0.47 m (Fig, 11a), 

The waves generated by this source produce the maximum wave 
elevations along the Moroccan coast in Alhoceima (point 21) and 
along the Spanish coast in the area of Malaga and Velez (points 5 and 
6) (Fig. 12a). Here the threat reaches the "Land" level, and even the 
"Severe Land" level near Alhoceima. 

Similarly to that which takes place in the previous cases, this source 
is very close to the Moroccan coast, causing very short travel times for 
the area of Alhoceima (Fig. 12a), less than 10 min. The general features 
of the tSlll1ami travel time map and the estimated travel times are 
almost identical to those of the previous source, with estimated travel 
times of less than 30 min for the southern Spanish coast, and more than 
50 min for the eastern Moroccan and Algerian coasts. 

5.2. Carboneras Fault 

5.2.1. Carboneras Fault Southern (CFS) 

This is the segment of the Carbon eras Fault situated at greater 
depths, in front of the Campo de Dalias area, between Balanegra and 
Roquetas (Fig. 7, points 10 and 11 respectively). This fault is mainly 
strike-slip in character, although with some dip-slip component that 
uplifts the northern block. The maximum vertical displacement 
obtained from the elastic model is 0.16 m, much lower than the 
maximum horizontal displacement of 0.5 m (Fig. 11 b). The maximum 
wave elevation is achieved along the fault trace, ;:::j 0.27 m, while at the 

3S' 

(cm) 
10 

5 

0 

36' -5 

-10 

-4' -2' 0' 

Fig. 11.  Sea bottom deformation for the following sources: a) TBF. "Tofif'io Bank FaulC; b) CFS. "Carboneras Fault Southern"' ;  c) CFe, "Carboneras Fault Centra1"' ;  d) CFN. "(arboneras 

Fault Northern"' .  Colors and contours show vertical displacement while the vectors show horizontal displacement. 
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coast the maximum wave elevations are below the 0.1 m. These low 
elevations generate "Marine" level threat in the Spanish coast 
between Motril (point 8) and Roquetas (point 11) basically, and in 
the Moroccan coast between the Cape Tres Forcas, Melilla (point 22) 
and Ghazaouet (point 23). 

The travel times estimated are less than 20 min for a wide Spanish 
coastal area between La Herradura (Fig. 7, point 7) and Cabo de Gata 
(point 13) (Fig. 12b). The minimum travel time, 11 min, is located in 
Los Yesos (point 9), where it coincides with the maximum wave 
elevation arrival. The travel times for the African margin are more or 
less homogeneous with times that range from 31 min (Alhoceima, 
point 21) to 41 min (Ghazaouet, point 23). 

5.2.2. Carboneras Fault Central (CFC) 

The CFC is the northern segment of the offshore Carboneras Fault. 
Like the southern segment (CFS) the character of the source is mainly 
strike slip, with a dip-slip component uplifting the southern block in 
this case (Fig. 11 c). As the dimensions and geometrical characteristics 
of the CFS and CFC are almost the same (Table 1), the displacements 
obtained from the elastic numerical model are basically equal. The 
maximum vertical displacement is 0.16 m and the horizontal one is 
0.52 m. Following the similarities the maximum wave elevation is 
;:::j 0.24 m, generating small wave elevations along the nearest coast of 
southern Spain, between Roquetas (point 11) and Las Negras (point 
14), the area of Cabo de Gata. This area presents "Marine" threat level. 

The main difference between the CFS and CFC is the proximity to 
the coast of the second one. This proximity makes the propagation of 
the wave slower in the northern tip of the source, generating a very 
asymetric wave front (Fig. 12c). On the Spanish coast, the wave is 
propagated with a coast parallel motion, with increasing travel time 
values from the Almeria Bay (Fig. 7, point 12). The African coast is 

reached between Alhoceima (point 21) and Oran (point 24) in less 
than 40 min, the furthest locations, in the Gibraltar Strait, being 
reached in 45-55 min. 

5.2.3. Carboneras Fault Northern (CFN) 

The CFN is the onshore segment of the Carboneras Fault, and 
although its main rupture is not situated lll1der the sea, its proximity 
could generate some deformation in the adjacent coastal areas 
(Fig. lld). The dimensions and geometrical characteristics of this source 
are very similar to those of the other segments of the Carboneras fault 
(Table 1). The maximum vertical displacement is 0.17 m and the 
maximum horizontal displacement is 0.48 m. The maximum wave 
elevation generated is very similar to the previous sources, a maximum 
value of ;:::j 0.25 m along the fault trace (Fig. 12d). In this case, the trace 
being almost entirely situated onshore, the coastal area affected by the 
wave is restricted to the northern edge of the fault. A "Marine" threat 
level, with very low wave elevations is expected between Las Negras 
(point 14) and Mojacar (point 15). 

Since it is an onshore rupture which is close to the coast, the sea 
disturbation in the nearest coastal points is almost instantaneous 
(Fig. 12d). The locations of Las Negras and Mojacar (points 14 and 15 
in Fig. 7) show estimated travel times of 0 min. The area between 
Almeria (point 12) and Cartagena (point 18) is reached in less than 
20 min. The time needed by the wave to arrive at the Spanish coast 
westward of Malaga (point 5) and at the Moroccan coast is greater than 
40 min. In the African coast the nearest location to the source is the Oran 
area (point 24), where the wave arrives 28 min after the rupture. 

5.2.4. Carboneras Fault Central and Northern (CFC + CFN) 

The northern and central segments of the Carboneras Fault form a 
continuous trace with identical strike. Probably both segments 
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present similar dip and rupture characteristics (Gracia et aL, 2006) 
and hence a continuous rupture of both segments in one shock cannot 
be ruled out. The size of the earthquake generated by this rupture is 
Mw;:::j 7.1, producing a maximum vertical displacement of 0.24 m and 
a maximum horizontal displacement of 0.82 m (Fig. 13a). In this case 
the maximum wave elevation generated is ;:::j 0.43 m, almost twice the 
elevation generated by the CFC or the CFN alone (Fig. 14a). Although 
the tsunami promoted by the combination of both segments is greater 
than the previous tsunamis of the Carboneras Fault, its size is still 
small, and only a "Marine" threat level is reached between Balanegra 
(point 10) and Calnegre (point 17) on the Spanish coast, and between 
Ghazaouet (point 23) and Oran (point 24) in northern Africa. 

The tsunami travel time map and data is obviously a combination 
of those two segments, the CFC and CFN (Fig. 14a). Great part of the 
Spanish coast, from La Herradura (point 7) to Cartagena (point 18), is 
reached by the wave in less than 20 min; while the Algerian coast is 
affected in less than 30 min. 

5.2.5. Carboneras Fault Complete (CFS + CFC + CFN) 

Extending the reasoning of the previous source, we can expect, 
although to alesser degree, a rupture of the whole Carboneras Fault. This 
rupture could have a length of 138 km, generating a Mw 7.24 
earthquake (Table 1). The maximum vertical and horizontal deforma­
tions obtained from the elastic modeling are 0.29 m and 0.98 m 
respectively (Fig. 13b). The maximum wave elevation is ;:::j 0.54 m, 
greater than the previous source with a two segment rupture, but 
capable only of generating wave elevations of a few decimeters along 
the coast. The area affected is increased greatly, presenting "Marine" 
threat levels from Fuengirola (point 4) to Cartagena (point 18) in Spain, 
and from Alhoceima (point 21) to Oran (point 24) in Africa (Fig. 14b). 

The addition of this southern segment to the rupture diminishes 
the tsunami travel time towards the west (Fig. 14b). In the eastern 
part of the Alboran Basin the tsunami travel time is almost identical to 
the previous source, while towards the west the main part of the coast 
is reached by the waves in less than 30 min. 

53. Yusuf Fault 

5.3.1. Yusuf Fault Western 

The YFW is an almost pure right lateral strike-slip structure; and 
although its rupture dimensions can generate an earthquake of 
magnitude;:::j Mw 7, the vertical deformation is small compared to the 
horizontal one. The maximum vertical sea bottom displacement 
obtained is 0.20 m, while the maximum horizontal displacement is 
0.76 (Fig. 13c). Consequently, the maximum wave elevation is small, 
;:::j 0.30 m, a value similar to those obtained from the other almost pure 
strike-slip fault, the Carboneras Fault. On the coast, the greatest values 
are obtained along the Cape Tres Forcas coast in Morocco (point 22), 
and the Campo de Dalias coast in Spain (point 10); although they only 
pose a "Marine" threat level (Fig. 14c). 

The YFW is practically centered on the Alboran Basin, giving rise to 
similar travel times along the Spanish and African coasts (Fig. 14c). 
The lower travel times are situated in southeastern Spain, in the area 
between Cabo de Gata and Mojacar (Fig. 7, points 13 to 15), where the 
estimated travel times are below 20 min. In the Los Yesos location 
(point 9) the time is also small, probably due to the steep continental 
shelf, making the waves travel faster than in the rest of continental 
margin. The greatest travel times are located in the Gibraltar strait, 
with a minimum travel time of 42 min in Algeciras (point 1). 

5.3.2. Yusuf Fault Eastern 

The characteristics of this source are very similar to the previous 
one, although the dimensions are greater, hence causing a larger 
magnitude earthquake (Mw 7.03). The maximum vertical displace­
ment is similar to that of the previous case, 0.18 m, with a maximum 
horizontal displacement of 0.80 m (Fig. 13d). The maximum value of 

wave elevation is a little higher, ;:::j 0.37 m, and the affected coast is 
basically the eastern Alboran Basin margin, with a "Marine" threat 
level (Fig. 14d). The maximum values along the coast are reached in 
the area of Las Negras (point 14) and Mojacar (point 15), in Spain. 

The eastern edge of this fault is located near the Algerian coast, and 
consequently the estimated travel times for the Oran area are the 
lowest (Fig. 14d); 12 min for the Oran location (point 24 in Fig. 7). 
Basically the entire coast of the eastern area of the Alboran Basin is 
reached by the waves in less than 30 min. It is remarkable that, 
although the distance to the Spanish coast from the source is greater 
than the distance to the rest of Algerian and eastern Moroccan coast, 
the times are very similar and even lower on the Spanish side. This 
difference is due to the deeper northern part of the Alboran Basin, and 
is clearly seen in Fig. 7. 

6. Discussion 

It is important to keep in mind that the results can be considered as 
an average of the expected tsunami impact due to the following 
reasons: (1) the detail of the base of the numerical model; the 
bathimetry and topography data and cell size, are not enough to take 
into account the non-linear effects of resonance and amplification in 
the near shore area. (2) The modeled ruptures are considered to be 
homogeneous slips over the fault area, while in fact the ruptures are 
not homogeneous, with the possible presence of deformation peaks in 
the "real world" resulting locally in greater maximum sea bottom 
deformations. Therefore our results adequately show the estimated 
travel times and the more exposed areas, but the maximum elevations 
and expected damage could locally be higher. 

In this work a deterministic analysis has been carried out This 
considers the worst case scenarios of those faults affecting the study 
area; as a result the maximum tsunami elevation along the coast 
assodated to each potential source is obtained (Figs. 10, 12 and 14). In 
addition to these worst case scenarios for each fault, the worst effects 
produced by the joint contribution of these scenarios had been 
computed (Fig. 17). The fact is that a given worst case scenario can 
create great damage in a certain area and yet not have any effect in 
another region. But maybe there is another worst case scenario that 
created the opposite effect. When computing the joint contribution of all 
the worst case scenarios, all regions will show the maximum effect that 
all the considered fault worst case scenarios can create in that region. 
Gonzilez et al. (2010) applied an indirect statistical method to estimate 
the tsunami hazard along the Alboran Sea Coast. This probabilistic 
approximation uses the Monte Carlo Technique to combine the 
probability of occurrence of earthquakes in five potential sources, 
source mechanisms and epicenter locations. The results are maximum 
tSlll1ami elevation associated to return period in years along the coast. A 
more exhaustive source characterization has been carried out in the 
present work allowing the inclusion of new potential sources such as the 
Carboneras fault and the Yusuf fault, which have not been included in 
Gonzilez et al. (2010). However, results in both works are consistent, 
with important tSlll1ami wave elevation in areas such as Malaga and 
Melilla. The maximal wave elevation close to 1.5 m obtained in the 
present work could be associated to 1000-1500 year return period 
(99.99% confidence level) obtained by Gonzalez et aL (2010). 

Deterministic and probabilistic hazard maps are complementary 
tools. Deterministic maps could be useful, for example for the 
establishment of the maximum wave elevation limits along the 
coast and the identification of the zones most exposed to tsunami 
events. On the other hand, the probabilistic maps are more valuable 
for Vulnerability and Risk assessment and also for insurance proposes, 
because they provide a more realistic idea of the hazard of a given 
zone. 

From the observation of the contribution of each source to the 
maximum wave elevation expected along the Spanish (Fig. 15) and 
African (Fig. 16) coasts, we can conclude that the ARSFE, ARSFW and 
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Fig. 15. Diagrams showing the maximum elevations (in meters) for the Spanish coast along the - 10 m bathymetric contour; with distances in km from Tarifa (0 km). The grid lines 

show the different levels of threat. The maximum wave elevation aggregated from all the sources is shown in gray. 

TBF sources are more dangerous ones. These three sources generate 
the highest elevations along the coast (Table 2), especially in the 
western Alboran Basin. 

On the Spanish coast, the area comprised between Fuengirola 
(point 4) and Roquetas (point 11) (Fig. 17) is the most threatening, 
with the greatest elevations between Malaga (point 5) and La 
Herradura (point 7). In this area the "Land" threat level is common, 
as well as the "Severe Land" threat level. These threat levels are only 
generated by the sources associated with the Alboran Ridge, the 
aforementioned ARSFE, ARSFW and TBF (Table 2). The eastern 
segment of the Spanish coast is mainly affected by the sources of 
the eastern Alboran Basin, mainly by the combination of the segments 
of the Carboneras Fault (CFS + CFC + CFN), but also by the eastern 
segment of the Yusuf Fault (YFE) (Fig. 15). Nevertheless the threat 
level achieved in this eastern area is only of "Marine" type and 
disastrous tsunamis seem very improbable, although our results are 
very conservative and other local variables as resonance, fault slip 
peaks, or even submarine landslides could promote the formation of 
unexpected greater waves. 

Along the African coast, in general, the threat level and maximum 
wave elevations are lower than in the Spanish coast (Figs. 16 and 15). 
Only the three sources mentioned above (ARSFE, ARSFW and TBF) are 
capable of generating enough energy to seriously threaten the African 
margin of the Alboran Basin. The area more exposed to the effects of a 
tsunami in this coast is that which is comprised between Alhoceima 
(point 21) and Melilla (point 22) (Fig. 17) due to its position in front 
of the structures associated with the Alboran Ridge. The African coast 
of the eastern Alboran Basin is "protected" by the presence of the 
isthmus of the Cape Tres Forcas. This rocky peninsula forms a natural 
barrier against the propagation of the wave train towards the east 
from the sources of the western Alboran Basin. This difference is also 
evident in the level of threat, reaching the "Land" threat in the 
western area (even "Severe" near Alhoceima) but only "Marine" in the 
eastern. The sources of the eastern Alboran Basin studied in this work 
seem unlikely sources of disastrous tsunamis, showing maximum 
wave elevations of a few decimeters (Table 2 and Fig. 17). 

The sources described in this work can be grouped into three main 
tectonic structures or deformation corridors: the Alboran Ridge, the 
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Fig. 16. Diagrams showing the maximum elevations (in meters) for the African coast along the - 10 m bathymetric contour; with distances in km from Meli11 a (0 km). The grid lines 

show the different levels of threat. In gray is shown the maximum wave elevation aggregated from all the sources. 

Table 2 
Compilation of main propagation results. l\IWD: Maximum vertical displacement of the 

sea bottom; l\IfWE: Maximum wave elevation; l\I1AT: Minimum travel time; Jl.ITL: 

Maximum threat level. ARNFE: Alboran Ridge North Fault Eastern; ARNFW: Alboran 

Ridge North Fault Western; ARSFE: Alboran Ridge South Fault Eastern; ARSFW: Alboran 

Ridge South Fault Western; lBF: Tofifio Bank Fault; CFS: Carboneras Fault Southern; 
CFC: Carboneras Fault Central; CFN: carboneras Fault Northern; YFW: Yusuf Fault 

Western; YFE: Yusuf Fault Eastern. 
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Carboneras Fault and the Yusuf Fault Zone. The Alboran Ridge is the 
only one that seems to be capable of generating tsunamis with enough 
energy to seriously affect both margins of the Alboran Sea. Its 
transpressive deformation promotes the formation of structures with 
important dip-slip component. These structures have the capacity to 
deform the sea bottom with an important vertical displacement 
(Table 2 and Figs. 9a,c,d and 11a). 

The Carboneras Fault Zone is only capable of generating tsunamis 
with local damage in the nearest areas, and only for those ruptures 
involving at least two segments (estimated Mw 7 or greater). The 
basically strike-slip displacement of these faults promotes very little 
vertical deformation in proportion to the total displacement (Table 1). 
The same reasoning can be extended to the Yusuf Fault. Nevertheless 
the closeness of these sources to the coast can trigger significant 
landslides on the continental slope, which can promote tsunamis that 
can be damaging at a local scale. This type of landslide triggered 
tsunamis should be considered as a potential hazard in the area 
between LDs Yesos (point 9) and San Juan (point 16) on the Spanish 
coast (Fig. 7) and in the area of Oran (point 24) on the African coast 
(Fig. 7). 
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Fig. 17. Map of the aggregation of the considered sources results. The maximum value of the 

wave elevation from all the considered scenarios has been selected for each cell. For the 
tsunami travel times, the value selected was the minimum from all the scenarios. Maximum 

Wave Elevation is represented by the sea color gradient. Note that the color scale is 
logarithmic in order to adequately represent the lower variations. The threat level is 
represented by the calor of the dots along the coast. Tsunami travel time data is represented 

by dashed contours inS minutes intervals. Predse estimated travel times (ooldnumbers) and 

maximum wave elevation travel time (italic numbers) were obtained from synthetic 
mareograms. All time data is in minutes after the rupture. 

As can be seen in Fig. 17, the margins of the Alboran Sea can be 
affected by a tsunami in less than 30 min throughout its entire length, 
at least with "Marine" threat level. In order to have enough time to 
react to a tsunami threat, it is basic to have a local tsunami warning 
system with the capacity to alert and inform the authorities. This is the 
only way to minimize the possible damages of a tsunami in such a 
short time, even with just "Marine" threat level. 

From this work, we can draw conclusions about the methodology 
used in tsunami risk studies in the definition of seismic sources. They 
generally use sources based on specific events, whose characteristics 
are known. However, in areas where there have been no significant 
historical events, no such data exist. To remedy this lack of data, 
generic seismic sources are used. The characteristics of the sources are 
taken from known events in similar tectonic environments; for 
example, the Forecast Propagation Database of the NOM (http://nctr. 
pmel.noaa.gov /propagation-database.html), that replicates typical 
subduction events, or the sources proposed for the Mediterranean 
by Lorito et al. (2008) with typical characteristics based on the 
tectonic environment. However, in tectonically complex areas such 
defining generic sources are difficult and risky, given the implications 
for the planning of local warning systems. If besides being a 
tectonically complex area, the strain rate is low and typical seismic 
cycles for major structures can span thousands of years, then the only 
possible tool for defining these structures is geology, as the 
instrumental seismicity is not representative of the seismic cycle of 
major faults. In this paper we have presented a set of sources for the 
Alboran Sea area based on geological and oceanographic studies. The 
characteristics of these sources should be reviewed and redefined 
according to the advance of our knowledge of the geology of the area, 
which will improve future estimates of tsunami hazard. 

7. Conclusions 

The Alboran Ridge is the only deformation corridor that seems to 
be capable of generating tsunamis with enough energy to seriously 
affect both margins of the Alboran Sea. 

The Carbon eras and Yusuf faults, due to its mainly strike-slip 
component, are unable to generate damaging tsunamis; although 
they can trigger locally submarine landslides which can cause local 
tsunamis. 

The margins of the Alboran Sea can be affected by a tsunami with 
at least "Marine threat" level in less than 30 min. To minimize the 
possible damages of a tsunami in such a short time it is basic to have a 
local tsunami warning system and an informed and educated 
population. 

In tectonically complex areas the definition of the tsunamigenic 
seismic sources should be based on detailed geological and oceano­
graphic studies. The use of generic sources is difficult and risky given 
the implications for the planning of local warning systems. 

The set of sources presented in this work is an advance for the 
estimations of tsunami hazard in the area, although it should be 
reviewed, and redefined if necessary, according to the advance of our 
knowledge of the geology of the Alboran Basin. 
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