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Abstract. The Gulf of Cadiz, as part of the Azores-Gibraltar with these extreme events (more than 1000yr) the uncer-
plate boundary, is recognized as a potential source of bigainty about the recurrence period for large earthquakes
earthquakes and tsunamis that may affect the bordering courand tsunamis generated offshore is extremely high. The
tries, as occurred on 1 November 1755. Preparing for thdargest instrumental earthquake recorded in the area was on
future, Portugal is establishing a national tsunami warning28 February 1969M,, = 7.8; Fukao, 1973), and since 1960
system in which the threat caused by any large-magnitudenly 19 events have been recorded wit), > 5.0 and two
earthquake in the area is estimated from a comprehensiveith My, > 6.0.
database of scenarios. In this paper we summarize the knowl- The quest for the active faults that can generate destructive
edge about the active tectonics in the Gulf of Cadiz and in-earthquakes and tsunamis, like that on 1 November 1755,
tegrate the available seismological information in order toled to a very thorough geological and geophysical investi-
propose the generation model of destructive tsunamis to bgation of the Gulf of Cadiz. As a result of the extensive
applied in tsunami warnings. The fault model derived is thenmulti-beam bathymetric coverage (Zitellini et al., 2009) and
used to estimate the recurrence of large earthquakes usingumerous high-quality multi-channel seismic surveys, sev-
the fault slip rates obtained by Cunha et al. (2012) from thin-eral large faults have been mapped and considered active
sheet neotectonic modelling. Finally we evaluate the consis{Fig. 1). The most prominent active structures are the NNE—
tency of seismicity rates derived from historical and instru- SSW to NE-SW trending thrust faults like the Tagus Abyssal
mental catalogues with the convergence rates between Eur&lain Fault (Cunha et al., 2010), the Maégude Pombal
sia and Nubia given by plate kinematic models. Fault (Zitellini et al., 2001; Terrinha et al., 2003), the Horse-
shoe Fault (Gxcia et al., 2003; Zitellini et al., 2004), the
Gorringe Bank Fault (Hayward et al., 1999) and the Por-
timao Bank Fault (Baptista et al., 2003). Recently Zitellini et
1 Introduction and geodynamic setting al. (2009) identified a new set of major tectonic lineaments
o striking WNW-ESE between the western Horseshoe Abyssal
The Gulf of Cadiz is known to be the source area for piain and the eastern Gulf of Cadiz (the SWIM lineaments in
the 1 November 1755 destructive earthquake and tsunamtig 1) that show evidence of recent dextral strike-slip move-
that affected Portugal, southwestern Spain and northern Moment (Rosas et al., 2009). According to Zitellini et al. (2009)
rocco. The magnitude of this event has been estimated tghe S\WIM (SouthWest Iberian Margin) lineaments could rep-
be My ~ 8.7 (e.g. Johnston, 1996), and the occurrence ofesent the transition from a diffuse plate boundary (Sartori et

large earthquakes in this area dominate the seismic hazard igy 1994: Hayward et al., 1999) to a discrete transform fault
the bordering countries (e.g. Jimenez and Garcia-Fernandezone setting.

1999). However, given the very long seismic cycle associated
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2 L. M. Matias et al.: Tsunamigenic earthquakes in the Gulf of Cadiz: fault model and recurrence

the central Gulf of Cadiz that can be associated with an ac-
tive subduction zone. The active subduction zone model of
Gutscher et al. (2002) is also inconsistent with the absence
of magmatism younger than 6 Ma in the eastern Alboran (see
arguments in Platt and Houseman, 2003).

Recently, in an effort to evaluate the likelihood of the dif-
ferent seismotectonic settings proposed for the Gulf of Cadiz,
Cunha et al. (2012) applied the thin-sheet modelling method-
ology developed by Bird (1999) to estimate seismic strain
rates, stress orientations, fault slip rates and local velocities
that could be compared to observations. These authors ob-
served that the consistency between model and observations
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Fig. 1. Simplified tectonic map of the Gulf of Cadiz and neighbour- modatgd partially in NW MOI’OCC(? and partially in the Gulf
ing Abyssal Plains (see text for references). In the background wéf Cadiz over an area 200 km wide. Other consequences
have the GEBCO (2003) (General Bathymetric Chart of the OceansPf the modelling results by Cunha et al. (2012) were that the
bathymetry with highlighted contours every 1000 m. Inset on the SWIM lineaments do not represent a mature fracture zone
top right corner shows the well-identified segments of the Nubia-cutting through the whole lithosphere and that the long-term
Eurasia plate boundary (thick black lines). The shaded area identiaverage fault-slip rates on the major thrust faults ranges be-
fies the zone where this plate boundary is less constrained. The afween 1 to 2 mm y-rl_

rows show the relative movement of Nubia with respect to Eurasia \Whatever main active tectonic engine is at work in

at distinct locations of the boundary after Fernandes et al. (2003)the Gulf of Cadiz, this area is recognized as the major

?e':riei_raeggge'_:;_a_‘lfltzuieélff'ri;m'\gf;o_m'\ﬂ'd'Atlam'c Ridge; TR = source of large earthquakes that can generate destructive
' ' tsunamis that affect the whole North-East Atlantic. Recog-
nizing this, Portugal has been developing a Tsunami Warn-
ing System (the PtTWS) following the recommendations
The recent tectonic activity in the Gulf of Cadiz is a con- issued by the Intergovernmental Coordination Group for
sequence of its geodynamic setting, at the eastern end of thtae Tsunami Early Warning and Mitigation System in the
Eurasia-Nubia Azores-Gibraltar plate boundary. AccordingNorth-eastern Atlantic, the Mediterranean and connected
to kinematic plate models, based on GPS data, in this regioseas (ICG/NEAMTWS).
the plate convergence is oblique, striking NW-SE to WNW-  The PtTWS is the responsibility of the Instituto Portégu
ESE, and occurs at a rate of 4.0 to 5.5mmly(Calais et do Mar e da Atmosfera, I.P. (IPMA), which is the national
al., 2003; McClusky et al., 2003; Fernandes et al., 2003;institution operating on a 24-7 basis that is responsible for
Fig. 1 inset). However, this simple plate kinematic setting the Portuguese seismic network. Starting from a seismic de-
is disputed by other authors (Gutscher et al., 2002; Gutschetgection, the operator evaluates the tsunami threat level to the
2012), who suggest that another, more powerful tectonic encoastal areas and issues appropriate messages to the Por-
gine is in operation: the E-W subduction roll-back. tuguese Civil Protection. After receiving information on the
It is undeniable that tomographic models clearly imagesea level, the tsunami threat is re-evaluated and messages are
a partially detached slab beneath the Alboran Sea, East aipdated accordingly (see Annunziato et al., 2009 for more
Gibraltar, extending to depths of more than 600 km (e.g.details). One critical component of the PtTWS is the tsunami
Spakman and Wortel, 2004). The rapid roll-back of this east-scenario database and the Tsunami Analysis Tool that help
dipping subducting slab, compensated by extension in théhe operator to make decisions during the course of the event.
overriding continental crust, has also been invoked to explain The ultimate goal of any Tsunami Warning System is to
the formation and evolution of the Alboran Domain through provide the coastal areas that may be affected by a tsunami
the Early and Middle Miocene (Lonergan and White, 1997; with an accurate forecast of the inundation level to be ex-
Rosenbaum et al., 2002). pected. Recent advances in computing performance and an
The MCS seismic profiles acquired in the Gulf of Cadiz increase in sea level observations make this objective attain-
(Medialdea et al., 2004; Thiebot and Gutscher, 2006) imageable for trans-oceanic events that can take hours to reach
an accretionary wedge (Fig. 1) and show west-vergent thrusthe coast (Titov, 2009). For faraway sources, the details on
faults (not shown in Fig. 1 due to its small scale) soling in the seismic rupture can be neglected and a simplified fault
depth along an east-dippin@cbllement that in places offsets model can be applied (ibid.). This fault model is then inferred
the seafloor. However, there is no instrumental seismicity inin real time using the sea level observations in deep-ocean.
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Successful examples of tsunami forecast are given by Wei et
al. (2008) and Tang et al. (2012).

However, when the deep-ocean monitoring system is in-
complete or when the arrival time of the tsunami is very
short (the case of near-shore sources), then the level of
alert that should be applied to a particular stretch of the
coast is estimated using pre-computed tsunami scenarios
(e.g. Greenslade et al., 2007 for the Indian Ocean; Kami-
gaichi, 2011 for Japan; Steinmetz et al., 2010 for near field
tsunamis affecting Indonesia). A tsunami scenario is a single-
model run that is calculated ahead of time with the initial
conditions carefully selected so that they are likely to rep-
resent an actual tsunamigenic earthquake (Greenslade anc
Titov, 2008).

In Japan, where tsunamis can hit the coast in just a few
minutes, more than 64 000 tsunami scenarios were computed
for different sets of location, magnitude and top of the fault
depth. Close to the coastline the tsunamigenic earthquakelig. 2. Main parameters required to define the fault rupture that
are modelled in a grid 0°%5x 0.5° while for more distant  causes a tsunami, using the Okada (1985) elastic dislocation model.
sources the grid spacing is increasedts11° (Kamigaichi,

2011). For the sake of the early warning, the most eﬁl-sc‘aleformation model of Okada (1985) to determine the shape

cient tsunami generation is considered for the source fault f the initial vertical displ ¢ Thi gel that
(rake=90* and dip=45°) when the average tectonic setting otthe iniial vertical disp acgmen s IS model assumes tha
the rupture occurs by a uniform slip on a rectangular fault

is not well constrained from past earthquakes in the region A T ! . .
(ibid.) P d g plane (Fig. 2) and it is widely used in tsunami scenarios for

; ; warning systems worldwide (e.g. Gica et al., 2008; Kami-
This paper describes the work done to generate the ba aichi, 2011). Fault sources with non-uniform slip distribu-

sic set of tsunami sources that populate the tsunami scenariy _ ;
database for the Gulf of Cadiz, taking into consideration thet'pns are used for instance in the GITEWS (German Indone-

most updated seismotectonic knowledge. sian Tsunami Early Wa(ning S_ystem) (_Babeyko etal., 2010).
Later on, we will estimate the recurrence of large earth- At each surface Iocat'|on poirt (considered as the centre

quakes in the area using the fault slip-rates inferred from®" the_tto dpl(\)/lf tht?w fault Ilnle?{ a(r;df_fo_{_ eacrfl valuoelz( 0(; moment

the thin-sheet neotectonic modelling of Cunha et al. (2012),magm udeM,, the compliete detinition ot an Dkada source

Finally, we will explore the derived model to evaluate the model requires the following seven parameters (Fig. 2):
consistency of seismicity rates computed from historical and - Fault widthw

instrumental catalogues with the convergence rates between
Eurasia and Nubia given by plate kinematic models. The
generation model presented may have other future applica- — Fault dips
tions, such as for Probabilistic Seismic Hazard Assessment,
for Probabilistic Tsunami Hazard Assessment or for the com-
putation of synthetic strong motion records (like in Carvalho  _ pepth below seaflook
et al., 2008).

— Fault lengthL

— Fault azimuth (strikep

Average slip along the fauit

— Slip angle (rake)
2 The tsunami generation model . )
The shape and amplitude of the surface displacement of

In this work we consider that tsunamis are generated by dethe medium depends also on some material properties like
formation of the sea-bottom caused by an earthquake that i§'¢ shear modulug and the Poisson’s ratie, increasing
communicated without attenuation to the sea surface. By dothe number of parameters to nine. The shear modulus is also
ing this we are disregarding the filtering effect of the wa- important in the definition of seismic moment

ter layer or the effects of the horizo.ntal motion on a irreg- 5/ _ AU, 1)

ular seafloor topography (effects discussed by Nosov and

Kolesov, 2011) which is a common approach used in the genwhereA is the fault area4 = W L). The moment magnitude

eration of scenario databases. Myy is linked to the seismic mome through
As the details of the fault rupture are difficult to assess log Mo .
or predict in the Gulf of Cadiz area, we adopt the elastic Mw = 5 6.07, Moin Nm. 2
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4 L. M. Matias et al.: Tsunamigenic earthquakes in the Gulf of Cadiz: fault model and recurrence

From this list of nine parameters, we may fix only two _:
from the start, the depth below the seafloor and the Poisson’
ratio. We will consider that the tsunami warning system will ~
initially work based on the worst-case scenario and thus fix _
the top-of-the-fault depth below the seafloor to 5 km. We as-
sume a Poisson’s ratio of 0.25, which is an approximate value
that is common to many rocks in the crust and mantle where __
the seismic velocities obey the relationsltip~ +/3Vs. All
the other seven parameters have to be defined for each loc. ==
tion and each magnitude:

W L 6 ¢ u A pu

The independent variables are the geographical 10Catiol .z e e o s o n o s woms we s we e e
r (that is linked to the tectonic setting along the Azores- ) _ _ _
Gibraltar plate boundary) and the moment magnitilg. Fig. 3. Main tsunami source areas to be considered in the Gulf of
To facilitate the discussion we group the parameters in term adiz (in white). Each rectangle represents a pure thrust fault with
of their dependence to these variables. First, the strike di%e double trace indicating the shallow trace of the fault. For com-

d rake of the faul d the sh dulus. d donl arison we show in black the seismic zones recently proposed by the
and rake of the fault, and the shear modulus, depend only 0 sge (Seismic Hazard Harmonization in Europe) project (2012)

location, not magnitude. They result from the choice of theq pe considered for Probabilistic Earthquake Hazard Assessment.
fault' (Fig. 1) thﬁ}t best represents the geological setting of thatrhe red circles show the instrumental seismicity #r> 4. The
particular location: data sources are detailed in Sect. 7 of the main text.

d(r)pr) A (r) u(r)
) _ associated with a diffuse seismic activity, but MCS lines have
The length, width and slip of the fault depend both on loca-fajieq to identify a clear large thrust fault (e.g. Medialdea et
tion and on magnitude: al., 2004). Given this uncertainty we consider that GC06 rep-
resents a tectonic source similar to the PoétinBank Fault
Wr, Mw)L(r, Mw)u(r, Mw) (Fig. 1 and zone GCO5 in Fig. 3).
In the next sections we will address the approaches used The zone GCO7 was introduced to consider the tectonic
to compute each one of these parameters. source that was responsible for the 28 February 18¢%=
7.8 earthquake. In fact, despite the many research cruises
conducted in the area (e.g. Bartolome, 2012), the fault that is
3 Tsunami generation source areas responsible for such a large earthquake has yet to be identi-
. o . ~ fied. Inthe area a thick sedimentary layer is found (ibid.), and
We pegm by d|V|d|h_g thg Gulf of 'Cad|z area ar_1d neigh- the fault may not have ruptured to the surface. We adopted for
bouring Abyssal Plains into domains where a single faultihis zone the orientation given by one of the fault planes as
model can be considered as typical and credible. We too'&omputed by Fukao (1973).
into consideration the most recent geological and geophys- The gefinition of source zones provided in Fig. 3 defines
ical investigations in the area (see Introduction and Fig. 1)ne strike of each faulty(r), to be considered in the tsunami
to define nine different generation scenarios as indicated ir@eneration scenarios. As we consider the worst case possi-
Fig. 3, named from GCO1 to GCO09. A simple comparison pje for the tsunami generation, we assume that all faults are
with Fig. 1 shows that each source region can be identified, e dip-slip thrusts and so the rake of the scenarios is fixed

with a major active thrust fault, with the exception of zones , A(r) = 90°. Next we provide the rationale for the defini-
GC02, GCO6 and GCO7. We note that for the sake of comjon of the scenario fault dip by computing the optimum and

pleteness we do not discard the subduction slab roll-back ag,aximum allowed angles for this type of fault.

a possible cause of large earthquakes and tsunamis (zone The friction on a plane between two surfaces is given by

GC09). As a tsunamigenic fault the definition of this zone he Amonton’s law

follows very closely the one that was proposed by Gutscher

etal. (2006) T = /‘LF(UF‘I — pf) , (3)
Source zone GCO02 represents the blind thrust fault that

has been hypothesized by Terrinha et al. (2003), and it is inwheret is the shear tractiony, is the normal stress; pis

cluded to provide a complete coverage of the offshore aredhe pore pressure and- is the coefficient of friction. Byer-

with possible tsunamigenic sources. The same effort of comiee (1978) showed that this law is obeyed for all types of

pleteness justifies the consideration of source zone GCO06 (theocks with a near-constant frictiopr = 0.6 to 0.85. The

Guadalquivir Bank). Here a prominent bathymetric feature isfault planes on which slip can occur with the minimum
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possible effective stressy, — ps, are the planes inclined at The Gulf of Cadiz area and surrounding Abyssal Plain

angleopt to o1, such that is underlain by thinned continental and/or transitional or
oceanic type crust of the Jurassic age (Gonzalez et al., 1996,
AN B+ or e Lianl (i) (4)  2001; Rovere et al., 2004; Afilhado et al., 2008; Sallares et
opt = opt = . .
M 2 MF al., 2011). If we accept that the maximum hypocenter depth

of small earthquakes defines the base of the seismogenic

For a pure dip-slip thrust fault the principal compressive lithosphere, then 60km is 5 to 10km deeper than what is
stress is horizontal so that this expression gives the optima xpected fr,om thermal models of a cooling oceanic litho-

dip angle for such a fault. However, not all angles are allowedsphere (e.g. McKenzie et al., 2005). We ascribe the differ-

forﬂzwmsﬁ faltiult. Irr:rl;a(t:t, the:i 'f‘ e:]maxrlnnE)LiJth\i/arI]u eff :me-itiv ence to the fact that in this region the lithosphere does not
yo ch Slip cannot occurfor any co ation or positive e a generalized typical oceanic nature, except maybe for

strfﬁs?s E(Slbson, |19€|-3t5). T[)le (;n?jX|ml:jn:ha?(?¢g,ls knlovyn . some localized domains. Considering that the rupture of very
as the lock-up angie. it can be deduced that this angie Is g'Verélrge earthquakes can extend into the ductile lithosphere (e.g.

by Scholz, 1988), we will adopt in our fault model that the max-
(1 imum lithosphere rupture depth is 70 km. As a consequence,
b = tan <E> = 260pt. (5)  the maximum width we consider for a fault is 120 km.

The nature and seismogenic thickness of the lithosphere
Using this equation we deduce that when the friction co-also provides the constraints needed to define the shear mod-
efficient increases from 0.60 to 0.85, the optimum fault dip ulus we may use for the fault model. As= p V§, Stich et
angle decreases from 29.8® 24.8 and the lock-up faultdip  al. (2007) proposed to uge= 7.0 x 109 Pa for the oceanic
angle decreases from 59.® 49.6. lithospheric mantle, while a value gf = 4.0 x 10'°Pa is
If we consider the 28 February 1988, = 7.8 earthquake more adequate for a rupture occurring in the crust. In this
in the area as a reference for the Gulf of Cadiz, then wework, as we consider that the faults also rupture the top
should assume that= 50° is the typical dip for the thrust crustal layer of the lithosphere, we will assume for the brittle
faults in the area, following the Fukao (1973) fault plane lithosphere the valug = 6.5 x 100 Pa, identical to the one
solution. This value is very close to the lock-up angle, andused by Johnston (1996). For the subduction slab roll-back
it should be considered with caution. Authors who havesource area (GC09), we will consider the shear modulus ad-
proposed source models for the 1755 earthquake suggeste@juate for a crustal rupture given above.
smaller dip angles, £0(Johnston, 1996) or 45Ribeiro et This value can be considered excessive for zones like
al., 2006). In this work, for a pure dip-slip thrust fault, we will GC02, GC04 or GCO06 (Fig. 1) where the top of the fault
assume for the dipi(r), a more conservative value of 35 trace is located in areas with thinned continental crust, rang-
closer to the optimum values computed above. This value aping from 10 to 15 or 20 km thickness, respectively (Gonzalez
plies to all the source zones defined, except for zone GCO®%t al., 1996, 2001; Rovere et al., 2004; Thiebot and Gutscher,
which represents the Gulf of Cadiz subduction slab roll-back.2006; Afilhado et al., 2008; Sallares et al., 2011). Allowing
For this zone we assume that the fault tip ¥s i line with  for a fault extending up to 5km below seafloor we see that
what has been proposed by Gutscher et al. (2006) and in lingor the smaller magnitude events (&5 < 7.0) a signifi-
with the cartography of the basement and crust presented byant part of the rupture occurs in continental crust. The con-
Thiebot et al. (2006). sequences of using a larger rigidity for these scenarios, is
equivalent to an overestimation of 0.1 in the moment magni-
tude. This is the typical uncertainty in magnitude estimates.
However, in the Portuguese tsunami warning system, the op-
erator may need to take this difference into consideration
k. When selecting the best tsunami scenario for a given observed
moment magnitude.

4 Seismogenic thickness of the lithosphere

When the dip of a rectangular faudl¢r) is known, its maxi-
mum width is given as a function of the seismogenic thic
NessZseisby

Zseis
- sin(s) 6) 5 Fault-slip versus earthquake size relationship

max

In the Gulf of Cadiz area, earthquakes that have a well-after the discussion of the tsunami source model done in
constrained focal depth (Enghdal et al., 1998; Stich et al.the previous paragraphs, we are left with only three pa-
2007; Geissler et al., 2010) show that moderate events cafameters to define as a function of magnitude and location:
be generated at depths attaining 30 to 60 km. We must therethe fault length, fault width and average slip. In earthquake
fore consider that the top of the lithospheric mantle is brittle, and tsunami hazard studies it is common to use empirical
in line with some rheological models proposed for the areacompilations from global earthquake databases, such as the
(Neves and Neves 2009; Cunha et al., 2010). ones found in Wells and Coppersmith (1994) or Stirling et

www.nat-hazards-earth-syst-sci.net/13/1/2013/ Nat. Hazards Earth Syst. Sci., 13182013



6 L. M. Matias et al.: Tsunamigenic earthquakes in the Gulf of Cadiz: fault model and recurrence

al. (2002). These empirical relationships that relate fault slip Displacement-Length from Surface Data

with magnitude or one fault dimension are usually grouped W10 km
by fault type or by tectonic environment. However, we will
not use them in this study.

As we have seen above, the Gulf of Cadiz and neigh-
bouring Abyssal Plains comprise a very peculiar geody-
namic setting that is not found anywhere else on Earth. Here2
we find that the crust is very heterogeneous, with domains—
of thinned continental crust, exhumed mantle, atypical thin®
oceanic crust, and oceanic crust formed in a slow spreadin
or transform setting (Gonzalez et al., 1996, 2001; Rovere e
al., 2004; Afilhado et al., 2008; Sallares et al., 2011). The
oceanic-like lithosphere is one of the oldest found on Earth
(Jurassic), with a very thick brittle layer<(60 km), and it is o e 1000
today submitted to a slow oblique convergence at a rate o, L (km)

~ 4mmyr1. Th.e global e.a.rthquake databases that are the?:ig. 4. Maximum displacement versus fault length derived from
base of the published empirical laws are dominated by eventgy rface measurements (adapted from Manighetti et al., 2007): red
in the most active tectonic environments that we do not consquares, strike-slip events; orange squares, dip-slip events; blue
sider representative of the Gulf of Cadiz region. squares, composite faults. The black squares were not used in the

Given this, we prefer to use a semi-empirical model for regression analysis. The size of the symbols is proportional to the
the relationship between fault-slip and earthquake size oguality of data. Also represented are the four typical laws selected
fault dimensions along the lines of the work of Scholz (1982) by the automatic regression of Manighetti et al. (2007; coloured
and Manighetti et al. (2007). The semi-empirical scaling |]aw lines). The data points frpm the .Gulf of Cadiz are pIo_tted as yellow
that we propose takes the shape of the law put forward b);tars, ar_1d the magenta line depicts the adopted scaling law (see text
Manighetti et al. (2007): for details).

W=72 km
4=5.0x10"

L
Dimac— | L =2Wsat Dmax=03 | (7)
max L > 2Wsat Dmax= T T : was based on the Fukao (1973) focal mechanism, which as-
Sat

sumes a fault striking N3%, parallel to the Gorringe Bank,
Here Dpay is the maximum displacement on the faultjs 80km long and 50 km wide. The fault area was estimated
the fault length andVsgztis the saturation width, which we as- by Fukao (1973) using the distribution of aftershocks, and
similate to the maximum rupture thickness discussed aboveso it must be considered with some caution, giving the large
We will also assume thddmax = 2D (= 2u) as in Manighetti  uncertainty in their location with the seismic network of the
et al. (2007). time.

The analysis of this type of scaling law was performed by The 12 February 2007 earthquake was investigated by
Manighetti et al. (2007) using a new compilation/of,ax(L) Stich et al. (2007) using modern waveform inversion tech-
data that expanded previous compilations like the one byniques. Its magnitude wa¥,, = 6.0 and the fault area (as-
Wells and Coppersmith (1994). Making a systematic searctsumed circular) was estimated to be 54kfhe calculated
on the parameter space for the scaling law abavéMsay, average slip isD =0.34m, and an equivalent length and
these authors proposed four typical laws (coloured lines inwidth can be estimated to he= 8.2 km andW = 6.5 km,

Fig. 4) that fit two observations data sets, one generated byespectively. The same event was also investigated by Buforn
surface evaluation and the other by inversion at depth (ibid.)et al. (2007), who produced other estimates for the size of
the fault,L = 14km andW = 12.5 km. For these authors the

For the Gulf of Cadiz-SW Iberia area, we estimated themagnitude is slightly smalledfyy = 5.9 and, consequently,
scaling law parameters from the few available constrains orthe inferred average slip was calculated tode-= 0.07 m,
large earthquakes in the area, namely (yellow stars in Fig. 4)i.e. much smaller than that given by Stich et al. (2007).

(1) the one on 28 February 1969; (2) the one on 12 Febru- Regarding the 1755 earthquake and tsunami, we will ex-
ary 2007 and (3) the historical 1755 earthquake and tsunamamine here only the proposals made by Johnston (1996) and
(cluster of stars at the top right side of the graphic in Fig. 4). Ribeiro et al. (2006). These authors proposed a source at

The 28 February 1969 event was the largest instrumenthe Gorringe Bank (GB), the Horseshoe fault (HSF) and the
tal earthquake recorded in the region, with an estimatedMarqués de Pombal fault (MPF), and a composite of the pre-
magnitude ofM,y = 7.8. This earthquake generated a small vious two (HSF+ MPF). The main parameters are summa-
tsunami that was recorded by tide gauges around the Gulf ofized in Table 1.

Cadiz and has been studied by several authors (e.g. Gjevik The comparison of the proposed source models for the
etal., 1997). The preferred model for the tsunami generatiorl755 earthquake with the Manighetti et al. (2007) reference
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Table 1. Proposed source parameters for the 1755 earthquaked(5 x 1010 Pa). The source parameters indicated as “Ribeiro*” represent
a modification of the Ribeiro et al. (2006) proposal, taking into consideration a slight decrease in the maximum seismic rupture allowed.

Author Fault L(km) W (km) AKm?) u(m) Mg (Nm) My 8

Ribeiro  HS 175 140 24500 10 159102 8.74 45
Ribeiro  MP 60 120 7212 10 4.69010°1 839 30
Ribeiro  HSFMP 235 31712 10 2.06 102 882 45
Johnston GB 200 80 16000 12.1 1RA0%2 867 40
Ribeiro* HS 150 120 18031 10 1.1710°2 8.65 45
Ribeiro* MP 60 120 7212 10 4.6910°1 839 45
Ribeiro* HS+MP 210 120 25200 10 1.6410°2 8.75 45

data set shows that the maximum slip predicted for the 1755 able 2. Main parameters for the WLU-1 model of large earthquake
event clearly exceeds what is normally observed from surfacegeneration in the Gulf of Cadiz-SW Iberia region. This model ap-
data or waveform inversion (Fig. 4). We must note, however,plies to all zones except GC09.

that Manighetti et al. (2007) considered in their study only

earthquakes with a fault width d¥ < 40km. This restric- Mw Mo (Nm) L (km) W (km) u(m)
tion, in light of the tectonic environment in the Gulf of Cadiz- 700 4.03x 1019 25 21 1.15
SW lberia region, is not appropriate. The recent 11 March 7.95 955« 1019 34 28 153
Japan earthquake, with maximum co-seismic slip reaching 750 2.26x 1020 45 38 204
close to 30m (e.g. Ozawa et al., 2011), shows that the em- 775 537x 1020 60 50 272
pirical relationships proposed by Manighetti et al. (2007) do 8.00 1.27x 1021 81 67 3.62
not have a generalized application and seem to fail for large- 8.25 3.02x 1021 107 89  4.83
width source faults. 850 7.16x 1071 143 119  6.44
Our proposal, for the scaling law between maximum dis- 8.75 1.70x 1022 220 120  9.90

placement and fault length using the equation of Manighetti
et al. (2007), depicted above, assumaes 18x 10~° and
Wsar= 110km. This law is represented by the magenta CUVE g. Stirling et al., 2002 foM > 6.5), which translates to

in Fig. 4, where the value proposed fdis;t is very close to

the maximum allowed fault width. The relationship between log(W) = 0.5Myy — 2.353 9)
fault-slip and moment magnitude follows from the previous

equations and the relationship between moment magnitude Finally, we use the relationship between seismic moment

and seismic moment. The width of the fault for a given length 3y moment magnitude to derive the average displacement
was estimated using an aspect ratio/ ) of 1.2 which 351 the fault. This model is presented in Table 3 and
seems to fit the scarce information available in the Gulf ofjs jgentified as WLU-2. Equations] is the one used in

Cadiz. A summary of our proposed model for the genera-japan for the generation of the tsunami database of scenarios
tion of large earthquakes (and tsunamis) in the Gulf of Cad'Z(Kamigaichi, 2011), but they consider that the fault length is

is presented in Table 2, for magnitudey > 7. This table  ypically 50 % of the fault width so that the constant term in
applies to all source zones defined, except for zone GCO%q. ©) is changed to 3.3 (ibid.)

which comprises the subduction slab roll-back tectonic set- |t e compare the adopted scaling law with the data com-
ting. For future reference we identify this scaling law as piled by Stirling et al. (2002), we find a very good fit that
WLU-1. _ _ _ supports our choice for zone GCO09 (see Supplement, Figs. S1
As zone GCO9 is considered to represent a subductionng s2). We summarize all of the properties discussed previ-
zone and this type of tectonic environment is well repre- o)y for each source zone in the Gulf of Cadiz in Table 4.
sented in global earthquake compilations, we propose to use Using the empirical relationships proposed by Kanamori
a different approach in this case. We begin by considering;,q Anderson (1975), we conclude that both WLU-1 and
the empirical law of Ward (2001) for tsunami sources, as ity -2 are near constant stress drop fault models. While the
was used by Annunziato et a_l. (2007? in the establishment oty e5g drop for the WLU-2 model (Gulf of Cadiz subduction
a global database of tsunami scenarios, zone) is equal to 14 bar for all magnitudes, the stress drop
log(L) = 0.5My — 1.8. 8) fqr the WLU—; model is equal to 32 bar for the smaller mag-
nitudes and increases to an average 40 bars for magnitudes
Next, we consider that the fault width is 28 % of its length equal to or above 8.25. As could be expected, the stress drop
(as suggested by global compilations of earthquake source#ferred from the WLU-2 model is typical of “inter-plate”
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Table 3.Main parameters for the WLU-2 model of large earthquake Table 4. Summary of properties for the Gulf of Cadiz tsunamigenic
generation in the Gulf of Cadiz-SW Iberia region. This model ap- source zones.
plies only to zone GCO09.

Zone Rake Dip ShearModulus  StrikeW — L —u

My Mo (Nm) L (km) W (km) u(m) ™ O (1) Pa ©
700 4.03x 1019 50 14 138 GCOo1 90 35 6.5x 1010 30°  WLU-1
795 9.55¢ 1019 67 19 184 GC02 90 3% 6.5x 1010 —7°  WLU-1
' ' ' GC03 90 3% 6.5x 1010 57  WLU-1
7. 2.26x 1020 2 2.4
>0 o 8220 89 > 6 GCo4 90 3% 6.5x 1010 23 WLU-1
;'gg ig;x 1021 E: ii 2'53 GCO5 90 35 65x101°0 —90° WLU-1
' e 2 ' GCo6 90 35° 6.5x 100 -100° WLU-1
8.25 302110 211 59 583 GCO7 90 35 65x 100 _125 WLU-1
8.50 7.16<10° 282 9778 GCO8 90 35 65x1010 3¢ WLU-1
8.75 1.70x 1072 376 105 104 GCco9 98 5° 40x100  _11° WLU-2

earthquakes, while the higher value inferred from the WLU-

1 model is closer to the “intra-plate” earthquakes, as deﬁne&pp”roximately, ona single'fault. The occurrence ofa*1755
by Kanamori and Anderson (1975). like” earthquake of magnitud@s, ~ 8.7 implies the co-

seismic rupture of several faults and, for an average slip rate

of Lmmyr-1, the estimated recurrence period of such an ex-
6 Implications for the recurrence of large earthquakes  treme eventis circa-10 000 yr.

and tsunamis These estimates of the recurrence period of large earth-

quakes apply to a single structure or association of struc-
In this section we use our model for the generation of largetures. As we have seen, there are several major active faults
earthquakes in the Gulf of Cadiz, together with the long-in the Gulf of Cadiz that can generate magnitude 8 earth-
term average fault slip-rates recently computed by Cunha eguakes (at least five mapped thrusts off SW lberia), and at
al. (2012), to estimate the recurrence period of large seismigeast three compound sources have been proposed to gener-
events in the Gulf of Cadiz. For simplicity we will assume the ate a new “1755-like” earthquake and tsunami. Considering
“characteristic earthquake" model for event generation. ThISthe |0ng-term average fault S||p rates, we can estimate that
model assumes that all strain is released on the fault duringy magnitude 8 event in the Gulf of Cadiz may occur every
extreme events. As the partial release of seismic strain dury00 hundred years and an extreme event with a magnitude of
ing smaller earthquakes will increase the recurrence period. 8.7 may occur every 3500 yr or less. However, given their
of large earthquakes, the values obtained using this approacfeographical proximity, it is likely that these large structures

should be considered as the shortest estimate, or the lowegill interact and large earthquakes may happen clustered in
bound. time.

If we know the slip that occurs during a large earthquake
of magnitudeM,y, D(M), then the recurrence periofly, of

a fault with slip-rateVr is easily computed by: 7 Comparison between earthquake strain release and

Tr=D(M)/ Vr. (10) plate kinematics

According to the best-fit neotectonic model put forward by We have seen that the seismicity in the Gulf of Cadiz and ad-
Cunha et al. (2012), characterized by strain partitioning oveljacent Abyssal Plains dominates the seismic (and tsunami)
a region> 300 km wide, predicted fault slip-rates are up to hazard estimated for the neighbouring countries, Portugal
1.5 mmyr?! along the NE-SW Guadalquivir thrust fault, in mainland, SW Spain and NW Morocco. In these countries
the northern Gulf of Cadiz, and between 0.5 and 1 mmyr the building codes for earthquake resistance are based on
thrusting in the NNE-SSW to NE-SW trending thrust faults studies that use the Probabilistic Seismic Hazard Assess-
off SW Portugal. ment methodology (PSHA) as introduced initially by Cor-

As the longest, spatially continuous fault segment whichnell (1968) and later developed by McGuire (1977) (see
has been mapped in the region 48120 km (Horseshoe Sousa and Costa, 2009, for the case of Portugal). Given the
Fault), and other major faults do not exceed 80 to 100 kmvery long recurrence of large events in this area, the earth-
(Gracia et al., 2003; Zitellini et al., 2004; Terrinha et al., quakes are considered to be independent in time and their
2009), the maximum expected magnitude from our proposedanagnitude-frequency distribution has to be inferred from
rupture model is between 8 and 8.3 (Table 4, for the non-historical and instrumental catalogues which are either in-
subduction source zones). FoMg, = 8 event, for example, complete or do not cover a complete earthquake cycle. Our
recurrence periods between 3600 and 7200 yr are expectegroposed rupture model for the generation of large events
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in the Gulf of Cadiz area provides the parameters neededimple model in which all the seismic energy in the Gulf
to compare the recurrence models used in PSHA with theof Cadiz (Supplement, Fig. S7) is released on a single fault,
plate tectonic engine, the relative convergence between Nu500 km long and extending to 70km in depth (as we pro-
bia and Eurasia. This consistency test is often neglected iposed for all the source zones excluding GC09). Using this
the applications of PSHA in Iberia (e.g. Bmez and Gafa- model, the average slip on the fault can be computed by sum-
Ferrandez, 1999; Vilanova and Fonseca, 2007) with the coniming the moment released by all possible earthquakes as
sequence that the seismicity rate is grossly overestimated or
underestimated in the considered source zones. Au = ZMO/MAT. (13)
Besides providing a consistency check, the source models ) .
presented in this work can be directly applied to the studies !f We consider the dip we proposed for the thrust fault
of Probabilistic Tsunami Hazard Assessment (PTHA). ThisMmodel we can estimate the seismic velocity as
type of studies is much less common than PSHA but their M 1M
number is likely to increase as authorities and stakehold-Ang = % Sin35cos35 — Alig~ = 0.
ers are more aware of coastal hazards. Recent examples of HLWT 2uLWT
PTHA can be found in Gonzalez et al. (2009) for the Pacific
Ocean and in Sgrensen et al. (2012) for the Mediterraneaﬂ1i
Sea.
To estimate the frequency—magnitude relationship we us
a catalogue that results from the compilation of historical and
instrumental earthquakes up to 1969 (Martins and Mendes-
Victor, 1999), expanded with the revised instrumental cata-3 Discussion and conclusions
logue of Carrilho et al. (2004) up to 2000 and complemented
with the bulletins published online by the Instituto Portagu We derived an earthquake and tsunami generation model for
do Mar e da Atmosfera, |.P. (Supplement, Fig. S3). We be-the Gulf of Cadiz-SW Iberia region that allows the computa-
gan by examining the catalogue in terms of the cumulatedion of a tsunami scenario database to be used in the future
number of events (Supplement, Fig. S4), after removing af-Portuguese Tsunami Warning System for the fast appraisal
tershocks and precursors, which allowed us to identify fourof the impact of an event. We foresee that studies in Prob-
periods, one historical and three instrumental: Historical:abilistic Seismic Hazard Assessment, Probabilistic Tsunami
[-33-1909]; Instrumental-1: [1910-1974]; Instrumental-2: Hazard Assessment or the derivation of synthetic strong mo-
[1975-1995]; Instrumental-3: [1996-2011]. tion records for seismic engineering purposes will also ben-
Next, we used ZMAP (Wiemer, 2001) to obtain the com- efit from the results presented.
pleteness magnitude and Gutenberg-Richter parameters for The proposed model was constructed from the worst-case
each of the 3 instrumental periods (Supplement, Fig. S5)approach that selected the fault rupture parameters that most
Finally, we use the Bayesian method of Kijko and Sell- affected the initial displacement of the seafloor caused by an
evoll (1992) to derive the earthquake frequency as a funcearthquake, constrained by the geological and geophysical
tion of magnitude (Supplement, Fig. S6). This method hasinformation available. This means that other choices in the
the advantage of simultaneously considering the informa-definition of the model, like non-uniform slip distribution or
tion provided by the historical catalogue (each event is con+igidity values, may cause for some events in some coastal
sidered the maximum event occurring in one time interval)zones tsunami waves larger than the ones predicted by our
and several periods of instrumental catalogues that are corscenario database. The reasons for the choices done were ad-
sidered complete above the completeness magnitude. Thdressed in the previous sections.
maghnitude—frequency relationship is expressed as a truncated One parameter that significantly affects the initial tsunami
Gutenberg-Richter fok,,, the annual frequency of events wave amplitude is the fault dip, being 48he optimal value,
that exceeds the magnitude as in Kamigaichi (2011) for the Japanese Tsunami Warning
System. In the Indian and Pacific Oceans, the tsunami warn-
, (11) ing and forecast systems rely on the knowledge of the sub-
duction zones and use non-optimal values but geologically
with constrained (Greenslade et al., 2007; Titov, 2009; Babeyko
o _ et al., 2010). In the Gulf of Cadiz the deep expression of the
»=8893 f=229 mmin=19 mmax=89. (12) major geological faults recognized close to the surface in the
For easier reference we express the recurrence of big eartlsedimentary layer (Fig. 1, Sect. 1) is largely unknown. The
quakes as the expected number of events over a period ofistrumental seismicity of moderate magnitude<(4/ < 6)
1000yr in Table 5. recorded in the area has no clear connection with the ma-
To compare the magnitude frequency law derived abovgor geological features identified (e.g. Geissler et al., 2010).
with the plate tectonic constrain, we will consider a very The major differences between the optimal value and the 35

(14)

Using this expression we obtain 3.6 mnyifor the seis-

¢ velocity, in good agreement with the current kinematic
models that estimate the Nubia-Eurasia convergence to be 4
o5mmyrl.

e—ﬁ(m—mmin) — e—ﬁ(mmax—mmin)

Am = A

1-— g—ﬂ(mmax—mmin)
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Table 5. Frequency of events (in 1000 yr) for a magnitude equal to or exceeding the tabulated value.

My 700 725 750 7.75 800 825 850 875
Frequency (1000yr) 9.28 6.52 464 331 239 173 126 0.82

used for the fault dip in most of the source zones considerednagnitude, fault-slip and fault dimensions that was inspired
are: (i) 45 is very close to the locking angle for a pure dip- on the semi-empirical scaling laws proposed by Manighetti
slip fault; (ii) 45° would imply for a 1755-like rupture a fault et al. (2007). The law parameters were constrained by the
plane extending to 90 km depth or a fault width exceedingscarce information selected available on large earthquakes in
the maximum seismogenic thickness (Sect. 4) that is recogthe area. Based on the derived model and the predicted fault
nized by geological and geophysical investigations. With soslip rates by Cunha et al. (2012), we estimate a minimum
few constrains, between a pure “blind” choice or a choicerecurrence period of circa-3600 and 10 000 yr for events of
guided by the few information available, we decided for the M, = 8 andM,, ~ 8.7 (“1755-like”), respectively, if a single
non-optimal value of 35 structure (or single combination of structures) is considered.
The operational worst-case scenario proposed here, corf, however, we take into account the several mapped major
servative by nature, will serve as the basis of the first tsunamactive faults in the region, the estimated recurrence periods
alert message to be issued by the future PtTWS in case ddre reduced to 700 and 3500 yr or less, respectively. More-
a large enough event (at this time only earthquake informa-over, it is likely that due to the proximity between most of
tion is usually available). As in any other TWS, the following the mapped structures, large earthquakes will happen clus-
messages issued by the PtTWS will include information ontered in time due to fault interaction.
sea level measurements that will allow confirmation of the We suggest that the derived earthquake generation model,
occurrence of the tsunami, its cancellation or a change of thevhich departs significantly from the scaling laws proposed
warning level. We foresee that the operator, facing a differ-by Manighetti et al. (2007), is explained by the structural
ence in amplitude between observations and the selected sceemplexity of the Gulf of Cadiz-SW Iberia region, charac-
nario, will apply an empirical correction factor to account for terized by moderate, diffuse seismicity, generated at depths
differences in the top-of-the-fault depth or in the rake of the attaining 30 to 60 km, in oceanic, transitional and thinned
rupture mechanism to obtain new estimates for the tsunamg¢ontinental-type lithosphere. We believe that the joint use of
wave amplitude arriving at the coast. thin-sheet lithospheric modelling (as in Cunha et al., 2012)
Using the most updated geological and geophysicaltogether with credible fault models can be applied to esti-
knowledge of the Gulf of Cadiz and adjacent Abyssal Plains,mate the earthquake and tsunami hazard in other complex
we covered the whole offshore area with zones where a typitectonic environments with long earthquake cycles (larger
cal credible fault could be identified. We considered that twothan 1000 yr).
tectonic engines can be in operation today in this region and One of the most uncommon features of the fault model
did not discard any source of large earthquakes and tsunamizroposed is the lithospheric thickness that we estimate that
that has been proposed. However, if a probabilistic tsunamtan be ruptured during a large earthquake7Q km). This
hazard assessment is desired (PTHA) (as in Gonzalez et akhickness exceeds what is expected for a cooling oceanic
2009 for the Pacific Ocean or in Sgrensen et al., 2012 for thdithosphere with a Jurassic age, if we take the 8D0
Mediterranean Sea), we suggest that different probabilitiessotherm as a reference for the definition of the lithosphere
can be ascribed to different source zones, according to thérittle layer. By computing an estimate of the relative plate
expert opinion to be considered. velocity based on the known seismic activity, we showed that
If we compare the source zones presented here and thihis fault rupture model is compatible with the current kine-
ones that have been recently proposed by the SHARHEnatic models for the convergence between Nubia and Eura-
project (2012) for Probabilistic Seismic Hazard Assessmensia in the Gulf of Cadiz.
(PSHA) (both shown in Fig. 3), we can see clearly that both
were designed for different purposes. While in PTHA it is
important to use credible fault scenarios for the generationSupplementary material related to this article is
of tsunamis in each source zone, this consideration is lesgvailable online at:
relevant for PSHA. This implies that source zoning used forhttp://www.nat-hazards-earth-syst-sci.net/13/1/2013/
PSHA cannot be used for PTHA without a critical review that hhess-13-1-2013-supplement.pdf
takes into consideration the known tectonics in the region, as
was done in the present work.
Our proposed fault model for the source of large earth-
quakes and tsunamis comprises a relationship between

Nat. Hazards Earth Syst. Sci., 13, 133, 2013 www.nat-hazards-earth-syst-sci.net/13/1/2013/


http://www.nat-hazards-earth-syst-sci.net/13/1/2013/nhess-13-1-2013-supplement.pdf
http://www.nat-hazards-earth-syst-sci.net/13/1/2013/nhess-13-1-2013-supplement.pdf

L. M. Matias et al.: Tsunamigenic earthquakes in the Gulf of Cadiz: fault model and recurrence 11

AcknowledgementsThe authors would like to acknowledge Cornell, C.: Engineering seismic risk analysis, Bull. Seism. Soc.
the financial support from FCT (Portugal) through the research Am., 58, 1568—-1606, 1968.

projects SWITNAME (PDCT/CGEGIN59244/2004), TOPOMED Cunha, T. A., Watts, A. B., Pinheiro, L. M., and Myklebust, R.: Seis-
(TOPOEUROPE/0001/2007) and PEST-OE/CTE/LA0019/2011- mic and gravity anomaly evidence of large-scale compressional
2012 and from EU Specific Programme “Integrating and Strength- deformation off SW Portugal, Earth Planet. Sci. Lett., 293, 171—
ening the European Research Area”, Sub-Priority 1.1.6.3, “Global 179, 2010.

Change and Ecosystems”, contract n. 037110 (NEAREST). TheCunha, T. A., Matias, L. M., Terrinha, P., Negredo, A., Rosas, F.,
authors would also like to acknowledge the fruitful discussions Fernandes, R. M. S., and Pinheiro, L. M.: Neotectonics of the SW
on lberia Neotectonics and Geodynamics with A. Ribeiro and Iberia margin, Gulf of Cadiz and Alboran Sea: a reassessment
P. Terrinha. The authors thank Andrey Babeyko for the review including recent structural, seismic and geodetic data, Geophys.

comments that contributed to the improvement of the paper. J. Int., 188, 850-872, 2012.
Engdahl, R., van der Hilst, R., and Buland, R.: Global teleseismic
Edited by: S. Tinti earthquake relocation with improved travel times and procedures
Reviewed by: A. Babeyko and one anonymous referee for depth determination, Bull. Seism. Soc. Am., 88, 722—-743,
1998.
Fernandes, R. M. S., Ambrosius, B. A. C., Noomen, R., Bas-
References tos, L., Wortel, M. J. R., Spakman, W., and Govers, R.: The
relative motion between Africa and Eurasia as derived from
Afilhado, A., Matias, L., Shiobara, H., Hirn, A., Mendes-Victor, L., ITRF 2000 and GPS data, Geophys. Res. Lett.,, 30, 1828,

and Shimamura, H.: From unthinned continent to ocean: the deep doi:10.1029/2003GL017082003.
structure of the West Iberia passive continental margin &h\88  Fukao, Y.: Thrust faulting at a lithospheric plate boundary: the Por-
Tectonophysics, 458, 9-50, 2008. tugal earthquake of 1969, Earth Planet. Sci. Lett., 18, 205-216,
Annunziato, A.: The Tsunami Assessment Modelling System by the 1973.
Joint Research Centre, Sci. Tsunami Hazards, 26, 70-92, 2007 GEBCO, British Oceanographic Data Centre: Centenary Edition of
Annunziato, A., Carrilho, F., Matias, L., Baptista, M. A.,and Omira,  the GEBCO Digital Atlas (CD-ROM), published on behalf of the
R.: Progresses in the Establishment of the Portuguese Tsunami Intergovernmental Oceanographic Commission and the Interna-
Warning System, EMSC Newsletter, April, 10-12, 2009. tional Hydrographic Organization, Liverpool, 2003.
Babeyko, A. Y., Hoechner, A., and Sobolev, S. V.: Source model-Geissler, W. H., Matias, L., Stich, D., Carrilho, F., Jokat, W., Monna,
ing and inversion with near real-time GPS: a GITEWS perspec- S., IbenBrahim, A., Mancilla, F., Gutscher, M.-A., Sallar V.,
tive for Indonesia, Nat. Hazards Earth Syst. Sci., 10, 1617-1627, and Zitellini, N.: Focal mechanisms for sub-crustal earthquakes
doi:10.5194/nhess-10-1617-2Q2D10. in the Gulf of Cadiz from a dense OBS deployment, Geophys.
Baptista, M. A., Miranda, J. M., Chierici, F., and Zitellini, N.: New Res. Lett., 37, L183090i:10.1029/2010GL044282010.
study of the 1755 earthquake source based on multi-channel seigica, E., Spillane, M. C., Titov, V. V., Chamberlin, C. D., and New-
mic survey data and tsunami modeling, Nat. Hazards Earth Syst. man J. C.: Development of the forecast propagation database for

Sci., 3, 333-34040i:10.5194/nhess-3-333-200303. NOAA's Short-Term Inundation Forecast for Tsunamis (SIFT),
Bartolome, R., Gicia, E., Stich, D., Mamez-Loriente, S., Dirk Tech. Memo. OAR PMEL-139, Gov. Print. Off., Seattle, WA, 89
Klaeschen, D., de Mancilla, F. L., lacono, C. L., fi2deitia, J. pp., 2008.

J., and Zitellini, N.: Evidence for active strike-slip faulting along Gjevik, B., Pedersen, G., Dybesland, E., Harbitz, C., Miranda, P.

the Eurasia-Africa convergence zone: Implications for seismic M., Baptista, M. A., Mendes Victor, L., Heinrich, Ph., Roche, R.,

hazard in the southwest Iberian margin, Geology, 40, 495-498, and Guesmia, M.: Modeling tsunamis from earthquake sources

2012. near Gorringe Bank southwest of Portugal, J. Geophys. Res.-
Bird, P.: Thin-plate and thin-shell finite element modeling programs  Ocean., 102, 27931-27949, 1997.

for forward dynamic modeling of plate deformation and faulting, Gonzlez, A., Tore, M., Cordoba, D., Vidal, N., Matias, L. M.,

Comput. Geosci., 25, 383-394, 1999. and Oaz, J.: Crustal thinning in the Southwestern Iberia margin,
Buforn, E., Udas, A., and Mait Davila, J.: Source mechanism of Geophys. Res. Lett., 23, 2477-2480, 1996.

the February 12, 2007, San Vicente Cape Earthquake=Nov®, Gonzlez, A., @rdoba, D., Matias, L. M., and Toen M.: Seismic

Orfeus Newsletter, 7, p. 3, 2007. crustal structure in the Gulf of Cadiz (SW Iberian Peninsula),
Byerlee, J. D.: Friction of rocks, Pure Appl. Geophys., 116, 615—- Marine Geophys. Res., 22, 207-223, 2001.
626, 1978. Gonzalez, F. I, Geist, E. L., Jaffe, B., Kanoglu, U., Mofjeld, H.,

Calais, E., DeMets, C., and Nocquet, J. M.: Evidence for a post-  Synolakis, C. E., Titov, V. V., Arcas, D., Bellomo, D., Carlton,
3.16-Ma change in Nubia—Eurasia—North America plate mo- D., Horning, T., Johnson, J., Newman, J., Parsons, T., Peters, R.,

tions?, Earth Planet. Sci. Lett., 216, 8-92, 2003. Peterson, C., Priest, G., Venturato, A., Weber, J., Wong, F., and
Carrilho, F., Nunes, J. C., Pena, J., and Senos, M. L.alGg0 Yalciner, A.: Probabilistic Tsunami Hazard Assessment at Sea-

Sismico de Portugal Continental e Ragi Adjacente para o side, Oregon for Near- and Far-field Seismic Sources, J. Geo-

pefiodo 1970-2000, Instituto de Meteorologia, ISBN 972-9083-  phys. Res., 114, C11028¢i:10.1029/2008JC005132009.

12-6, 2004. Gracia, E., Danobeitia, J., Verges, J., and the Parsifal Team: Map-
Carvalho, A., Zonnob, G., Franceschina, G., &BiSerra, J., ping active faults offshore Portugal (36-3&N): implications

and Campos Costa, A.: Earthquake shaking scenarios for the for the seismic hazard assessment along the southwest Iberian
metropolitan area of Lisbon, Soil Dynam. Eq. Eng., 28, 347-364, margin, Geology, 31, 83-86, 2003.
2008.

www.nat-hazards-earth-syst-sci.net/13/1/2013/ Nat. Hazards Earth Syst. Sci., 13182013


http://dx.doi.org/10.5194/nhess-10-1617-2010
http://dx.doi.org/10.5194/nhess-3-333-2003
http://dx.doi.org/10.1029/2003GL017089
http://dx.doi.org/10.1029/2010GL044289
http://dx.doi.org/10.1029/2008JC005132

12 L. M. Matias et al.: Tsunamigenic earthquakes in the Gulf of Cadiz: fault model and recurrence

Greenslade, D. J. M. and Titov, V. V.: A Comparison Study of Two  plex of the Gibraltar Arc in the Gulf of &diz (eastern central
Numerical Tsunami Forecasting Systems, Pure Appl. Geophys., Atlantic): Evidence from two long seismic cross-sections, Mar.
165, 1991-2001, 2008. Geol., 209, 173-198, 2004.

Greenslade, D. J. M., Simanjuntak, M. A., Chittleborough, J., andNeves, M. C. and Neves, R. G. M.: Flexure and seismicity across the
Burbidge, D.: A first-generation realtime tsunami forecasting ocean—continent transition in the Gulf of Cadiz, J. Geodynam.,
system for the Australian region, BMRC Research Report No. 47, 119-129, 2009.

126, Bur. Met., Australia, 2007. Nosov, M. A. and Kolesov, S. V.: Optimal initial conditions for sim-

Gutscher, M.-A.: Subduction beneath Gibraltar? Recent ulation of seismotectonic tsunamis, Pure Appl. Geophys., 168,
studies provide answers, Eos Trans. AGU, 93, 133, 1223-1237d0i:10.1007/s00024-010-0226-8011.
doi:10.1029/2012E0130002012. Okada, Y.: Surface deformation due to shear and tensile faults in a

Gutscher, M.-A., Malod, J., Rehault, J.-P., Contrucci, |, Klingelhoe-  half space, Bull. Seism. Soc. Am., 75, 11351154, 1985.
fer, F., Mendes-Victor, L., and Spakman, W.: Evidence for active Ozawa, S., Nishimura, T., Suito, H., Kobayashi, T., Tobita, M.,
subduction beneath Gibraltar, Geology, 30, 1071-1074, 2002. and Imakiire, T.: Coseismic and postseismic slip of the 2011

Gutscher, M.-A., Baptista, M. A., and Miranda, J. M.: The Gibral-  magnitude-9 Tohoku-Oki earthquake, Nature, 475, 373-376,
tar Arc seismogenic zone (part 2): constraints on a shallow 2011.
east dipping fault plane source for the 1755 Lisbon earthquakePlatt, J. and Houseman, G.: Evidence for active subduction beneath
provided by tsunami modelling and seismic intensity, Tectono- Gibraltar: Comment and Reply: COMMENT, Geology, 31, €22,
physics, 426, 153-166, 2006. 2003.

Hayward, N., Watts, A. B., Westbrook, G. K., and Collier, J. S.: Ribeiro, A., Mendes-Victor, L., Cabral, J., Matias, L., and Terrinha,
A seismic reflection and GLORIA study of compressional de-  P.: The 1755 Lisbon earthquake and the beginning of closure of
formation in the Gorringe Bank region, eastern North Atlantic,  the Atlantic, European Review, 14, 193—-205, 2006.

Geophys. J. Int., 138, 831-850, 1999. Rosas, F. M., Duarte, J. C, Terrinha, P., Valadares, V., and Matias,

Jiménez, M. J. and Gala-Ferrandez, M.: Seismic hazard assess- L.: Morphotectonic characterization of major bathymetric linea-
ment in the Ibero-Magreb region, Ann. Geofis., 42, 1057-1065, ments in Gulf of Cadiz (Africa—lIberia plate boundary): insights

1999. from analogue modelling experiments, Mar. Geol., 261, 33-47,
Johnston, A. C.: Seismic moment assessment of earthquakes in sta- 2009.
ble continental regions — 11l, New Madrid 1811-1812, Charleston Rosenbaum, G., Lister, G. S., and Duboz, C.: Reconstruction of

1886, and Lisbon 1755, Geophys. J. Int., 126, 314-344, 1996. the tectonic evolution of the western Mediterranean since the
Kamigaichi, O.: Tsunami Forecasting and Warning, in: Extreme En-  Oligocene, J. Virt. Explorer, 8, 107-126, 2002.

vironmental Events: Complexity in Forecasting and Early Warn- Rovere, M., Ranero, C. R., Sartori, R., Torelli, L., and Zitellini, N.:

ing, edited by: Meyers, R. A., Springer New York, 982-1007,  Seismic images and magnetic signature of the Late Jurassic to

2011. Early Cretaceous Africa-Eurasia plate Boundary off SW Iberia,
Kanamori, H. and Anderson, D. L.: Theoretical basis of some em- Geophys. J. Int., 158, 554-568, 2004.

pirical relations in seismology, Bull. Seismol. Soc. Am., 65, Sallares, V., Gailler, A., Gutscher, M.-A., Graindorge, D., Bar-

1073-1095, 1975. tolome, R., Gacia, E., Daz, J., Déobeitia, J. J., and Zitellini,
Kijko, A. and Sellevoll, M. A.: Estimation of earthquake hazard  N.: Seismic evidence for the presence of Jurassic oceanic crust

parameters from incomplete data files, Part Il, Incorporation of in the central Gulf of Cadiz (SW Iberian margin), Earth Planet.

magnitude heterogeneity, Bull. Seismol. Soc. Am., 82, 120-134, Sci. Lett., 311, 112-123, 2011.

1992. Sartori, R., Torelli, L., Zitellini, N., Peis, D., and Lodolo, E.: Eastern
Lonergan, L. and White, N.: Origin of the Betic-Rif mountain belt, segment of the Azores—Gibraltar line (central-eastern Atlantic):
Tectonics, 16, 504-522, 1997. an oceanic plate boundary with diffuse compressional deforma-

Manighetti, |., Campillo, M., Bouleya, S., and Cottona, F.: Earth-  tion, Geology, 22, 555-558, 1994.
guake scaling, fault segmentation, and structural maturity, EarthScholz, C. H.: Scaling laws for large earthquakes: consequences for

Planet. Sci. Lett., 253, 429438, 2007. physical models, Bull. Seismol. Soc. Am., 72, 1-14, 1982.
Martins, |. and Mendes-Victor, L.: Contribiig para o Estudo da Scholz, C. H.: The brittle-plastic transition and the depth of seismic

Sismicidade da Rego Oeste da Pamsula Iterica, 1 25, Insti- faulting, Geol. Rundsch., 77, 319-328, 1988.

tuto Geofsico Infante D. Lis, Lisboa, 2001. Sibson, R. H.: A note on fault reactivation, J. Struct. Geol., 7, 751—

McClusky, S., Reilinger, R., Mahmoud, S., Ben Sari, D., and Tealeb, 754, 1985.
A.: GPS constraints on Africa (Nubia) and Arabia plate motions, Spakman, W. and Wortel, R.: A tomographic view on Western
Geophys. J. Int., 155, 126-138, 2003. Mediterranean Geodynamics, in: The TRANSMED Atlas: the

McGuire, R.: Effects of uncertainty in seismicity on estimates of  Mediterranean region from Crust to Mantle, edited by: Cavazza,
seismic hazard for the east coast of the United States, Bull. W., Roure, F., Spakman, W. W., Stampfli, G. M., and Ziegler, P.
Seism. Soc. Am., 67, 827-848, 1977. A., Springer-Verlag, 31-52, 2004.

McKenzie, D. P., Jackson, J. A., and Priestley, K. F.: Thermal struc-SHARE project: Task 3.4: Seismic Source Zones, available at:
ture of oceanic and continental lithosphere, Earth Planet. Sci. http://www.share-eu.org/node/{ast access: September 2012),

Lett., 233, 337-349, 2005. 2012.
Medialdea, T., Vegas, R., Somoza, Laxfuez, J. T., Maldonado, Sgrensen, M. B., Spada, M., Babeyko, A. Y., Wiemer,
A., Diaz del-Ro, V., Maestro, A., ©rdoba, D., and Feamdez- S., and Ginthal, G.: Probabilistic tsunami hazard in

Puga, M. C.: Structure and evolution of the “Olistostrome” com-  the Mediterranean Sea, J. Geophys. Res., 117, B01305,

Nat. Hazards Earth Syst. Sci., 13, 133, 2013 www.nat-hazards-earth-syst-sci.net/13/1/2013/


http://dx.doi.org/10.1029/2012EO130001
http://dx.doi.org/10.1007/s00024-010-0226-6
http://www.share-eu.org/node/72

L. M. Matias et al.: Tsunamigenic earthquakes in the Gulf of Cadiz: fault model and recurrence 13

doi:10.1029/2010JB008169012. Ward, S. N.: Tsunamis, in: The Encyclopedia of Physical Science

Sousa, M. L. and Costa, C. A.: Ground-motion scenarios consistent and Technology, edited by: Meyers, R. A., Academic Press,
with probabilistic seismic hazard disaggregation analysis, Appli- 2001.
cation to Mainland Portugal, BEE, 7, 127-147, 2009. Wei, Y., Bernard, E., Tang, L., Weiss, R., Titov, V., Moore,

Steinmetz, T., Raape, U., TeBmann, S., Strobl, C., Friedemann, M., C., Spillane, M., Hopkins, M., and #djlu, U.: Real-time
Kukofka, T., Riedlinger, T., Mikusch, E., and Dech, S.: Tsunami  experimental forecast of the Peruvian tsunami of August
early warning and decision support, Nat. Hazards Earth Syst. 2007 for US coastlines, Geophys. Res. Lett.,, 35, L04609,
Sci., 10, 1839-185@]0i:10.5194/nhess-10-1839-2Q 2D 10. d0i:10.1029/2007GL03225@008.

Stich, D., Mancilla, F., Pondrelli, S., and Morales, J.: Source analy-Wells, D. L. and Coppersmith, K. J.: New empirical relationships
sis of the February 12th 2007, Mw 6.0 Horseshoe earthquake: among magnitude, rupture length, rupture width, rupture area,
Implications for the 1755 Lisbon earthquake, Geophys. Res. and surface displacement, Bull. Seis. Soc. Am., 84, 974-1002,
Lett., 34, L12308¢d0i:10.1029/2007GL030012007. 1994.

Stirling, M., Rhoades, D., and Berryman, K.: Comparison of Earth- Wiemer, S.: A Software Package to Analyze Seismicity: ZMAP,
quake Scaling Relations Derived from Data of the Instrumen- Seismol. Res. Lett., 72, 373-382, 2001.
tal and Pre instrumental Era, Bull. Seis. Soc. Am., 92, 812-830,Wortel, M. J. R. and Spakman, W.: Subduction and slab detachment
2002. in the Mediterranean—Carpathian Region, Science, 290, 1910—

Tang, L., Titov, V. V., Bernard, E., Wei, Y., Chamberlin, C., New- 1917, 2000.
man, J. C., Mofjeld, H., Arcas, D., Eble, M., Moore, C., Uslu, Zitellini, N., Mendes, L. A., Cordoba, D., Danobeitia, J., Nicolich,
B., Pells, C., Spillane, M. C., Wright, L. M., and Gica, E.: Di- R., Pellis, G., Ribeiro, A., Sartori, R., Torelli, L., Bartolome, R.,
rect energy estimation of the 2011 Japan tsunami using deep- Bortoluzzi, G., Calafato, A., Carrilho, F., Casoni, L., Chierici,
ocean pressure measurements, J. Geophys. Res., 117, C08008,F., Corela, C., Correggiari, A., Della Vedova, B., Gracia, E., Jor-
d0i:10.1029/2011JC007638012. net, P., Landuzzi, M., Ligi, M., Magagnoli, A., Marozzi, G., Ma-

Terrinha, P., Pinheiro, L. M., Henriet, J.-P., Matias, L., Ivanov, M. tias, L., Penitenti, D., Rodriguez, P., Rovere, M., Terrinha, P.,
K., Monteiro, J. H., Akhmetzhanov, A., Volkonskaya, A., Cunha,  Vigliotti, L., and Zahinos Ruiz, A.: Source of the 1755 Lisbon
T., Shaskin, P., Rovere, M., and the TTR10 Shipboard Scien- earthquake and tsunami investigated, EOS, Trans. Am. geophys.
tific Party: Tsunamigenic—seismogenic structures, neotectonics, Un., 82, 290-291, 2001.
sedimentary process and slope instability on the southwest PorZitellini, N., Rovere, M., Terrinha, P., Chierici, F., Matias, L., and
tuguese margin, Mar. Geol., 195, 55-73, 2003. BIGSETS Team: Neogene through quaternary tectonic reactiva-

Thiebot, E. and Gutscher, M.-A.: The Gibraltar Arc seismogenic tion of SW Iberian passive margin, Pure Appl. Geophys., 161,
zone (part 1): constraints on a shallow east dipping fault plane 565-587, 2004.
source for the 1755 Lisbon earthquake provided by seismic dataZitellini, N., Gracia, E., Matias, L., Terrinha, P., Abreu, M. A.,
gravity and thermal modeling, Tectonophysics, 426, 135-152, DeAlteriis, G., Henriet, J. P., D®beitia, J. J., Masson, D. G.,
2006. Mulder, T., Ramella, R., Somoza, L., and Diez, S.: The quest for

Titov, V. V.. Tsunami Forecasting, in: The SEA, Volume 15: the Africa—Eurasia plate boundary west of the Strait of Gibraltar,
Tsunamis, edited by: Bernard, E. N. and Robinson, A. R., Har- Earth Planet. Sci. Lett., 280, 13-50, 2009.
vard Univ. Press., 371-400, 2009.

Vilanova, S. and Fonseca, J. F. B. D.: Probabilistic Seismic-Hazard
Assessment for Portugal, Bull. Seismol. Soc. Am., 97, 1702—

1717, 2007.

www.nat-hazards-earth-syst-sci.net/13/1/2013/ Nat. Hazards Earth Syst. Sci., 13182013


http://dx.doi.org/10.1029/2010JB008169
http://dx.doi.org/10.5194/nhess-10-1839-2010
http://dx.doi.org/10.1029/2007GL030012
http://dx.doi.org/10.1029/2011JC007635
http://dx.doi.org/10.1029/2007GL032250

