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Seismic anisotropy of the south Iberian upper mantle is investigated using shear-wave splitting of SKS
phases. We analyzed teleseismic events recorded by sixteen permanent broadband stations installed on the
southern Iberian Peninsula and in northern Africa, and we determined fast polarization directions ¢, and
delay times 6t between fast and slow components. The area of investigation extends across two important
geological structures in the Variscan Iberian Peninsula: the Variscan Iberian Massif in its center, and the
Gibraltar arc in the Southeast, that represents the most westerly Alpine belt in the western Mediterranean.
Shear-wave splitting measurements from stations in the Betic domain show homogeneous ENE-WSW fast

Editor: R.D. van der Hilst

Keywords: directions nearly parallel to the trend of the mountain belt, and smooth spatial variations. Stations in the
seismic anisotropy North, toward the southern part of the Variscan Iberian Massif show homogeneous fast directions however
lithosphere trending NS to NE-SW, different from those recorded in the Betic. These observations may reflect a post-
asthenosphere Hercynian (Variscan) deformation of the Ossa-Morena zone, related to the main stages in the tectonic
leé?:;ic;g?on evolution of this part, namely transpressional stage, transtensional stage and shortening episode, or a

deformation related to the posterior Alpine orogeny. Along the Gibraltar arc, we observe a smoothly varying
¢ trend changing from ENE-WSW in the Eastern Betics to NS in the area of Gibraltar and Ceuta, following
more or less the general trend of the mountain belt around the Alboran Sea, and the coastline. Since a similar
rotation is also visible in results from Pn anisotropy, this suggests that the anisotropy is vertically coherent
starting from just below the Moho. Comparing the anisotropy pattern expected from various geodynamic
models with the observed SKS splitting suggests that the anisotropy is best explained by a model of slab

Gibraltar arc

rollback, rather than by delamination models.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

During the last decades, seismological techniques have been
developed to analyze the deep deformation of the Earth, and
particularly the relation between plate tectonics and mantle flow as
well as the internal deformation of the plate (e.g., Silver and Chan,
1988). The most popular technique uses the birefringence in
anisotropic media that induces the splitting of shear waves and
allows one to obtain quantitative information about seismic aniso-
tropy in the upper mantle below a seismic station. Seismic anisotropy
in the upper mantle is dominated by elastic anisotropy of rock-
forming minerals which develop lattice-preferred orientations (LPO)
or fabrics in response to strain (e.g. Nicolas and Christensen, 1987;
Mainprice et al., 2000). The primary constituent of the upper mantle is
olivine which is more anisotropic than most other minerals. Olivine
deforms by dislocation-creep at upper mantle conditions (Nicolas and
Christensen, 1987), and it generally aligns the main crystallographic
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axes with respect to the structural directions (lineation, pole of the
foliation), therefore producing a large-scale anisotropy that is
detectable by seismic waves. The anisotropy is thus correlated with
the strain in the upper mantle, and it therefore allows constraining
deformation at that depth within the Earth remotely from the surface.

The most useful seismological phase for studying shear-wave
splitting is the SKS phase. It travels through the mantle as an S wave,
through the liquid outer core as a P wave after a S to P conversion at the
core-mantle boundary, and is converted back into a radially polarized
S wave when passing back in the mantle. On its way to the Earth's
surface, this SKS phase is split into two mutually orthogonally
polarized shear waves as it propagates through an anisotropic
medium. From three-component seismic records, two parameters
can be measured to quantify the anisotropy: 1) the difference in arrival
time (6t) between the two split waves that depends on thickness and
the intrinsic anisotropy of the medium, and 2) the polarization plane
azimuth ¢ of the faster split shear wave that is related to the
orientation of the anisotropic structure. Shear-wave splitting measure-
ments can therefore characterize the orientation and to a lesser degree
the depth extent of the mantle strain field (see review by Savage, 1999).

Determining the vertical location of the anisotropic layer(s) is
always challenging since the splitting of SKS phases may occur
somewhere between the core-mantle boundary and the station.
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Other phases such as local S (e.g. Bowman and Ando, 1987), may help
to constrain the anisotropy distribution beneath a station, but they
require the presence of nearby seismogenic zones. Petrophysical
analyses of mantle minerals and rocks (Mainprice et al., 2000;
Mainprice et al., 2005) suggest that anisotropy lies in the uppermost
400 km of the Earth. Recent theoretical studies using finite-frequency
sensitivity kernels provide similar conclusions since SKS splitting are
shown to be more sensitive to the upper mantle above the transition
zone than to the lower mantle (Sieminski et al., 2007). If one assumes
that the crust may contribute only a few tenths of a second to the total
SKS splitting (Barruol and Mainprice, 1993; Godfrey et al., 2000), these
arguments suggest that the anisotropy lies primarily in the subcrustal
upper mantle. It is however not clear whether the anisotropy lies
within the lithosphere and is related to a ‘frozen’ deformation (Silver
and Chan, 1988), or within the asthenosphere and is thus related to
present-day plate motion (Vinnik et al., 1992). This question can be
addressed by SKS splitting only indirectly since these observations
constrain only weakly the depth of anisotropy within the upper
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mantle. On the other hand, this question can in principle be resolved
combining SKS observations with surface wave anisotropy and Pn
observations. We will in fact use Pn in this study to compare with SKS
splitting results.

The area of interest of this paper, in southern Iberia and around the
Gibraltar arc, represents a key area of geodynamic interest for the
Africa-Eurasia collision and for the various stages of opening and
closure of the Mediterranean basins. Various geodynamic models and
mechanisms have been proposed to explain the large-scale structures
and timing constraints, based on regional-scale recycling of litho-
sphere into the mantle, such as active continental subduction
(Morales et al., 1999), delamination (Seber et al., 1996a) or active
oceanic subduction (Lonergan and White, 1997; Gutscher et al., 2002).

In this study, we present new shear-wave splitting measurements
obtained at permanent stations located in the Betic and Rif Cordillera
and in the southern part of the Variscan Iberian Massif. We compare
these new results with previous ones from Iberia (Diaz et al., 1998;
Schmid et al., 2004), as well as from Pn phase anisotropy (Calvert et al.,
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Fig. 1. Tectonic sketch of the Mediterranean area showing the Neogene basins and Alpine chains (top, redrawn from Comas et al., 1999) and geological setting of South of Iberia and
North of Africa (bottom, redrawn from Lonergan and White, 1997; Platt el al., 2003). Main faults are shown in the External and Internal Zones and in the Alboran Domain (CVF:
Crevillente fault, AMF: Alhama de Murcia fault, PF: Palomares fault, CFZ: Carboneras fault, NF: Nekor fault). Locations of seismological stations used in this study are also shown by
triangles.
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2000b). In the light of tomographic models for this region we propose
that all these anisotropy observations may help to constrain and to
better understand the geodynamic setting of this complex area.

2. Geodynamic setting

The Betic and Rif belts, connected through the Gibraltar arc,
represent the most westerly Alpine range in southern Europe (Fig. 1).
Together with the Alboran basin, these belts constitute one of the most
complex and most debated geological regions in the western Medi-
terranean. A major characteristic of the Alboran basin is that it is an
extensional regime (Comas et al., 1999) within a general collision regime,
induced by the convergence of Africa and Eurasia from the Cretaceous to
Paleogene (Dewey et al., 1989). The geological records and geophysical
observations shed some light on the evolution of the region. Formally,
the Gibraltar arc is divided into three pre-Neogene crustal domains: the
first consists of Mesozoic and Tertiary sedimentary rocks deformed
during the Neogene as a thrust-and-fold belt mainly directed to the NW
and WNW (e.g., Garcia-Duefias, 1969; Garcia-Hernandez et al., 1980),
which covered the South-Iberian and Maghrebian continental paleo-
margins and constitute the External Zones of the Betics and Rif. The
second corresponds to the sediments deposited on oceanic troughs or
thin continental crust (Lujan et al., 2006) and belongs to the so-called
Flysch Trough that is well-represented in the Rif and Tell regions. The last
one, the Alboran crustal domain, represents the internal zones of the
orogen, composed mainly of Paleozoic to Mesozoic rocks affected by low
to very high-grade metamorphism that were deformed mainly during
the late Cretaceous to Paleogene and thrust onto the south Iberian and
north African margins during the Early Miocene (Balanya and Garcia-
Duefias, 1988). Three tectono-metamorphic complexes are recognized
in this zone, the Nevado-Filabride, the Alpujarride and the Malaguide in
the Betics. The Alboran domain shows N-S continuity below the sea and
constitutes the metamorphic basement of the Alboran basin (Platt et al.,
1996). That basin represents a post-orogenic back arc basin (Lonergan
and White, 1997), similar to the Calabrian arc (Faccenna et al., 2004;
Rosenbaum and Lister, 2004 ), formed during the westward migration of
the orogenic wedge. The main extension occurred during the Early
Miocene (Comas et al., 1999), coeval with shortening in the orogen. The
extension was associated with subsidence during the Miocene and
accompanied by tholeitic and calcoalkaline magmatism (Turner et al,
1999; Duggen et al., 2005). Since the Upper Miocene-Pliocene until
present, a contractive episode with a roughly NW-SE direction, although
varying from the Upper Miocene to the Pliocene (Ott D'Estevou and
Montenat, 1985; De Larouziére et al., 1988; Galindo-Zaldivar et al., 1997)
manifests itself by strike-slip tectonics, mainly in the eastern Betics and

Alboran basin. This contractive episode was accompanied by magma-
tism of mainly shoshonitic, lamproitic and alkaline basalts (Lonergan
and White, 1997; Zeck et al., 1998; Duggen et al., 2005).

At present, the kinematics of the Gibraltar arc as defined by GPS and
seismic moment tensor observations shows different deformation styles
that are characterized by NNW-directed thrust faulting near the
Algerian coast and the SW of Iberia and an E-W extensional regime in
the Alboran Sea (Stich et al., 2003, 2006). A crucial role is played by the
so-called Trans-Alboran shear zone, a major structure formed by NE-SW
sinistral strike-slip faults, and NW-SE conjugates in the partitioning of
the strain in the region (Fernandez-Ibafiez et al., 2007) that allow coeval
shortening and extensional structures in a oblique convergent plate
margin between Africa and Europe.

Several models have been proposed to explain the formation of the
Gibraltar arc. These models may be compared by considering the style
of recycling of lithospheric material back into the mantle that may occur
in the form of lithospheric delamination (e.g. Seber et al., 1996a; Platt
etal., 1998; Calvert et al., 2000b), convective removal (Platt and Vissers,
1989), or subduction (Lonergan and White, 1997; Gutscher et al., 2002).

Platt and Vissers (1989) proposed that a lithospheric thickening as
a result of convergence created a collisional ridge of thick crust
underlain by a thick root of cold lithospheric mantle, during late
Eocene to Oligocene time. Such a gravitationally unstable root could
have been removed by convection and replaced by an asthenospheric
mantle during the late Oligocene, resulting in the uplift and extension
of the region and in the exhumation of metamorphic rocks and high-
temperature peridotites from the base of the crust. The continuous
convergence between Africa and Eurasia is then proposed to be
accommodated by shortening in the external zones of the belts
(Subbetic and External Rif).

The model proposed by Seber et al. (1996a) is also based on
delamination, and is somewhat similar to the model of Platt and
Vissers (1989). The difference is the style of removal of the thickened
lithosphere. Seber et al. (1996a) proposed indeed that, as a
consequence of compression, a thickened lithosphere was underlying
the (thickened) crust, and that gravitationally unstable lithospheric
root was progressively replaced by hot asthenosphere by convective
removal from the crust toward W and NW. A consequence of the
resulting asthenospheric inflow is the heating of the crust inducing an
uplift and the extension in the Alboran area.

The slab rollback model of Royden (1993) and Lonergan and White
(1997) is very different from the above models, since it focuses
primarily on subduction of oceanic lithosphere under the Alboran Sea.
As the rate of subduction exceeds the rate of convergence, the
subduction zone began migrating to the west while the crust of the

Table 1

Station locations and mean splitting parameters, given as mean values (m), median values (md) and weighted-mean values (w) with 20 errors

Station name Latitude Longitude @n Obm Otm Obt dmd Stmd dw Oy Oty Oty Number of
@) @) ) @) ) observations

ACBG 36.7686 -2.1939 59.42 7.94 1.70 0.64 59.59 1.88 67.09 1.59 1.86 0.08 5

ACLR 37.1897 -2.5822 77.16 8.49 174 0.69 7720 2.00 82.60 4.26 1.72 0.18 6

ANER 36.7623 -3.8453 3112 2111 1.54 0.8 36.82 118 35.91 1.29 1.29 0.06 16

ARAC 37.8800 -6.5800 63.65 12.51 0.99 0.35 67.81 1.00 65.00 6.95 0.79 0.12 8

ASCB 37.0394 -2.0056 54.26 14.76 146 0.73 63.46 1.52 65.73 2.51 1.62 0.16 6

CART 37.5868 -1.0012 68.86 797 1.56 0.31 69.74 1.50 72.93 1.27 1.46 0.07 11

CEUT 35.8831 -5.3263 -3.61 22.27 2.06 0.88 -3.61 2.06 -15.01 3.76 171 0.44 2

ESTP 372713 -4.8662 81.14 13.05 1.56 0.59 83.16 134 63.44 312 145 0.18 9

GORA 37.4805 -3.0398 72.71 6.85 1.30 0.38 74.46 112 73.28 5.36 118 0.14 5

HORN 37.8200 -5.2800 58.06 21.19 1.07 0.4 57.56 0.94 40.15 228 0.92 0.1 14

JAND 38.22 -3.97 6.49 48.64 172 0.33 31.52 1.80 1.03 3.75 1.61 0.32 3

MELI 35.2899 -2.9392 66.87 8.24 143 0.6 63.11 1.50 67.51 3.27 0.95 0.09 3

SELV 37.2383 -3.7277 59.01 14.65 1.04 0.56 52.48 0.81 4833 4.56 0.86 0.12 6

SESP 38.1208 -2.5452 66.28 28.69 1.68 0.63 72.26 1.70 4735 1.38 177 0.11 14

SFS 36.4656 -6.2055 -1.27 28.41 110 0.99 -127 110 17.03 791 0.87 0.41 2

VELZ 37.5838 -1.9880 69.66 12.87 145 0.48 66.45 140 64.94 2.64 1.39 0.08 8

For (m) errors give two times the standard deviation of individual values; for (w

) they give the error of the weighted mean.
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former collision ridge (Internal Zone) was broken up and dispersed,
and the crust behind this region was thinned by extension. In the
northern and southern portions of the subduction zone, the westward
movement slowed down as Iberian and African lithosphere was
encountered and the emplacement of the Internal Zone was
accommodated by shortening in the continental margins. The central
portion of the subducting trench continued its westward migration
and the continued subduction-zone rollback induced extension
beneath the Alboran Sea. On the other hand, several other models
consider different geometries and dip direction for the subducting
slab: the above models invoke eastward subduction of oceanic
lithosphere rolling back to the west (Lonergan and White, 1997;
Gutscher et al., 2002); others consider an extinct subduction oriented
northwards (e.g., Zeck, 1996). Recent analyses of body-wave disper-
sion at Ceuta (Bokelmann and Maufroy, 2007) indicate very different
dispersion characteristics of events arriving from the West from those
arriving from the East, which suggests the presence of an oceanic slab
beneath the Alboran Sea.

3. Data and method

In this study, we used seismic data recorded by 13 permanent
broadband stations of the Instituto Andaluz de Geofisica (IAG), and by 3
broadband seismic stations of the ROA-UCM-GEOFON (Real Observa-
torio de la Armada in San Fernando—Universidad Computence Madrid-
Geofon). The station locations are reported in Fig. 1 and Table 1.

Locations and centroid times of teleseismic events used to extract
the data from the continuous record were taken from the Harvard

catalogue, http://www.seismologyharvard.edu/CMTsearch.html and
arrival times of theoretical SKS phases at the stations were calculated
using the theoretical Earth model IASP91 (Kennett, 1995) with the
IASP91TTIM software (Buland and Chapman, 1983; Kennett and
Engdahl, 1991). From the teleseismic events covering the period
2001-2006, we selected events occurring at distances larger than 85°
and of magnitude (Mw) larger than 5.7. The selected events are shown
in Fig. 2, with a global projection centered on southern Spain and
preserving the azimuths. For the distance range between 130 and 165°
we also selected SKKS phases. A careful visual inspection of the data
allowed us to keep about 207 seismograms from 67 teleseismic events.

For each selected event, we calculated the two splitting parameters,
that is, the azimuth of the fast axis ¢ and the delay time 6t between the
fast and slow component of the shear waves. We performed these
measurements using SplitLab (Wiistefeld and Bokelmann, 2007;
Wiistefeld et al., 2008), which utilizes three different techniques
simultaneously: the rotation-correlation method (e.g. Bowman and
Ando, 1987), that is maximizing the cross-correlation between the
radial and transverse component of the SKS phase, the minimum
energy method (Silver and Chan, 1991), that is minimizing the energy
on the transverse component, and the minimum eigenvalue method
(Silver and Chan, 1991). Fig. 3 shows an example of the application of
these techniques for an event that arrives from the North at station
ACBG. Under good measurement conditions, i.e. good signal-to-noise
ratio and a favorable backazimuth, these methodologies give similar
splitting parameters. The comparison between the different methods
is helpful for characterizing cases of small 6t where seismograms do
not show clear SKS splitting, the so-called Null measurements, and for

Fig. 2. Spatial distribution of earthquakes used in this study in a projection that preserves backazimuths, centered on the Alboran. The 85° (minimum distance for SKS splitting

measurement) and 130° of epicentral distance are also shown.
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discriminating them from cases of existent but weak splitting. Null
measurements occur when the SKS phase is not split. This may happen
when the medium is isotropic or when the backazimuth of the
incoming SKS wave is parallel to either the slow or the fast directions in
the anisotropic layer. In the case of a simple anisotropic medium, Null
and non-Null measurements have to be consistent with each other. For
simplicity in the discussion and pictures we present only measure-
ments obtained with the minimum energy method. Table 1 gives
resulting splitting parameters (¢ and 6t) for each seismogram.

We qualified the splitting results as “good”, “fair”, and “poor” as
proposed by Barruol et al. (1997), i.e., depending on the quality of the
seismograms, on the signal-to-noise ratio of the initial phase, on the

amount of energy on the transverse component, on the correlation of
the two split waveforms, and on the elliptical particle motion before
anisotropy correction and its linearization after correction. Waveforms
with good or fair quality generally provide similar results with and
without filtering, indicating that results do not overly depend on the
filter parameters. We generally choose to not filter the data unless
required to remove high frequencies and/or long-period noise.

We will initially assume that the anisotropy is characterized by layer
(s) with horizontal symmetry axes. Dipping axes of symmetry (or some
orthorhombic symmetry systems) can cause systematic variations of
splitting parameters as functions of backazimuth. However the small
number of observations at each station precludes testing such cases.
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4. Results of SKS splitting

The individual splitting measurements (see Table 2, given in the
Electronic supplement) are plotted in Fig. 4 at the various stations to
evaluate the coherence of the results. Lines show the fast anisotropy
directions ¢, obtained from the minimum energy method, and their
lengths are proportional to the splitting delay time 6t. “Good” data are
shown by thick dark lines, and “fair” data by thin lines; “poor” data are
not plotted. Most stations in the Eastern Betics, CART, VELZ, ACBG,
GORA, ACLR and ASCB show a homogeneous ¢ trending roughly
N70°E and high delay times of around 1.5 s. Given the weak spreading
of fast direction measurements ¢ at stations in that region, and the
spatial coherence, the splitting observed at those stations is likely
originating within a single anisotropic layer that is well-constrained
by a suitable number of measurements. We record a similar trend for
the station MELI in Northern Africa, where the fast direction is N68°E
with a delay time of roughly 0.95 s. Interestingly, ¢ is nearly North-
South at stations SFS and CEUT, i.e., parallel to the trend of the
Gibraltar arc. At each of these two stations unfortunately, measure-
ment conditions were relatively difficult, and there are only two
measurements available at CEUT from 3 yr of data analyzed, (N12°E,
dt=1.44 s and N19°W 6t=2.68 s), and two non-Null measurements at
SES (N19°E, 6t=1.80 s and N21°W 6t=04 s).

Diaz et al. (1998) used data from temporary stations and found a
fast direction oriented N8OE at a station in the southern part of the
Variscan Iberian Massif. In the Betics, they observed a NNE-SSW trend
in the eastern part that changes to E-W in the central part, near
Granada, and again NNE-SSW near the coast of Malaga interpreted in
terms of their particular lithospheric geodynamic settings. Schmid et
al. (2004) studied the station CART, in the eastern part of Betic, and
MELI in the north of Africa, finding fast directions in the Betic trend,
oriented N70°E and N56°E respectively.

At a number of stations, there is a clear backazimuthal dependence of
the splitting parameters, like at stations ARAC, HORN, JAND, SESP, and
ANER. Such a backazimuthal dependence of splitting parameters may be
explained either by invoking vertical variation of anisotropy, e.g. by the
presence of two (or more) anisotropic layers, or by lateral variations of
anisotropy. First, we address the case of lateral heterogeneity. In order to
better visualize the lateral sampling of the anisotropy measurements
and the regional-scale stability of the anisotropy parameters beneath the
stations, we choose to project the individual splitting measurements of
good and fair quality along their incoming rays to a depth of 150 km
(Fig. 5). Although the splitting of the SKS waves is not well-located
vertically, this representation is helpful since it plots the splitting
parameters closer to the location where they were acquired. The
measurements with well-constrained anisotropy (“good”) are presented
as thick dark lines while measurements of lower quality (“fair”) are
shown by thin lines. In addition, Fig. 5 presents the Null measurements
by open circles. In the eastern and internal Betics, this figure clearly
indicates smooth spatial variation of the anisotropic structures beneath
most stations (with the exception of ANER, see discussion below). Such a
pattern was less clear in Fig. 4. It suggests that the variation is not caused
by noise in the observations. It is apparently due to real anisotropic
variations at depth. This suggests that the upper mantle beneath the
Internal Betics is dominated by a single anisotropic layer, with smoothly
varying fast directions. Station ESTP located in the Subbetic domain
shows a homogeneous distribution of the fast directions that led us to
conclude that this part is characterized by a single layer. We will address
the nature of this anisotropy and its smooth spatial variation in detail
below.

The splitting parameters observed at stations ARAC, HORN and
JAND near the transition to the Variscan Iberian Massif, SESP in the
Prebetic units, and ANER in the Internal Betics, are not fully explained
by lateral variation of splitting. These 5 stations are characterized by
an apparent backazimuthal variation of the splitting parameters as
shown in Fig. 4. The projection at depth of the individual splitting

measurements (Fig. 5) suggests strong lateral variations at small scale-
length. Such a rapid variation is not easily explained by lateral
variation since the Fresnel zone of SKS phases in the upper mantle that
quantifies the width of the zone over which the SKS ‘average’ the
structure, is 100 to 200 km wide for SKS waves with 10 s period. For
these 5 stations, we show the detailed ¢ and &t backazimuthal
variation in Fig. 6. A single anisotropic layer would produce a constant
fast direction &, independent of backazimuth, as well as a constant
splitting delay &t. With the possible exception of station ARAC, such a
simple single layer does not explain the observations at these stations.
However, the stations are characterized by varying amounts of data,
partly due to the different running periods of the stations. Data at
station JAND were available only from July 2006 and therefore provide
only few SKS measurements. Nevertheless, the station exhibits a
general NE trend except for the event on day 237 (year 2006, see
Table 2 Electronic supplement) with backazimuth of 234° that shows a
different ¢. The small number of data cannot constrain the results for
that station. For ANER, there is a nearly North-South trend for such
events that arrive from ENE, but data with NNE backazimuth show
NE-SW fast directions. The stations HORN, SESP and ARAC exhibit a
good number of data which will allow the discussion of a possible
two-layer case that we will present below.

5. Discussion

A striking feature in the anisotropy pattern observed in this study
is that the Eastern Betics seems to be well-described by a single and
rather homogeneous anisotropic layer, whereas a more complex
anisotropic model likely involving lateral and vertical variations of
anisotropy seems to be present in the upper mantle beneath stations
in the North, and perhaps the West and the South. The Eastern Betics
show indeed a smooth lateral variation of anisotropy, whereas stations
in the Western and Southern part of this region indicate much
stronger lateral variations in the splitting parameters. There are also
strong lateral variations associated with the transition from the Betic
to Variscan Iberia, in addition to two-layer anisotropy as we will show
below, as is required at some of the stations at least.

5.1. Eastern Betics

Fast directions are oriented ENE-WSW in the Eastern Betics, and
there is a smooth spatial variation clearly visible in Fig. 5 that is more
or less parallel to the mountain belt. The anisotropy in that region is
easily explained by a single anisotropic layer. The average splitting
delay time in that region is about 1.5 s, which is consistent with a layer
that is 150 km thick assuming the typically used value of 4% anisotropy
in the upper mantle (Mainprice and Silver, 1993; Mainprice et al.,
2000). Tomographic models for the region, (e.g. Blanco and Spakman,
1993), show a pronounced low-velocity anomaly in the upper mantle
under the Betics between 30 and 100 km depth that is also apparent
and even more pronounced in the Pn tomographic model of Calvert
et al. (2000a). This area is also the locus of a pronounced high
attenuation anomaly of Sn waves (Calvert et al., 2000b). This may
suggest that continental mantle material under the Betics has been
replaced by asthenospheric material. Geochemical studies favor such a
hypothesis by suggesting an edge delamination that could have
occurred under the Betics (Duggen et al., 2005). If the lithosphere has
indeed been removed, this should suggest that the deformation
recorded by the seismic anisotropy under the Betics is associated
rather with hot and thus relatively low-viscosity material. At larger
depths, however, velocities are again relatively high in tomographic
models (e.g., Blanco and Spakman, 1993) down to the transition zone,
including the zone of very deep seismicity around 600 km depth
(Buforn et al., 1997).

The ENE-WSW fast directions observed in the Eastern Betics are
nearly parallel to the absolute plate motion direction, which is 239°
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and 2 cm/yr for the motion model NuvellA relative to the hotspot
reference system HS3 (Gripp and Gordon, 2002). Although the
Eurasian plate motion vector is slow and therefore still matter of
debate, a simple deformation model related to plate motion of the
Iberian/Eurasian plate over the deeper mantle might thus explain the
anisotropy. In this context, the gradual rotation of fast direction along
the coast might be explained reasonably by invoking a deviation of
mantle flow around the Iberian lithosphere, following similar
suggestions of Bormann et al. (1996) for central Europe and of Barruol
et al. (1997) and Fouch et al. (2000) for North America. This might also
explain the minor difference of 10° between the average fast direction
in the Eastern Betics and the absolute plate motion direction.

On the other hand, the observed fast directions in the Eastern
Betics also show an interesting correlation with crustal features which
is not expected in the case of plate motion induced asthenospheric
anisotropy. The convergence direction between the African and the
Iberian/Eurasian plate is NNW-SSE, and the current style of deforma-
tion in the crust is predominately left-lateral strike-slip faults with a
NE-SW trend (e.g. Alhama de Murcia, Palomares and Carboneras
faults). Vauchez and Nicolas (1991) suggested that in many collisional
belts the dominant motion is strike-slip parallel to the main trend of
the belt. In this case, both crustal and mantle fabrics may reflect these
movements, and the entire lithosphere develops a fabric and becomes
anisotropic. They attribute this anisotropy to a dominant mantle flow
parallel to the mountain belt during orogeny. Such a structure is well
illustrated in the Ronda peridotite massif where pervasive structures
and fabric in the lithospheric and asthenospheric mantle are well
preserved (Vauchez and Garrido, 2001). The present-day extension
direction inferred by Stich et al. (2006), using moment tensors of
crustal earthquakes, is N240°E, which is indeed parallel to the inferred
fast polarization directions. The anisotropy is thus also consistent with
a notion of vertically coherent deformation of crust and mantle as
initially proposed by Silver and Chan (1988, 1991), except that we are
dealing with hot deformed mantle in this region, and thus probably
with current deformation, rather than fossil deformation remaining
from the creation of continental lithosphere. For the close-by Gulf of
Cadiz region, Stich et al. (2005) have shown that the stresses imposed
by the Africa-Iberia plate convergence have the same geometry in the
crust and the mantle. The convergence thus imposes a similar lateral
boundary condition over a considerable depth range. Crust and mantle
in the Betics may thus both be constrained to deform in a similar
fashion. The observed anisotropy under the Eastern Betics could be
thus caused by a combination of this kind of vertically coherent
deformation, and absolute-motion-related deformation, both produ-
cing a seismic anisotropy such as the observed one. The relative
importance of each is not constrained though. Interestingly, a model of
slab rollback is also consistent with such coherence between crustal
and upper mantle deformation. The retreat to the WSW of the Alboran
slab may have induced a large transcurrent deformation in the mantle
beneath the eastern Betics but also in its crust.

5.2. Variscan belt

The northernmost stations of our study area are situated on or near
the Variscan Iberian Massif. The fast anisotropy directions we observe
at these stations are trending more NE-SW than those recorded by
stations in the Betics that trend more ENE-WSW. These directions do
not appear to correspond to orientations of geological structures in
the Variscan basement, since the latter trend more or less NW-SE in
the Northwest portion of Iberia and East-West in eastern Spain. While
we do not obtain those “Variscan” directions for our northernmost
stations that are near the southern end of the Variscan belt, they are in
fact observed further North, in the center of Variscan Iberia (Silver and
Chan, 1988; Schmid et al., 2004), where they are roughly E-W. Three
of our northernmost stations show a wide range of fast orientations
(Figs. 5 and 6). Different anisotropy parameters are obtained for

measurements arriving from the North and South. This is not easily
explained by lateral heterogeneity, unless all these stations are located
above a geological suture zone so that events arriving from the North
and the South could experience a different medium. Since these
stations are indeed near the Betics deformation front, we wish to
further test both hypotheses for the northernmost stations, namely
the ‘lateral heterogeneity hypothesis’ and the ‘two-layer anisotropy
hypothesis’. Fig. 5 illustrates the ‘lateral variation hypothesis’, where
splitting results were projected along the incoming rays to 150 km
depth. In this view, fast directions that show up to the North of the
stations, within the Iberian Variscan Massif, are generally associated
with NE-SW fast direction, while results generally show more East—
West trending fast directions, for southern backazimuth i.e., close to
the general Betics trend. This is particularly clear at station SESP, and it
may indicate that the events arriving from the south are experiencing
the same anisotropic structure as the stations located further south in
the Internal Betics. This would suggest that SESP may lie close to an
important boundary between lithospheric blocks. Among the north-
ern stations of our study area, ARAC shows little backazimuthal
dependence of the anisotropy parameters: NE-SW fast directions are
visible both to the North and to the South of the station.

On the other hand, we may assume a two-layer model for each of
these four northern stations, to try to explain the observed variation of
the splitting parameters apparent in Fig. 6. Constraining the four
parameters of a two-layer model requires a relatively good back-
azimuthal coverage (see Walker et al., 2007), which we do not have. We
therefore decided to apply a similar approach as Fontaine et al. (2007) for
the SKS splitting obtained at oceanic island stations, by considering the
area as homogeneous enough to group the individual splitting
measurements together into a single “virtual” station. We processed
measurements obtained from the four stations together, since they have
similar backazimuthal coverages. Different from the other three stations,
SESP is located within the Betic Cordillera, in the so-called Pre-Betic.
Nevertheless splitting parameters are more like those of the stations at
the limit, e.g. HORN, rather than the other station on the Betics.

If there were several anisotropic layers present at depth, mantle
deformation would not necessarily mimic crustal deformation. A
tectonic decoupling somewhere within the lithosphere might explain
why anisotropic directions in the area are different from the trend of
the mountain belt. Seismic reflection profiles in the south-western
portion of the Iberian Massif show that the Moho is discontinuous
(Simancas et al., 2003), particularly under the Ossa-Morena and
Central Iberian Massif. In fact, the Moho is probably a decoupling zone
between the mantle and the crust in the area.

Following the approach defined by Silver and Savage (1994), we
therefore tested two-layer models by varying ¢ and 6t in the upper
and lower layer by increments of 2° and 0.2 s, respectively, and
compared the expected backazimuthal variations with our observa-
tions. We use the statistical technique presented in Walker et al.
(2005) to judge the significance of the variance reduction over the
best-fitting one-layer model. Testing all possible two-layer models
(Fig. 7), we find that the best-fitting models belong to three groups of
models, 1) those having NE-SW fast directions in both layers, 2) those
having NE-SW for the upper layer and NW-SE for the lower layer, and
3) vice-versa. While the best model formally falls into the second
category, we cannot rule out the other two cases, including the one of
a shallower layer with NW-SE fast azimuths, that would indeed
correspond to the trend of the Variscan basement in its southern
portion. This ambiguity is in part due to the backazimuthal
distribution of the events being rather limited, but more fundamen-
tally since a second layer with exactly perpendicular orientation to the
first one only varies the splitting delay but does not produce a
backazimuthal variation of fast direction and splitting delay. We note
that the splitting delay associated with the lower layer is quite small
(0.2 s). While the additional variance reduction (39%) associated with
this weak second layer is slightly statistically significant, we choose to



246

phi upper layer

180

160

140

120

100

count

80

0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Fast direction (deg)

phi lower layer

450

400

350

300

250

count

200

150

100

50

0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Fast direction (deg)

L. Buontempo et al. / Earth and Planetary Science Letters 273 (2008) 237-250

dt upper layer
300 T T T T T T

250

200

150

count

100

50
0
0 03 0.6 0.9 1.2 1.5 1.8 2.1 2.4
dt (sec)
dt lower layer
300 T T T T T

count

0 0.3

0.6 0.9 1.2 1.5 1.8 2.1

dt (sec)

24
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not attribute much significance to this. The backazimuthal variation
that is present in the data may likely represent a complexity that is
perhaps better characterized by an anisotropy that varies laterally.

5.3. Gibraltar arc: constraints on geodynamic models

Fast directions in Southernmost Spain, close to Gibraltar show
rather distinct orientations from those in the Internal or External
Betics: ¢ trends more or less North-South at the two stations CEUT
and SFS. Station ANER near Malaga provides evidence for higher
complexity and perhaps multi-layer anisotropy. We have therefore
performed a two-layer modeling as detailed above but consider only
the results obtained at this station. The thousand best two-layer
models obtained for ANER give a best-fitting model with fast direction
¢ for the upper layer of N28°E and for the lower layer of N68°E (Fig. 8),
and splitting delays 1.0 and 0.6 s. This result suggests that this station
lies in a region of transition between the eastern Betics where ¢ trend
ENE (i.e., close to the ANER lower layer ¢) and the Gibraltar arc where
¢ trend close to NS (i.e., close to the ANER upper layer ¢). Interestingly,
the close NS trend of the upper layer seems also to coincide with the

N-S line of intermediate-depth earthquakes (Morales et al., 1999;
Calvert et al., 2000b). Nevertheless, we note that for the fast directions
in the two layers, the maxima of the histograms in Fig. 8 are only 20°
apart. Even though the statistical improvement is slightly significant,
we defer a deeper discussion of a possible two-layer anisotropy until
data from more stations around ANER become available.

We consider both Pn and SKS anisotropy measurements, which
provide different and complementary depth sampling (e.g., Pera et al.,
2003). SKS waves travel almost vertically and are not able to localize
the precise depth range of the anisotropy, except that a layer of more
than 100 km thickness is required to explain the observed splitting
delay times (Mainprice and Silver, 1993; Ben Ismail and Mainprice,
1998), and that it should be in the upper mantle. On the other hand, Pn
travels horizontally just below the Moho, and thus constrains
anisotropy at that depth level. Pn models for the area have been
produced by Calvert et al. (2000b) and by Serrano et al. (2005) which
give rather similar results in the area of interest. In each case, arrival
times of regional events have been used to determine isotropic and
anisotropic velocity variations. The agreement of anisotropic fast
directions from Pn and SKS are in fact remarkable on the Spanish side
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of the Alboran arc (Fig. 9). Not only are these fast directions parallel in
the eastern Betics, but they seem to rotate together with the large-
scale geological structures of the Alboran arc, and parallel with the
coast, in a similar fashion for the shallowest and somewhat deeper
mantle. The model may perhaps suggest that this parallelism is not
present on the African side of the Gibraltar arc where fast Pn trend NS
to NNW-SSW and fast split SKS trend NE-SW. The model is less well-
constrained in that area, but if the feature is real, this may suggest a
complete decoupling between the sub-Moho and the deeper
anisotropy. However, the similarity between Pn and SKS fast
directions may reflect different tectonic processes at depth, particu-
larly in the vicinity of a subduction zone. Indeed, if there is subduction
in the area, as has often been argued (e.g., Gutscher et al., 2002), Pn
may be affected by the anisotropy above the slab, whereas SKS might
be sensitive to the anisotropy below, above, and possibly within the
slab. Fast split directions parallel to the slab is a rather common
feature in subduction zones, both above and below the slab. This has
been found for instance in New Zealand (Marson-Pidgeon and Savage,

2004) and in Northern Italy (Mele et al., 1998). Trench-parallel fast
directions, may be explained either by invoking trench-parallel flow
(e.g., Russo and Silver, 1994), or by invoking a hydrated mantle wedge
above the slab (Jung and Karato, 2001). The degree of hydration of the
mantle wedge and of magnitude of the applied stress above a
subduction zone appears to have a strong influence on the style of
seismic anisotropy (e.g., Jung and Karato, 2001; Kaminski and Ribe
2002): Slab-parallel seismic fast axes from SKS can in principle be
explained either by slab-parallel flow in an anhydrous mantle wedge
or by slab-normal compression in a hydrous mantle wedge. Such a
pattern of anisotropy may show apparently erratic behaviour in some
places; this may perhaps help to explain the complexity that we find
at station ANER.

Deep structure and dynamics beneath the Alboran area has been
widely debated throughout the last decades and a wide variety of
geodynamic models has been proposed for the area. These models can
be categorized by the way material is recycled into the mantle. If
mantle lithosphere has been removed as has been proposed in the
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Fig. 9. Comparison of SKS fast directions (weighted-mean values from this study) with Pn-fast directions (redrawn from Calvert et al., 2000b). See text for explanations.

convection-removal hypothesis (Platt and Vissers, 1989) and the
delamination model (e.g., Seber et al., 1996a), this would require the
removed material to be replaced by asthenospheric material. This
replacement would correspond to a flow that is directed radially
inwards. An idealized convective-removal model would in fact imply
that such a flow would be acting radially inwards from all directions.
One should not expect to observe a radial flow from all directions
though, since any asymmetry or heterogeneity would easily lead to an
asymmetric flow, more like that to be expected in a delamination
model. However, a radial flow would necessarily exist somewhere, to
replace the material that has been recycled into the mantle. This flow
would produce anisotropic fast directions that are oriented radially.
Fig. 5 shows however, that the flow is oriented more or less
tangentially to the Alboran Sea region. The required radial flow is
thus not observed. This suggests that convective-removal and
delamination models are unlikely to explain the anisotropy observa-
tions. On the other hand, subduction to the Northwest, as proposed by
Zeck (1996), would require a rollback to the South to produce trench-
parallel flow. Focal mechanisms of intermediate-depth seismicity are
consistent with this, but hypocenters do not show a dip toward the
North. In fact, they do not show a clear Benioff zone at all, but a line of
seismicity dipping steeply to the South. For that same area, teleseismic
and regional tomographic studies indicate a pronounced high-velocity
anomaly located beneath the Alboran Sea (e.g. Blanco and Spakman,
1993; Calvert et al., 2000b; Seber et al., 1996a). Calvert et al. (2000b)
produced a tomographic model that showed a robust high-velocity
anomaly beneath the west Alboran Sea and west and central Betics
between 100 and 150 km. Assuming that these positive velocity
anomalies indicate a region of cooler mantle, the most likely
interpretation is that it indicates the presence of lithospheric mantle
in view of the coherent continuation of the anomaly at depth. The
positive anomaly extends from lithospheric depths beneath the Strait
of Gibraltar and southern Spain to depths of about 350-400 km

beneath the Alboran Sea, and it is interpreted as a lithospheric body
that has descended into the upper mantle. More recently, waveform
studies (Bokelmann and Maufroy, 2007) have indicated dispersed
body-wave arrivals propagating through the mantle under the
Alboran Sea, that favor the presence of a subducted slab under the
Alboran Sea, still containing a continuous low-velocity crustal layer.
Wortel and Spakman (2000) also proposed a slab structure isolated in
the mantle below the Betic-Alboran region at 200 km depth and that
seems to be connected with deep seismicity at depths of about
640 km. Lonergan and White (1997) proposed that there was a
subduction zone beneath the Alboran Sea that is now extinct. They
suggested that the ancient subducting slab in the Western Mediterra-
nean was split into two fragments, the eastern one of which has
continued to roll back toward the south-east, generating the
Tyrrhenian Sea and forming the present-day Calabrian arc. The
other slab fragment rolled back to the west, generating the Alboran
Sea and the Betic-Rif orocline. Our SKS splitting observations, together
with the previously published Pn results, show a spectacular rotation
following the curvature of the roll back and of the mountain chain. If
the SKS fast directions are to be explained by a rotation similar to that
shown by the Pn observations, this would be explained most easily by
a toroidal mantle flow under the subducting lithosphere that shows
rollback toward the west. There is an interesting similarity with the
Calabrian arc in Southern Italy, for which shear-wave splitting results
have been presented by Civello and Margheriti (2004) and more
recently by Baccheschi et al. (2007). The asthenospheric toroidal flow
induced by the Tyrrhenian slab roll back is presently beneath Calabria
(Civello and Margheriti, 2004; Baccheschi et al., 2007) but may have
left some imprint in the mantle all along its Neogene travel path from
southern France (Barruol et al., 2004) to Sicily (Lucente et al., 2006).
Seismic anisotropy beneath the Betics is likely related to a similar
phenomenon, and thus to the large-scale dynamics of ocean opening
in the Southwestern Mediterranean.
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6. Conclusions

We have studied upper mantle seismic anisotropy in Southern
Spain and around the Gibraltar arc. Our observations suggest
a consistent splitting direction parallel to the mountain belt in
the Internal Betics, a more northerly direction at stations located
further north in the transition with the Variscan Iberia, and a
rotation of fast split directions toward NS azimuths around the
Gibraltar arc.

The Eastern Betics anisotropy observations are well explained by
a single layer of anisotropy with a fast anisotropic direction trending
ENE, with smooth and small variations in space. In the transition
region between the Variscan and the Betics, the anisotropy shows
backazimuthal variations of splitting parameters. Models of two-
layer anisotropy and lateral heterogeneous anisotropy have been
tested, and a strong lateral change in anisotropy is likely for the
transition region toward the Variscan Iberian Massif. Close to
Gibraltar, fast directions are oriented close to N-S at CEUT and SFS
and this suggests a gradual rotation around the arc. Combining Pn
and SKS anisotropy, geological features and tomographic images
allow us to discuss the various families of geodynamic models.
Our SKS measurements are difficult to reconcile with geodynamic
models based on delamination or convective removal. The observa-
tions instead favor models of subduction and rollback of the western
Mediterranean slab.
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The Gulf of Cadiz lies astride the complex plate boundary between Africa and Eurasia west of the Betic-
Rif mountain belt. We report on the results of recent bathymetric swathmapping and multi-channel
seismic surveys carried out here. The seafloor is marked by contrasting morphological provinces,
spanning the SW Iberian and NW Moroccan continental margins, abyssal plains and an elongate, arcuate,
accretionary wedge. A wide variety of tectonic and gravitational processes appear to have shaped these
structures. Active compressional deformation of the wedge is suggesting by folding and thrusting of the
frontal sedimentary layers as well as basal duplexing in deeper internal units. There is evidence for
simultaneous gravitational spreading occurring upslope. The very shallow mean surface and basal slopes
of the accretionary wedge (1° each) indicate a very weak decollement layer, geometrically similar to the
Mediterranean Ridge accretionary complex. Locally steep slopes (up to 10°) indicate strongly focused,
active deformation and potential gravitational instabilities. The unusual surface morphology of the upper
accretionary wedge includes “raft-tectonics” type fissures and abundant sub-circular depressions.
Dissolution and/or diapiric processes are proposed to be involved in the formation of these depressions.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

a north-south direction (Sartori et al., 1994; Tortella et al., 1997,
Jimenez-Munt et al., 2001). Tectonic models proposed for the

The Gulf of Cadiz lies off the coasts of Southwest Iberia and
Northwest Morocco at the eastern edge of the so-called Azores-
Gibraltar transform and west of the Betic-Rif mountain belt (Fig. 1).
Here the plate boundary between Africa and Eurasia is complex,
marked by a broad region of deformation spanning about 200 km in
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Gibraltar - Gulf of Cadiz region can be divided into two main
groups; those invoking delamination of continental lithosphere
beneath the Betic-Rif Alboran Sea region (Platt and Vissers, 1989;
Calvert et al., 2000), and those favoring subduction of oceanic
lithosphere, with associated roll-back (Lonergan and White, 1997,
Gutscher et al., 2002; Duggen et al., 2004). Available tomographic
data show the presence of an east-dipping slab of cold, dense
lithosphere extending continuously from the Atlantic domain of
the Gulf of Cadiz to the 660 km discontinuity beneath the Alboran
Sea. This, together with marine seismic studies that showed east-
ward dipping crust was interpreted to indicate active east-dipping
subduction beneath Gibraltar (Gutscher et al., 2002). GPS data
indicate an independent west-moving tectonic block in the Betic-
Rif Alboran region, which has been alternatively interpreted as
being related to subduction roll-back (Fernandes et al., 2007) or as
roll-back linked to delamination (Fadil et al., 2006).
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Fig. 1. General location map and geodynamic setting of the Gulf of Cadiz - Gibraltar region. Gor = Gorringe Bank, HAP = Horseshoe Abyssal Plain, SAP = Seine Abyssal Plain,
GoC = Gulf of Cadiz, WAS = West Alboran Sea, EAS = East Alboran Sea. Note the abandoned Miocene deformation front on the SW Spanish and NW Moroccan platforms, and the

more internal position of the current deformation front here.

The Gulf of Cadiz region is also the site of strong instrumental
and historical earthquakes like the 1969 M7.9 Cape St. Vincent
earthquake (Fukao, 1973), 1964 M6.5 Huelva earthquake and the
1755 M8.7 Great Lisbon earthquake (Martinez-Solares et al., 1979;
Johnston, 1996), though the exact source of the latter remains
a matter of debate (Zitellini et al., 2001; Terrinha et al., 2003; Gracia
et al., 2003a,b; Gutscher, 2004). The search for the source region of
the 1755 earthquake has, in large part, stimulated numerous
marine geophysical surveys in the region. An accurate inventory of
the active faults in the area can make a significant contribution to
improving long-term seismic hazard assessments for the region.
We report here on multi-beam bathymetric data acquired in 2004

156 Q2 during the Delila Cruise on the NRV Portuguese vessel Dom Carlos,
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as well as other available multi-beam bathymetric data in the
central Gulf of Cadiz. We present an analysis of distinct morpho-
logical provinces observed on the seafloor, as well as the bound-
aries separating them. Marine seismic reflection data are also
presented, in order to provide constraints on the geometry of the
lithologic layers at depth.

2. Data
2.1. Delila bathymetric data

Bathymetric data were acquired during the Delila cruise by the
NRV Dom Carlos using the Simrad EM120 multi-beam system,
which has 191 beams. The system consists of 12 kHz projector array
along the ship’s keel and hydrophone array across the projector.
The Simrad EM120 generates 1° x 2° narrow beams at a regular
aperture spacing. The swath width used during this cruise was
130°. The ping interval increased with water depth, for example
about 15 s at 3000 m. The accuracy of the depth measurement is

reported as 0.5% of the depth. The raw data files obtained include
the data record (bathymetry, intensity, beam position), the side-
scan record (binary side scan image), nautical information, and
correction parameters such as water and velocity structure. The
average speed of the ship during the bathymetric survey was 8-10
knots. This allowed us to obtain bathymetric data with a horizontal
spatial resolution of ~50-80 m (in 3000 m water depth). Track
lines are displayed in the inset in Fig. 2. Significant overlap
commonly exists between two adjacent profiles.

Four Sound Velocity Profiles (SVP) between sea-level and
2000 m depth were performed over the geographic region mapped
(Fig. 2, inset). From 2000 _to 4000 m depth, data from published
oceanographic profiles were used for each region corrected for the
season using data provided by the Portuguese Instituto Hidrogra-
fico (IH), and these were extrapolated to depths below 4000 m
where required.

The IH Team processed the multi-beam data using CARIS-HIPS
software. In general, the processing sequence consisted of conver-
sion of the raw data from native format to the application format,
quality control on the raw data, automatic removal of outliers by
customized filters/procedures, manual/semiautomatic removal of
outliers, generation of cruise grids, integration with other data sets
available.

The Delila bathymetric data (Fig. 2) reveal several distinct
morphological provinces: the southeastern edge of the Horseshoe
Abyssal Plain and the NW deformation front of a high rugosity
sedimentary slope, Coral Patch ridge, an ESE trending basement
high (rising 1000 m above the adjacent seafloor) which indents the
high rugosity sedimentary slope, the eastern Seine abyssal plain
with several fields of salt diapirs, an E-W escarpment, which forms
the northern limit of the Rharb submarine valley and bounds the
high rugosity sedimentary slope on the south, and finally, the
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Fig. 2. Bathymetric map of multibeam (EM120) data acquired during Delila cruise (Sept./Oct. 2004). Inset shows tracklines and the position of SVP’s (sonic velocity profiles)
acquired. Geographic and morphologic features here and in Fig. 3: HAP = Horseshoe Abyssal Plain, SAP = Seine Abyssal Plain, SD = salt diapirs, CPR = Coral Patch Ridge, B-
MV = Bonjardim mud volcano, NW-DF = northwestern deformation front, SW-DF = southwestern deformation front, S-DF = southern deformation front, ECD = elongate and

circular depressions, RV = Rharb submarine valley, UP = Upper plateau, F = fissures.

internal portions of this latter domain, marked by abundant
curvilinear ridges and troughs. This high rugosity sedimentary
slope, with an undulating surface morphology is an accretionary
wedge as imaged in seismic profiles (Gutscher et al., 2002). The
lower portion of the accretionary wedge (4200-3500 m water
depth) has a roughly arcuate boundary and is dominated by short
wavelength (2-5 km) curvilinear ridges, arrayed sub-parallel to the
deformation front. Overall the surface of the wedge consists of
a hummocky slope, dipping gently to the west (about 0.8-1.2° to
the west, northwest or southwest). The seafloor of the mid to upper
wedge (3500-1000 m water depth) has a higher rugosity and is
dominated by troughs and sub-circular to lobe-shaped, enclosed
depressions that are commonly elongated parallel to the arcuate
boundary of the accretionary wedge. The troughs and depressions
reach several kilometers in width and have a typical vertical drop of
200 m. The uppermost portion of the accretionary wedge
(<1000 m water depth) closest to the Moroccan coast shows
a relatively smooth, plateau-like surface, broken up by elongate
sub-linear fissures, consisting typically of two parallel ridges,
separated by a deep, narrow trough.

2.2. Bathymetric compilation
The bathymetric compilation presented here (Fig. 3) includes

data from several other cruises, notably the Cadisar, Cadisar2, TV-
GIB and DelSis cruises (RV Suroit EM300 system), MatesPro cruise

(NRP Dom Carlos EM120 system) and the GAP cruise (RV Sonne
EM120 system). The R/V Suroit data from the Cadisar (Mulder et al.,
2003) and Cadisar2 (Mulder et al., 2006) cruises were processed
with Caraibes software (developed by Ifremer) and typically have
a spatial resolution better than 30 m (in water depths <2000 m).
The MatesPro data (Terrinha et al., in press) were processed by the
IH Team. The GAP bathymetric data (Kopf et al., 2003) in the SE
portion of the Gulf of Cadiz were processed using Caraibes software
and integrated into this compilation to close the gap between the
regions covered by the Cadisar and Delila data.

The compilation reveals the continuity of the morphological
provinces documented by the Delila data, in the neighboring regions
as well as other morphologically diverse provinces. In particular the
northern and north-eastern portions of the accretionary wedge and
the limits of the SW Iberian margin can be seen more clearly. These
include, deeply incised canyons of the Algarve margin (off southern
Portugal), and the sedimentary structures of the contourite levee
formed by the Mediterranean Outflow Water as described in
previous publications (Mulder et al., 2003, 2006). The compilation
also shows a widespread region of sub-circular depressions, most
strongly expressed in the depth interval 1400-3000 m and marked
by ECD (=enclosed circular depressions) on Fig. 3. Most of these
depressions are closed. Their shape and distribution suggest they
are not simply elongate basins “trapped” between two anticlinal
ridges, nor slump scars formed by submarine slides or normal
faulting. Instead their morphology is reminiscent of a “karst” type
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Fig. 3. Compilation of multibeam bathymetric data in the Gulf of Cadiz acquired during the following cruises: GAP (Kopf et al., 2003); Cadisar (Mulder et al., 2003); Cadisar2

(Mulder et al., 2006); MatesPro (Terrinha et al., in press); TV-GIB (Gutscher et al., 2006); Delila (this paper); DelSis (April 2005). In regions without multi-beam coverage colored Q6

contour lines are shown every 200 m from the GEBCO 1 min grid (IOC et al,, 2003). Additional features (not listed in Caption to Fig. 2) include GR = Guadalquivir Ridge,
PC = Portimao canyon, AFD = Albufeira - Faro Drift, CL = Contouritic levee, N-DF = northern deformation front, GF = Guadalquivir Fault, MV = mud volcanoes. The thin black lines
indicate seismic reflection profiles discussed in the text. The thick lines are the portions shown in Figs. 5-11.

topography, i.e. depressions formed by some sort of mass removal
process.

2.3. Structural interpretation of bathymetric data

A seafloor slope map (Fig. 4A), calculated from the bathymetric
compilation, shows the distribution of the maximum and
minimum slopes of the study area. The maximum slope provides an
estimate of the mechanical properties of the sea-floor strata (e.g. —~
coefficient of internal friction, which is related to slope stability). It
also provides clues as to which portions of the seafloor are being
shaped by active processes (tectonic, sedimentary, gravitational).
The steepest slopes in the region (10-15°) are found along the
incised~southern~Portuguese canyons, bounding the basement
highs in the deep abyssal domains, on the flanks of salt diapirs, and
locally along the southern edge and some internal boundaries of
the accretionary wedge. All slopes greater than 10-15° can
be considered to be potentially unstable, since they exceed the
angle of internal friction of unconsolidated marine sediments and
are thus exposed to active non-aggradation shaping processes (e.g.
- erosion). Indeed evidence of slide scars is found on both the
northern and southern flanks of the Guadalquivir Ridge, an uplifted
basement high (roughly 1000 m in height) just south of the
Portuguese margin (Fig. 4A,B). Overall, the accretionary wedge is
characterized by very gentle surface slopes (<2° in general).
However, along its external and internal boundaries the seafloor
can locally reach slopes of up to 10°, surprisingly steep for young,
high porosity, unconsolidated sediments.

A structural interpretation (Fig. 4B) summarizes the morpho-
logical provinces described above. The internal portions of the
accretionary wedge can be sub-divided into two a northern and
southern lobe, with a N-S width of about 100 and 70 km, respec-
tively. The lower boundaries of these lobes are defined roughly by
the 2000 m depth contour and are marked by arcuate bands of high

slopes (~10°) in the slope gradient map (Fig. 4A). The southern
lobe, (identified as the “upper plateau” in Figs. 2 and 3), is marked
by elongate fissures, suggesting active gravitational spreading. Here
a series of linear structures is observed, consisting of approximately
0.5 km wide narrow valleys bounded by 0.3 km wide ridges on both
sides. These linear structures are at high angles to each other and
connect to defining a mosaic fabric of polygons that resemble the
patterns of mud-cracks or hydraulic fracturing. The shorter linea-
ments trend at a high angle to the slope of lobe surface and are
parallel to the longest lineaments that are organized in an echelon
geometry sub-parallel to the contour of the southern slope. These
lineaments are intersected by E-W trending ones sub-parallel to
the dip of the lobe surface. These lineaments are interpreted here as
tensile fractures due to the stretching of the unconsolidated plastic
cover of the accretionary wedge while it is sliding downslope.
Similar patterns of “raft tectonics” fissures have been described on
the Angola margin (Duval et al., 1992; Hudec and Jackson, 2002) or
the Nile deep-sea cone (Gaullier et al., 2000).

2.4. Seismic data

Seismic data presented here, are of two types: 360-channel
seismic data acquired by the RV Nadir in April 2001 during the
SISMAR project (with 4.5 km long streamer and a 4805 cu in tuned
airgun array) and 24-channel seismic data acquired by the RV
Suroit in April 2005 during the DelSis cruise. Additional informa-
tion on acquisition and processing of SISMAR MCS data are also
available for profile SIS-4 further SW along the Moroccan conti-
nental margin (Contrucci et al., 2004), which was pre-stack depth
migrated at the Geomar Seismic Processing Center, as were lines
SIS-16 and SIS-22 (Thiebot and Gutscher, 2006).

The 24-channel seismic system consists of a 300 m long digital
seismic streamer with a 12.5m group spacing, towed roughly
200 m behind the ship. The acoustic source is provided by two GI

Please cite this article in press as: Gutscher, M.-A., et al., Tectonic shortening and gravitational spreading in the Gulf of Cadiz accretionary wedge:
Observations from multi-beam bathymetry and seismic profiling, Marine and Petroleum Geology (2008), doi:10.1016/j.marpetgeo.2007.11.008

440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
436
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505


Original text:
Inserted Text
- 

Original text:
Inserted Text
S

Original text:
Inserted Text
.

Original text:
Inserted Text
:

Original text:
Inserted Text
:


506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571

JMPG1069_proof m 16 August 2008 m 5/13

M.-A. Gutscher et al. / Marine and Petroleum Geology xxx (2008) 1-13 5

1

.
g ~ Portugal -
' - 37°N
Spain
7 -
"
Morocco
I 35°N
" slope (°)
>20.0
20.0
10.0 L B
4.0
0.0
T
10°W 9°W 8°w 7°W 6°W

! L |

! " L

Eastern
Seine oo
Abyssal_@ @
Plain® ®

PR " — U 1
B 3 4 " Portugal
7y Faro

Moroccan continental margin

L ! 1
\“\ ® @ 07 salt diapirs
@ e mud volcanoes

~ — faults/scarps | 37°N

~ Swisot [~ 36°N
Siyalary

T T T

T T T T

Fig. 4. A) Slope map of seafloor relief in the Gulf of Cadiz (from compilation of Fig. 3). Note the steepest slopes (10-15°) are observed locally in the following domains: the
Portuguese canyons (e.g. Faro and Portimao), along the flanks of salt domes, along active thrust faults, along fissures in the arcuate upslope boundaries of the accretionary wedge.
(B) Structural interpretation of the morphological domains in the Gulf of Cadiz. The deformation front of the west-vergent accretionary wedge is marked by thrust teeth. The black
lines indicate lineaments observed on the slope map, which may be faults or scarps. Thick lines are 8-15° slopes, thin lines 2-8° slopes. Colored bathymetric contour lines are

shown every 200 m from the GEBCO 1 min grid (IOC et al., 2003).

air-guns (105 and 45 cu in), fired every 10 s. Seismic processing
included band-pass filtering, stacking and migration at water
velocity (1500 m/s).

SISMAR profile SIS-16 images the internal structure of the
southern lobe (Fig. 5A). A band of sub-horizontal to gently west-
ward dipping reflectors can be observed underlying a small fore-arc
basin (about 1-2 km thick). The steep scarp at the front of this lobe

~

coincides with an east dipping thrust, which appears to break
through to the sea-floor. If this thrust soles out to the sub-
horizontal to slightly W dipping band of reflectivity, then the upper
plateau/southern lobe is undergoing gravitational spreading above
this detachment. At greater depth an east dipping thrust fault can
be seen, which may sole out to the boundary between a more
competent backstop further east, and underplated partially
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Fig. 5. (A)Upper portion of 360-channel seismic profile SIS-16 (pre-stack depth
migrated section) showing a steep tectonic front and a region of sub-horizontal
reflectivity. This front marks the boundary of the southern lobe which appears to be
a gravitationally spreading unit above an extremely weak upper detachment. (B)
Portion of 360-channel seismic profile SIS-18 (time migrated section) across a sub-
circular depression, note the basin in cross-section shows evidence of subsidence and
relative uplift of the ridge to the east, possibly due to the effects of diapirism.

consolidated sediments in the deepest portion of the accretionary
wedge (Fig. 5A). This limit coincides with a change in the seismic
velocity (Gutscher et al., 2002) as well as a lateral density change as
obtained by gravity modeling (Thiebot and Gutscher, 2006). At the
rear of the shallow basin of profile SIS-16, two normal faults are
seen cutting through the uppermost sediments.

SISMAR profile SIS-18 crosses one of the sub-circular depres-
sions in the central portion of the accretionary wedge (Fig. 5B). The
depression shows a thicker than usual section of “transparent”
drape sediments (750 mS TWT, rather than the 550 mS), and
indicates a roughly symmetrical pattern of subsidence. The basin is
surrounded by gentle outer ridges (like lips), which have steep
internal scarps (>10°) and show some signs of folding (i.e. - on the
NW ridge) (Fig. 5B). The uplift of the ridges and subsidence of the
basin appear to be recent and linked by a common process.

DelSis lines 9 and 17 cross the deformation front and the outer
part of the accretionary wedge, which is characterized by gentle
surface slopes of 1-3° (Figs. 3, 6, and 7). Line 9 crosses from the
easternmost Horseshoe abyssal plain, across a fairly uniform
portion of the wedge, as far as the Bonjardim mud volcano (Fig. 6).
Line 17 starts just south of Coral Patch Ridge in the easternmost
Seine abyssal plain and samples a somewhat steeper lower slope
(about 3° slope), which seems to have been affected by the inter-
action of the accretionary wedge with the Coral Patch Ridge
indenter (Fig. 7). Indeed, the top of basement, as imaged in line 17,
seems to show a local high in the prolongation of the southern flank
of Coral Patch Ridge, which uplifts and steepens the overlying

transparent sedimentary unit (with generally low seismic reflec-
tivity), 200-300 m thick, lies above the recognisably deformed
sediments of the upper part of the accretionary wedge. This layer
shows gentle undulations suggestive of modest compressive and
distributed deformation, but no thrust faults are imaged that
clearly penetrate this section.

The upper part of the accretionary wedge is composed of units
with no organised internal layering but with high reflectivity of
a chaotic character. Beneath the abyssal plains (on both lines), the
200-300 m thick layer of “chaotic facies” sediment lies beneath the
300-600 m thick, surface sequence of low reflectivity, well strati-
fied sediments (Figs. 6 and 7). The chaotic facies has been inter-
preted as a Tortonian “olistostrome” by numerous authors (Bonin
et al,, 1975; Sartori et al., 1994; Torelli et al., 1997; Medialdea et al.,
2004). In the western part of the Gulf of Cadiz, Medialdea et al.
(2004) consider that the allochthonous units of their central
domain, equivalent to the lower part of the accretionary wedge,
were formed between the late Miocene and the Present and so,
here the chaotic facies may have an age of 5 Ma or younger. The
primary origin of the chaotic facies as a submarine mass transport
deposit is supported by observations on the seismic lines in the
Seine abyssal plain of the thin distal member of this series of slides
pinching out to the southwest. The eastward thickening of chaotic
unit in the accretionary wedge is shown in the seismic sections to
be a consequence of progressive imbrication by east-dipping ramp
thrusts, which sole out to a decollement beneath this layer (Figs. 6
and 7). Further beneath the wedge, the upper parts of the sequence
beneath the chaotic layer are thrust into duplexes, adding material
to the base of the wedge and thickening it further. This interpre-
tation is supported by the section from the more deeply pene-
trating seismic profile SIS-22 (shown in part in Fig. 8), which shows
layered sequences above, as well as beneath, the active decolle-
ment, with the chaotic facies occupying only the upper half or less
of the accretionary wedge in the vicinity of the Bonjardim mud
volcano.

Thus, these new high-resolution seismic profiles clearly show
that (1) the thick wedge of deformed sediments occupying the
central Gulf of Cadiz, is not composed entirely of chaotic facies
sediments, (2) the chaotic facies is a relatively thin (<300 m) unit
within a continuous, undeformed stratigraphic sequence beneath
the abyssal plains, (3) the chaotic facies is substantially thickened
within the accretionary wedge through imbrication by thrust faults
and possibly through internal deformation.

In the uppermost part of the southern lobe, extension with an E-
W component is indicated by the presence of normal faults (Fig. 11).
This may be the consequence of gravitational spreading of the
southern lobe causing tension in the upper slope. Unfortunately,
the multi-beam bathymetric coverage here is incomplete, and we
do not have a clear image of the morphology created by gravita-
tionally induced extension.

3. Discussion
3.1. Active processes and weak layers

A schematic cross-section (Fig. 10), based on the bathymetry and
seismic profiles presented above illustrates the location of the
different active processes shaping the accretionary wedge. Tectonic
thickening occurs at the front through imbricate thrusting and
internal shortening within and below the chaotic units. The
undulations in the layer overlying the wedge appear to reflect this
internal shortening. Basal duplexes are observed towards the front
of the wedge, beneath the chaotic facies layer and absorb some
shortening well. The deeper internal portions of the wedge show
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Fig. 6. Seismic section from Delsis Line 9. Top: Line drawing of seismic section, which was migrated with a velocity of 1500 m/s, showing the major reflectors and other reflectors
illustrative of the structure. The position of the top of basement (oceanic crust), which is derived from nearby SISMAR lines in addition to this section, is shown as a dashed grey line.
At the southeastern end of the line in the vicinity of the Bonjardim mud volcano, the positions of reflections from the principal decollement and the basement seen in SISMAR
seismic section 22 (shown in Fig. 8), which crosses Delsis 9 at an angle of 47° at Bonjardim, are indicated by the thick dashed and solid lines, respectively. Middle: The part of the
seismic section shown by the box in the line drawing. The interpretation, depicted in the line drawing, is shown in white. Vertical exaggeration at the seafloor is 2.5. Bottom: The

part of the seismic section shown by the box in the line drawing, without interpretation.

abundant dipping reflectors, predominantly East dipping, including
some fairly coherent bands of reflections at depth, suggesting this is
not the same lithologic unit as the chaotic facies. The majority of the
tectonic thickening within the internal wedge (2-12 km below the
sea-floor) appears to occur through underplating of the sediment
section below the frontal decollement, though this is not clearly
imaged by our seismic data and the exact geometry remains
speculative (Fig. 10). Indeed, mass balance considerations would
require unreasonable amounts of shortening, to create the entire
accretionary wedge, solely through accretion/thickening of the
chaotic facies layer.

The deepest coherently bedded section of the wedge generally
exhibits a ramp-flat geometry (labeled duplexes in Fig. 10) with
strain concentrated at widely spaced ramp thrusts. By comparison
the spacing of thrusts in the chaotic unit is much closer and it
appears much more intensely deformed. Localized bedding present
in the chaotic unit where it lies beneath the abyssal plain cannot be
recognized when it occurs in the accretionary wedge.

This suggests that it forms a weak layer within the wedge,
absorbing large amounts of strain. A weak layer appears to exist
higher up, beneath the upper lobes of the accretionary wedge, and
may represent a thin deformed layer of the chaotic unit. The sub-
horizontal to gently west-dipping reflective layer beneath the upper
wedge seems to serve as a basal detachment for gravity sliding
towards the west within the upper lobes. Thus, the surface
morphology and structures observed on the seismic profiles suggest
the presence of multiple weak internal layers within the wedge.

3.2. Comparison with other accretionary wedges

The extremely low surface angle (1°) and shallow dip (1°) of the
basal decollement for the Gulf of Cadiz accretionary wedge, result
in a wedge taper of 2°, which is diagnostic of an extremely low
effective friction along the base of the wedge (Westbrook et al.,
1982; Davis et al., 1983; Westbrook and Smith, 1983; Lallemand
et al.,, 1994). An examination of other accretionary wedges reveals
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Fig. 7. Seismic section from DelSis Line 17. Top: Line drawing of seismic section, which was migrated with a velocity of 1500 m/s, showing the major reflectors and other reflectors
illustrative of the structure. The position of the top of basement (oceanic crust), which is derived from nearby Sismar lines in addition to this section, is shown as a dashed grey line.
Middle: The part of the seismic section shown by the box in the line drawing. The interpretation, depicted in the line drawing, is shown in white. Vertical exaggeration at the
seafloor is 2.6. Bottom: The part of the seismic section shown by the box in the line drawing, without interpretation.

a handful that exhibit a similar geometry; Makran (Fruehn et al.,
1997; Kopp et al., 2000), Hikurangi (Davey et al., 1986), Barbados
Ridge (Westbrook et al., 1988), the Calabrian Prism (Cernobori et al.,
1996) and the Mediterranean Ridge (Reston et al., 2002; Chamot-
Rooke et al., 2005). These wedges are characterized by a very
shallow surface slope (<2°) and very shallow basal dip (1-3°),
resulting in similarly low wedge tapers.

The Mediterranean Ridge accretionary complex displays the
most similar geometry (identical 1° surface slope and 1° basal dip),
which has been attributed to the mechanical effects of a very weak
decollement (Reston et al., 2002). For the Mediterranean Ridge
there is a 1-2 km thick layer of Messinian evaporates (primarily
gypsum, anhydrite and halite) observed outboard of the deforma-
tion front, which is tectonically thickened within the accretionary
complex. The decollement layer is interpreted to pass beneath the
evaporites, lying within overpressured marls and muds (Reston
etal., 2002). These lithologic units can generate very high pore fluid
pressures (close to lithostatic) and thus produce an extremely low
basal friction (Davis et al., 1983).

3.3. Mud volcanoes

Mud volcanoes can form on passive margins that are affected by
halokinesis and in thick rapidly deposited fan systems, such as that
of the Niger delta (Kopf, 2002), but are most common in accre-
tionary wedges, e.g. the Barbados Ridge (Westbrook and Smith,
1983; Brown and Westbrook, 1988; Faugeres et al., 1997; Deville
et al., 2006) and the Mediterranean Ridge (Huguen et al., 2004;
Chamot-Rooke et al., 2005). In accretionary wedges, the compres-
sion and tectonic burial of accreted and underthrust sediment and
diagenetic processes, such as the smectite-illite transition, leads to
the development of excess fluid pressure and subsequent dew-
atering to the surface that mobilises mud from argillaceous units on
its upward path.

Active mud volcanoes had been previously identified primarily
across the upper (eastern) portion of the Cadiz accretionary wedge,
with the deepest and westernmost mud volcano, Bonjardim,
located at 9° 30’'W, at 3100 m water depth (Pinheiro et al., 2003).
From the investigation of features identified in Delila bathymetric
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seabed

T
Bonjardim mud volcano

Fig. 8. Part of deeply penetrating seismic section through the Bonjardim mud volcano
from SISMAR Line 22. The section is migrated. The section shows a layered sequence
beneath structurally disrupted units, which include the chaotic unit. The base of the
chaotic unit cannot be distinguished easily. The dashed line marking its base is the
deepest estimate of the base of the unit. The strong reflector with reversed polarity is
interpreted as the active decollement between the deformed sediments of the wedge
above and the sequence of layered sediments beneath, which are under-compacted for
their present depth beneath the wedge. The view in the section is predominantly
down dip, and there is repetition of the units above the decollement caused by
thrusting. The vertical offset of what appears to be the active decollement is likely to
be across a lateral ramp. Vertical exaggeration at the seafloor is 3.25.

data and seabed acoustic reflectivity, the existence of four new mud
volcanoes was confirmed during the TTR-15 cruise, further south
(Semenovich, Soloviev, Carlos Teixeira), and further west, at the
deformation front in 4300 m water depth (Porto) (Pinheiro et al.,
2006).

The structure of Bonjardim mud volcano is shown by seismic
sections SIS-22 (Fig. 8) and DelSis-9 (Fig. 11). Beneath the mud
volcano, the structure of the wedge is seismically incoherent, but at
its margins deep reflectors bend upward towards the mud volcano
(Fig. 8). A reflector with reverse polarity, which is likely to be the

active decollement is located between the deformed sediments of
the wedge above and the sequence of layered sediments beneath. At
a regional scale, the decollement on profile SIS-22 in the vicinity of
Bonjardim mud volcano is located at about 7.5s TWT, which
corresponds to a depth of 8 km, (about 5.5 km beneath the sea-
floor) (Thiebot and Gutscher, 2006). Locally, this reflector seems
perturbed and vertically offset beneath Bonjardim mud volcano. It
appears that the volcano is situated above a lateral ramp in the
decollement here, which may offer pathways for deep sourced fluids
that created the mud volcano. This is in accord with the conclusion
of Hensen et al. (2007) that most of the water in mud sampled from
the Bonjardim mud volcano was generated by clay dehydration at
temperatures in the range 60-150 °C. In addition, enrichment of the
minor elements Li and B indicate high-temperature alterations
(>150°C) related to fluid mobilisation along fault systems cutting
deeply into the underlying basement (Hensen et al., 2007).
Bonjardim mud volcano is about 450 m thick and has a width of
about 2.5 km (Fig. 11). The cover sequence and underlying units in
the wedge are depressed beneath the volcano, presumably as
a consequence of the removal of material from the wedge to create
the mud volcano. The base of the mud volcano lies at least as deep
as a horizon in the cover sequence that either side of the mud
volcano is 60 m beneath the present seabed. The cover sequence at

WNW ESE
0 (km) 5

seabed

seabed multiple ——

0 (km) 5

Fig. 9. Top: Part of seismic section from DelSis Line 38, showing major listric normal
fault and associated antithetic faults, highlighted in white. Vertical exaggeration at the
seafloor is 3.0. Bottom: Seismic section without superimposed interpretation.
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Fig. 10. Schematic lithospheric cross-section (oriented WSW=ENE) showing the major crustal boundaries and sedimentary units. The section is based on the combined inter-
pretation of the Sismar and DelSis profiles shown here, as well as other available profiles. Deep crustal structure is from wide-angle seismic (Gutscher et al., 2002) and interpretation
of all available deep MCS lines (Thiebot and Gutscher, 2006). Note the very shallow mean surface angle of the accretionary wedge (1°) as well as shallow east dipping decollement
and basement (mean angle of 1° over frontal 100 km).
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Fig. 11. Detail of the Bonjardim mud volcano from DelSis line 9. (Migrated at water velocity (1500 m/s), with a trace spacing of 6.25 m. Vertical exaggeration at the seabed is 1.6.)
The cover sequence and underlying units in the wedge are depressed beneath the volcano, presumably as a consequence of the removal of material from the wedge to create the
mud volcano. The stratigraphic horizon that forms the base of the volcano is not clear. It lies above the reflector in the cover sequence that is picked out in white, but below the
reflector picked out in black. Imaging of the reflectors within the mud volcano is complicated by out-of-plane reflections, but it seems clear that there have been several distinct
phases of growth. The well-developed moat has received a series of mud flows that have been subsequently overgrown by the main edifice of volcano.
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Bonjardim is about 300-m thick. So, if the chaotic units beneath are
of earliest Pliocene age (5Ma) and the sedimentation rate has
remained constant, the age of the mud volcano is 1.0 Ma. Piston
cores taken during the Delsis cruise show that recent sedimenta-
tion rates are in the range 40-60 m/my, indicating that the age of
the mud volcano lies in the range 1.0-1.5 Ma. Although one must
take care in the interpretation of a 2D seismic image of a 3D
structure that apparently deeper reflectors are not out-of-plane
reflections, there are reflectors, particularly beneath the eastern
side of the volcano, which may represent deeper, earlier mud flows.
The deepest of these is just above a horizon, marked in white on
Fig. 11, that either side of the mud volcano is at a depth of 125 m. If
correct, this would double the age of the first extrusions of mud.
The presence of seismically visible reflectors within and around the
mud volcano indicates that the eruption of flows has been episodic
interspersed by periods of hemipelagic sedimentation that
provides the contrast in acoustic impedance with the mud flows.
Early mud flows filling the moat have been covered by the main
edifice of the mud volcano and appear to be locally interbedded
with the cover sequence.

Overall, only a few mud volcanoes are scattered on the lower
accretionary wedge. Most are situated in the shallowest portion
above 1200 m water depth. This is the region that shows some
morphological evidence of “raft-tectonics” and where some normal
faulting has been observed (Figs. 9 and 10). Perhaps this surface
extension associated with the downslope gravitational movement,
opens pathways for the escape of overpressured fluids and mud.
Such a link has been reported from work on the Moroccan mud
volcano field (Van Rensbergen et al., 2005) and is schematically
suggested in Fig. 10. Additional work on the geochemistry of fluids
in the mud volcanoes should be able to identify the depth of the
dewatering processes responsible for their formation (Haese et al.,
2006; Hensen et al., 2007).

3.4. Presence of salt

The tops of salt domes are evident in the bathymetry of NW
Moroccan margin south of 35°N (Figs. 2-4). Salt diapirs are noted in
existing compilations (Somoza et al., 2003) and Triassic salt was
drilled during ODP Leg 79 (Hinz et al., 1982). The salt diapirs
interact with the SW deformation front of the accretionary wedge
and are present within its lower slope (Figs. 2-4). One such
bathymetric high (labelled P in Fig. 4B) was sampled by coring
during the R/V Sonne GAP cruise. The high salinity of interstitial
fluids and high heat-flow anomaly confirmed that it is indeed a salt
dome (Kopf et al., 2003). On the SW Spanish margin north of 36.3°N
Triassic salt is known from industry drilling data (Maestro et al.,
2003) and on the southern Portuguese margin north of 36.1°N salt
domes are observed on the basement high (Guadalquivir Ridge/
Portimao Bank) (Figs. 3 and 4). It is unknown if salt exists beneath
the central portion of the Gulf of Cadiz, presumably underlain by
oceanic crust. A gravity core, on the upper accretionary wedge
(1740 m water depth) sampled Mediterranean - Messinian faunal
associations in the shallow sediments (1 m depth) (Auzende et al.,
1981), however, it is unknown if any Messinian evaporites are
associated with these strata and it is unclear how one could
paleogeographically explain their presence west of Gibraltar.

The morphology observed in the Gulf of Cadiz, with abundant
sub-circular depressions, and elongate curvilinear ridges, showing
axial troughs is very similar to bathymetric images acquired in the
Gulf of Mexico, where a gravitational salt-nappe is advancing to the
south, downslope from the southern Louisiana continental margin
(Winker and Booth, 2000) (Fig. 8). The Gulf of Mexico also has dome
shaped diapirs on the adjacent deep sea-floor. Interestingly, the
structures in the Gulf of Mexico appear to be at least twice the size
of the structures observed in the Gulf of Cadiz. In the Gulf of Mexico,

the depressions are 20-30 km in size, and the salt domes 5-20 km
in size, whereas in the Gulf of Cadiz, the corresponding features are

1364
1365

5-15 and 5-10 km in size, respectively (Fig. 12). Another interesting Q3 1366

similarity, is that the steepest portion of the advancing salt nappe,
is the deformation front, where slopes of up to 10° are observed,
whereas the higher portions toward the continent are almost flat
(Fig. 13a). Similarly, in the Gulf of Cadiz, the fronts of the two lobes
show steep slopes (on the order of 10°) (Fig. 4b), while the relief is
flatter above (Fig. 13b). The overall slope of the lower accretionary
wedge is only 1° (below the gravitational lobes) and the steepest
slopes on the lower wedge are only about 2-3° (except near the
indenter where locally 5° is reached) suggesting that the defor-
mation processes in the lobes and in the lower accretionary wedge
are different (Fig. 13b).

Finally, the presence of salt diapirs within the uppermost layers
of the accretionary wedge may help explain the abundant sub-
circular depressions. Near the SW edge of the accretionary wedge,
numerous salt domes are incorporated into the wedge. As these
diapirs rise closer to the surface, they may interact with the
seawater through fluid circulation, which will eventually lead to
their dissolution. Such dissolution would gradually leave a void,
similar to karst topography in limestone regions on land. As the
hole enlarges, the surface would fill by hemi-pelagic sedimentation
and the overall compressive stress regime near the surface of the
wedge, could lead to the side-walls pushing in to try to fill the void.
While this is not the only possible explanation for the formation of
the circular basins, some type of mass removal process must
probably be invoked as there is no obvious link to tectonic struc-
tures at depth, nor is a coherent tectonic pattern visible in the
morphology. The roughly similar size of the salt domes and the
depressions (though the latter are commonly somewhat larger)
seems to lend some credence to this hypothesis. Lastly, preliminary
work performed on the fluid geochemistry of shallow water mud
volcanoes (Ginsburg and Gemini) suggests that “the dissolution of
local evaporitic sequences”, (anhydrite or gypsum) is required to
explain high sulfate concentrations (Hensen et al., 2005; 2007),
thus further supporting the salt layer hypothesis.

92°W 91°W

Fig. 12. High-resolution bathymetry (shaded hill relief image) from the Gulf of Mexico
off the Southern Louisiana continental slope. Data from the National Geophysical Data
Center, Coastal Relief Model (Divins and Metzger, 2006).
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Fig. 13. 2-D bathymetric profiles (vertical exaggeration 10:1). (A) Northern Gulf of Mexico salt nappe apd (B) Gulf of Cadiz. Note the similar steep scarps at the leading edge of the
gravitationally spreading mass. Note also the difference in the lower wedge slope (constant shallow angle), with respect to the gravitationally controlled upper slope.

4. Conclusions

The morphological and structural data presented here docu-
ment simultaneous tectonic shortening and gravitational spreading
in the Gulf of Cadiz accretionary wedge. A slowing of the E-W
convergence in the Gibraltar arc = Gulf of Cadiz region since 5 Ma
from 2 to 0.5cm/yr is suggested by geodynamic modeling
(Gutscher et al., 2002) and current GPS data (Fernandes et al.,
2007). This may offer an explanation for the diffuse deformation in
the transparent layer, characterized by blind-thrusts, and strain
distributed over a broad region, rather than discrete thrusts
penetrating the entire sedimentary section. The extremely shallow
surface angle and taper indicate a very weak basal detachment. The
east dipping decollement and top basement interfaces require
tectonic thickening, through frontal and/or basal thrusting.
However, there is evidence for raft-tectonics, dissolution processes
and gravitational instabilities upslope on the shallower portion of
the wedge. Two morphological lobes are observed (at roughly the
2000 m depth contour) with a steep local deformation front (up to
10°). These appear to define the boundary of a gravitationally
spreading upper wedge overlying a weak sub-horizontal upper
detachment. A slowing in the convergence rate could also help
accentuate slow deformation processes like the plastic flow of the
“gravitationally spreading” upper slope of the accretionary wedge.
Mud volcanoes are most abundant here, in the flat basin on the
upper slope and may mark the position of the edge of the backstop
at depth (Chamot-Rooke et al., 2005) or alternatively, their position
may be related to local normal or transtensional faults in the
gravitationally spreading lobes. The possible existence of salt or
over-pressured mud is suggested by the sub-circular basins
observed at the surface, the morphologic similarities to the Gulf of
Mexico salt nappe, and by the very low effective friction of the
detachment layers.
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Estacdao da UE para alerta de tsunami é

retirada de mar luso

G
lusa

Por Cecilia Malheiro, da Agéncia Lusa

Faro, 16 ago (Lusa) - Uma equipe de cientistas a bordo do navio italiano
"Urania" retirou esta semana do fundo do mar do Algarve, sul de Portugal, a
primeira estagdo européia de alerta precoce de tsunamis, operagé&o
considerada bem sucedida.

"Retiramos todos os equipamentos com uma taxa de sucesso de 100%, mas,
agora, vamos levar entre um e dois anos analisando-os com uma equipe de
cerca de 10 pessoas", declarou a Agéncia Lusa o cientista Nevio Zitellini,
coordenador da instalagdo do Geostar a 150 quildémetros da ponta do Cabo de
Sagres, em Portugal.

O Geostar havia sido instalado hd um ano, no Banco de Goringe, perto do
Golfo de Cadiz, local do epicentro de um terremoto em 1755. Por causa da
forte atividade tectOnica, a drea é exposta ao risco de tremores e tsunamis.

Financiado pela Unido Européia, projeto conta com a participacdo de
cientistas de Espanha, Itdlia, Marrocos, Franga e Alemanha.

O observatorio é equipado com sismoégrafos e sensores capazes de efetuar
levantamentos geolégicos e geofisicos no fundo do mar. Durante o ano em
que ficou submerso, foram recolhidos 500 gigabytes de informacdo pelo
Geostar e por 24 "buoy" - méaquinas que servem para registrar pequenos
tremores de terra.

A informagé&o sera analisada e conclusdes preliminares serdo divulgadas em
outubro, em Berlim, cidade em que vao se reunir os cientistas ligados ao
projeto, indicou Nevio Zitellini, que pertence ao Instituto de Ciéncias
Maritimas de Bolonha.

"Saber quando vai aparecer uma onda gigante e poder alertar em tempo hébil
as pessoas de todo o mundo, principalmente as que estdo junto a costa
maritima, € um dos grandes objetivos do projeto europeu Nearest",
explicou.

Antes do Mediterraneo, ja ex(?shga%iﬁ?loselﬁ?ﬁpa(}ﬁgﬂf'g?é&%%g%ﬂa%g%fégﬁf:gfs reservados.

Por Cecilipopitleicdiodpans acimninérmia de uma onda gigante na Asia.
Apés o fim do projeto "Nearest", o cientista Nevio Zitellini pretende estudar

quais regibes seriam mais afetadas no sul da Peninsula Ibérica no caso de
ocorrer um tsunami.
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LEIA MAIS:

» Sismo: Algarve tem plano de
emergéncia

» Portugal é «zona de risco» de
tsunamis

» «A vontade de viver é mais forte»

» T sunami, trés anos depois

Uma equipa de cientistas a bordo do navio
italiano «Urania» retirou esta semana do
fundo maritimo do Algarve a primeira
estacao europeia de alertas precoce de
tsunami, onda gigante, uma operacao que
decorreu total sucesso, afirmam.

«Retirdmos todos os equipamentos com
uma taxa de sucesso de 100 por cento,
mas agora vamos levar entre um a dois
anos a analisd-los com uma equipa de
cerca de 10 pessoas», declarou a Agéncia
Lusa o cientista Nevio Zitellini, coordenador
pela colocagao do Geostar ao largo do
Cabo de Sagres.

«Saber quando é que vai aparecer uma
onda gigante e poder alertar em tempo util
as pessoas de todo o mundo, mas também
e principalmente as que estdo junto a
costa maritima é um dos grandes
objectivos do projecto europeu Nearest»,
explicou Nevio Zitellini.

O observatério colocado no fundo do mar

foi baptizado de Geostar e serve para medir os niveis sismicos da area e

estudar um eventual tsunami.

Colocada hd um ano a 80 milhas, cerca de 150 quilémetros, da ponta do
Cabo de Sagres, o observatério Geostar estd equipado com sismégrafos e
sensores capazes de efectuar levantamentos geoldgicos e geofisicos e
prevenir eventuais tsunamis a partir do fundo do mar.

O Geostar foi colocado no Banco de Goringe, a cerca de 80 milhas a
sudoeste de Sagres, e perto do Golfo de Cadiz local do epicentro do

sismo de 1755.

Durante um ano, foram recolhidos «500 gigabytes» de informacao pelo
Geostar e por 24 «buoy» - madquinas que serviram para registar os
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pequenos tremores de terra e que foram colocadas no fundo do mar ao
largo de Sagres na mesma altura do Geostar.

Toda a informacdo vai ser posteriormente analisada, mas as conclusdes
preliminares vao ser divulgadas em Outubro em Berlim, local onde os
cientistas relacionados com o projecto da estagdo europeia para alerta
de tsunamis vao reunir-se, indicou o coordenador Nevio Zitellini, do
Instituto de ciéncias Maritimas em Bolonha (Italia).

«E uma das maiores experiéncias deste género feitas em todo o
mundo»

A primeira estacdo europeia para alerta de tsunamis colocada no Algarve
conta com a participacao de cientistas de Espanha, Itdlia, Marrocos,
Franca e Alemanha, mas este més a expedi¢cdao do Urania termina.

O observatério Geostar ficou submerso numa area de risco de sismos e
tsunamis - devido ao facto de ter forte actividade tectdnica - e, durante
cerca de um ano, estudou a area junto ao Algarve.

Na Asia j& existe equipamento capazde alertar as populacdes da
existéncia de tsunamis, mas no Mediterraneo a estratégia tem de ser
diferente e o desafio é realizar a vigilancia dos tsunamis na falha
tectdnica.

«E uma das maiores experiéncias deste género feitas em todo o mundo»,
adiantou Paolo Favali, cientista do Instituto Nacional de Geofisica e
Vulcanologia de Roma, Itdlia, que integra o projecto financiado pela Unido
Europeia.

Apds o fim do projecto europeu «Nearest», o cientista Nevio Zitellini tem
intencdes de desenvolver um outro estudo relacionado com o estudo das
zonas mais afectadas no Algarve e sul de Espanha caso haja um tsunami.

O objectivo é trabalhar com as autoridades locais para desenvolver um
método de alertar a populacdo sobre a chegada de uma onde gigante.
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Q Ciéncia e Tecnologia

Mar algarvio monitorizado
31-10-2007 16:19:00

No més em que se assinalam 252 anos sobre o terramoto que
devastou Lisboa e o Algarve fica completa a primeira rede de
sismometros colocada no fundo do mar algarvio para estudar a
actividade sismica da regiéo.

Durante um ano, 24 sismémetros colocados entre o Golfo de Cadiz e o Banco de Gorringe vao medir a
actividade sismica da area onde se pensa que tiveram origem os terramotos de 1755 e 1969, este menos
devastador, mas que também gerou um tsunami.

Segundo disse a Lusa Maria Ana Baptista, responsavel pelo projecto e especialista em tsunamis, o
objectivo nao é detectar a ocorréncia de sismos, mas medir fenémenos de pequena intensidade para obter
dados referentes aquela area.

Esta é a primeira experiéncia do género a acontecer no Algarve, mas ja aconteceu noutras zonas do pais,
nomeadamente em Peniche, nos Agores e na costa alentejana.

A rede de sismdmetros, que fica completa em Novembro, comecgou a ser instalada em Setembro na zona
compreendida entre o local onde esta a estagao "Geostar" e o Banco de Gorringe (complexo de montes
submarinos).

Aquela estacao piloto - localizada a cerca de 150 quildémetros da ponta de Sagres, perto do Golfo de Cadiz
- € a primeira vocacionada para o alerta precoce de tsunamis e permite detectar a ocorréncia de grandes
sismos.

O terramoto de 01 de Novembro de 1755, sobre o qual passam quinta-feira 252 anos, arrasou dois tergos
da cidade de Lisboa, mas teve também efeitos muito devastadores na regido algarvia, tendo deixado
submersas povoacgdes inteiras.

Por ser menos habitada que Lisboa, a regido acabou por nédo registar tantas vitimas, mas o terramoto
abalou severamente o Barlavento (parte ocidental do Algarve), sobretudo a cidade de Lagos, embora tenha
também causado fortes estragos em Faro.

Segundo a investigadora do Instituto Superior de Engenharia de Lisboa (ISEL), a onda gigante que sucedeu
ao terramoto destruiu todas as construgdes que se erguiam nas ilhas barreira da Ria Formosa, entre Loulé
e Tavira.

"Se a onda gigante galgou a llha de Faro, cuja altura actual € de dez metros, o seu tamanho teria de ter
sido superior", observa a especialista, que explica que a massa de agua que a formava deveria ter cerca
de 100 quilémetros de dimensao.

"Normalmente a massa de agua forma-se ao longo do comprimento da falha que origina o tsunami",
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explica Maria Ana Baptista, que sublinha que estas ondas "s&o muito diferentes" das causadas pelo vento.

O tsunami que se seguiu ao terramoto de 1755 deixou muitas vilas algarvias submersas, algumas delas
acabaram por ser reconstruidas por detras da linha de costa, mais longe do mar do que na sua localizagao
original.

"A vila de Armagéao de Péra e Quarteira ficaram totalmente devastadas e tiveram de ser reconstruidas”,
exemplifica, explicando tratar-se de zonas extremamente vulneraveis, por estarem muito expostas.

No caso da capital algarvia, a vulnerabilidade a um possivel tsunami &€ menor, por estar protegida pela llha
de Faro, o mesmo acontecendo com as povoacodes que tém ilhas a sua frente, como Olhdo ou Tavira.

A instalagdo da rede de sismdmetros é financiada pela Unido Europeia e estéa integrada num projecto mais
abrangente, o NEAREST, que se dedica a investigacao sobre potenciais fontes de tsunamis localizadas
perto da costa.
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Regional
10 estacdo europeia para alerta de tsunamis
retirada com sucesso das aguas algarvias

Uma equipa de cientistas a bordo do navio
italiano "Urania" retirou esta semana do
fundo maritimo do Algarve a primeira
estacao europeia de alertas precoce de
tsunamis (onda gigante), uma operagéo que
decorreu total sucesso, afirmam.

"Retiramos todos os equipamentos com uma taxa
de sucesso de 100 por cento, mas agora vamos
levar entre um a dois anos a analisa-los com uma
equipa de cerca de 10 pessoas", declarou a
Agéncia Lusa o cientista Nevio Zitellini,
coordenador pela colocagdo do Geostar ao largo
do Cabo de Sagres.

elisabete rodrigues

"Saber quando é que vai aparecer uma onda
gigante e poder alertar em tempo util as pessoas
de todo o mundo, mas também e principalmente
as que estdo junto a costa maritima é um dos
grandes objectivos do projecto europeu Nearest", explicou Nevio Zitellini.

Ver Fotos »

Bdia gigante do sistema de
alerta de tsunamis

O observatoério colocado no fundo do mar foi baptizado de Geostar e serve para
medir os niveis sismicos da area e estudar um eventual tsunami.

Colocada ha um ano a 80 milhas (150 quildmetros) da ponta do Cabo de
Sagres, o observatério Geostar estd equipado com sismoégrafos e sensores
capazes de efectuar levantamentos geoldgicos e geofisicos e prevenir eventuais
tsunamis a partir do fundo do mar.

O Geostar foi colocado no Banco de Goringe, a cerca de 80 milhas a sudoeste
de Sagres, e perto do Golfo de Cadiz, local do epicentro do sismo de 1755.

Durante um ano, foram recolhidos "500 gigabytes" de informagéo pelo Geostar e
por 24 "buoy" - maquinas que serviram para registar os pequenos tremores de
terra e que foram colocadas no fundo do mar ao largo de Sagres na mesma
altura do Geostar.

Toda a informacdo vai ser posteriormente analisada, mas conclusdes
preliminares vao ser divulgadas em Outubro em Berlim, local onde os cientistas
relacionados com o projecto da estagéo europeia para alerta de tsunamis véao
reunir-se, indicou o coordenador Nevio Zitellini, do Instituto de ciéncias
Maritimas em Bolonha (ltalia).

A primeira estagao europeia para alerta de tsunamis colocada no Algarve conta
com a participagdo de cientistas de Espanha, Italia, Marrcos, Franca e
Alemanha, mas este més a expedigao do Urania termina.

O observatério Geostar ficou submerso numa area de risco de sismos e
tsunamis - devido ao facto de ter forte actividade tectonica - e, durante cerca de
um ano, estudou a area junto ao Algarve.

Na Asia ja existe equipamento capaz de alertar as populagdes da existéncia de
tsunamis, mas no Mediterraneo a estratégia tem de ser diferente e o desafio é
realizar a vigilancia dos tsunamis na falha tectonica.

"E uma das maiores experiéncias deste género feitas em todo o mundo",
adiantou Paolo Favali, cientista do Instituto Nacional de Geofisica e
Vulcanologia de Roma, lItalia, que integra o projecto financiado pela Unido
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intengbes de desenvolver um outro estudo relacionado com o estudo das zonas
mais afectadas no Algarve e sul de Espanha caso haja um tsunami.

O objectivo é trabalhar com as autoridades locais para desenvolver um método
de alertar a populagéo sobre a chegada de uma onde gigante.
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Sistema de alerta de tsunamis no
Atlantico em testes ja em Janeiro

FILOMENA NAVES

Sistema de alerta de tsunamis no Atlantico em testes ja em Janeiro

Reunido de Lisboa decisiva para arranque do sistema inicial de alerta
O primeiro sistema de alerta de tsunamis para o Atlantico e Mediterrdneo pode entrar ja em fase de testes a partir
de Janeiro de 2008, mas esse arranque esta dependente do resultado da reunido internacional, promovida pela
Unesco, que amanha comega em Lisboa. Tudo vai depender de uma instituicao cientifica europeia - parece haver
uma candidatura viavel - poder assumir ja a coordenacao dessa rede. Mas isso sé se sabera na sexta-feira.

Para Portugal podera estar também em cima da mesa, nesta 4.2 reunido de grupo intergovernamental para o futuro
sistema de alerta, a hipbtese da futura coordenag&o regional para a bacia atlantica. Uma questéo que "depende da
vontade politica e de uma verba anual de 200 mil euros para recursos humanos, ja que a capacidade técnico-
cientifica existe", adiantou ao DN Luis Matias, investigador do Centro de Geofisica da Universidade de Lisboa-
Instituto D. Luis e um dos delegados portugueses ao projecto.

Promovido pela Comissdo Oceanografica Internacional (COI), da Unesco, o futuro sistema de alerta de tsunamis
para o Atlantico, Mediterraneo e Mares Adjacentes, devera estar em funcionar em pleno em 2011. Mas, para isso, a
primeira fase tera que estar concluida em Janeiro, para que um sistema inicial automatico possa iniciar ja um
periodo de testes.

Sem verbas proprias, este sistema de alerta assentara nas infra-estruturas de cada pais, com as respectivas
estacOes sismicas e de medigao de marés, transmisséo de dados em tempo real para um ponto focal nacional e,
dali, para os centros de coordenadores. Nesta fase havera apenas uma instituicdo coordenadora. No futuro, estdo
previstos centros de coordenagao regional.

Fazer o balanco dos progressos realizados até agora e aprovar a instituicao coordenadora para a primeira fase, se
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se concretizar a candidatura necessaria, estao na agenda da reunido de Lisboa.

Para Portugal, estara também em cima da mesa a possibilidade de assumir futuramente a coordenagéo regional
para a bacia Atlantica.

Para Maria Ana Baptista, especialista em tsunamis, investigadora do Centro de Geofisica da Universidade de
Lisboa e coordenadora do grupo de trabalho portugués para os tsunamis no ambito da COl, "seria uma importante
oportunidade para o Pais, dada a nossa localizagéo geogréfica". Mas, sublinha, "cabe ao Governo dar esse passo”.
Na competicéo por esse papel estd, de resto, o Reino Unido, que na Ultima reunido dos delegados internacionais,
realizada em Bona, em Fevereiro, ja manifestou a inten¢éo de o assumir.

"Pela nossa localizagédo geografica, dado que estamos na primeira linha de impacto de um tsunami nesta regido
atlantica, e pelo e investimento cientifico que estamos a fazer nesta area, temos todo o interesse em ficar com
essa coordenagdo em Portugal, no Instituto de Meteorologia“, explicam Luis Matias e Maria Ana Baptista. "Neste
momento”, garante Luis Matias, " temos todos os requisitos, excepto uma verba anual de cerca de 200 mil euros
para recursos humanos, que garantam o trabalho 24 horas por dia, necessario num sistema de alerta. E isso
depende da vontade politica".
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NEWS N. 16933
Progetto UE potenziera il sistema di allarme tsunami

Fonte: CORDIS - NEWS n.28909 del 02-01-2008
Tipo di informazione: RISULTATO

In conseguenza alla calamita dello tsunami avvenuta nel 2004 un
progetto finanziato dall'UE ha avviato i lavori per mettere a
disposizione dell'intera regione dell'Oceano indiano un sistema di istant Early

&z @¥ DEWS

Sulla base del lavoro condotto nel quadro del progetto German Warhiag dyatem
Indonesian Tsunami Early Warning System (GITEWS), il Distant
Early Warning System (DEWS) sta sviluppando una piattaforma
tecnologica per evitare che la tragedia del 2004 si ripeta.

«In seguito ai progressi compiuti nell'ambito del progetto GITEWS, é arrivato il momento di fornire a piu paesi della
regione dell'Oceano indiano, come la Thailandia o lo Sri Lanka, un accesso tempestivo alle informazioni di allerta,
nonché dati in tempo reale sull'oceano e i terremoti», ha dichiarato uno degli undici partner del progetto, il dott.
Joachim Wéchter del Centro di ricerca geofisica (GFZ) di Potsdam (Germania).

Finanziato nell'ambito del Sesto programma quadro dell'UE (6 °PQ), il progetto DEWS mira a rafforzare le capacita di
allerta della regione, creando un sistema di allarme precoce tsunami aperto e interoperabile per I'Oceano indiano.

Il sistema di rilevamento degli tsunami si basera su una piattaforma di sensori aperta e su sistemi di sensori integrati
per il monitoraggio dei terremoti (sismico), del livello del mare (misuratore delle maree, boe) e degli spostamenti del
terreno (stazioni GPS terrestri).

Questi sistemi di sensori costituiranno una delle pit importanti innovazioni del progetto, poiché saranno responsabili
dell'invio di dati affidabili dal fondale marino alla stazione di allarme.

Sulla base di questi progressi il progetto intende migliorare la qualita e il flusso dei suoi messaggi di allerta al
pubblico, alle autorita pertinenti e alle forze responsabili della gestione delle emergenze, sia a livello nazionale sia
internazionale.

Infine, un ulteriore obiettivo del progetto sara quello di trasferire il suo sistema DEWS ad altre zone del mondo a
rischio tsunami. Questo compito verra svolto attraverso un'azione supplementare nel bacino del Mediterraneo.

Il progetto ha una durata di quattro anni ed & finanziato dall'UE con uno stanziamento di fondi dell'ordine di 6,5 Mio
EUR.

Fonte: Progetto DEWS (Distant Early Warning System)

Quadro di finanziamento

6FP-IST - Tecnologie della societa dell'informazione: priorita tematica 2 nell'ambito del gruppo di attivita 'Integrare e
rafforzare lo Spazio europeo della ricerca' del VI Programma Quadro di RST

Links
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Alerta de tsunamis tera dados daqui a um ano

Uma equipa de cientistas a bordo do navio italiano
"Urania" retirou esta semana do fundo maritimo do
Algarve a primeira estacao europeia de alerta precoce de
tsunamis, uma operagao que decorreu total sucesso.

"Retirdmos todos os equipamentos com uma taxa de
sucesso de 100 por cento, mas agora vamos levar entre
um a dois anos a analisa-los com uma equipa de cerca de
10 pessoas", declarou o cientista Nevio Zitellini,
coordenador pela colocagao do Geostar ao largo do cabo de TUd'D 0 qU e

Sagres.
se passa, g

O objectivo maior do projecto europeu Nearest é "saber IJEISSE na TS F
quando é que vai aparecer uma onda gigante e poder
alertar em tempo 1til as pessoas de todo o mundo, mas
também e principalmente as que estdo junto a costa
maritima", explicou Nevio Zitellini. Patrocinio

O observatério colocado no fundo do mar foi baptizado de Geostar e serve para medir os niveis sismicos da
area e estudar um eventual tsunami. Colocada hd um ano a 80 milhas (150 quilémetros) da ponta do Cabo
de Sagres, o observatdrio Geostar esta equipado com sismografos e sensores capazes de efectuar
levantamentos geoldgicos e geofisicos e prevenir eventuais tsunamis a partir do fundo do mar.

O Geostar foi colocado no Banco de Goringe, a cerca de 80 milhas a sudoeste de Sagres, e perto do Golfo de
Cadiz, local do epicentro do sismo de 1755.

Durante um ano, foram recolhidos "500 gigabytes" de informac&o pelo Geostar e por 24 "buoy" - maquinas
que serviram para registar os pequenos tremores de terra e que foram colocadas no fundo do mar ao largo
de Sagres na mesma altura do Geostar.

Toda a informacao vai ser posteriormente analisada, mas conclusdes preliminares vao ser divulgadas em
Outubro em Berlim, local onde os cientistas relacionados com o projecto da estacao europeia para alerta de
tsunamis vao reunir-se, indicou o coordenador Nevio Zitellini, do Instituto de ciéncias Maritimas em
Bolonha.

O observatorio Geostar ficou submerso numa area de risco de sismos e tsunamis - devido ao facto de ter
forte actividade tecténica - e, durante cerca de um ano, estudou a area junto ao Algarve.

Na Asia j& existe equipamento capaz de alertar as populacdes da existéncia de tsunamis, mas no
Mediterraneo a estratégia tem de ser diferente e o desafio é realizar a vigilancia dos tsunamis na falha
tecténica. "E uma das maiores experiéncias deste género feitas em todo o mundo", adiantou Paolo Favali,
cientista do Instituto Nacional de Geofisica e Vulcanologia de Roma, que integra o projecto financiado pela
UE.

O Geostar foi retirado do fundo do mar pelo navio italiano de investigacdo cientifica baptizado de "Urania -
nave oceanografica", que pesa 1200 toneladas e tem 87 metros de comprimento e 11 de largura.
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Semaine du 24 mars 2008

Carte bathymétrique: [i!
du Golfe de Cadix
Projet ESF SWIM

Cette image montre le relief sous-marin de la baie de Cadix, a 1'0Ouest de Gibraltar. Elle a été
obtenue dans le cadre d'un projet européen par des chercheurs Italiens, Espagnols, Francais,
Portugais, Britanniques, Belges a la suite de plusieurs campagnes océanographiques. Dans cette
région, un pan de la plaque africaine plonge en subduction dans le manteau. Les chercheurs pensent
que cette situation a engendré le tragique séisme de Lisbonne survenu le ler novembre 1755. D'une
magnitude estimée entre 8,5 et 9 sur I'échelle de Richter, il a ét€ suivi d'un tsunami qui a détruit les
ports du Golfe de Cadix.

Sur cette carte le continent est en gris clair, le plateau continental et les grandes plaines abyssales
dont la bathymétrie n'a pas été mesurée sont en gris foncé. On observe de beaux canyons profond
pres du Portugal, la zone rugueuse en orangé, vert, bleu (prisme d'accrétion) est une accumulation
de sédiments li€ a la probable subduction. Le rose correspond a une profondeur supérieure a 5000
metres.

Contact(s)
Marc-André Gutscher
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An innovative tsunami detector operating in tsunami generation environment
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On August 25th 2007 a tsunami detector installed onboard the multi-parameter observatory
GEOSTAR was successfully deployed at 3200 b. s. 1. in the Gulf of Cadiz, Portugal. This activity is
within the NEAREST EC Project (http://nearest.bo.ismar.cnr.it/ ). Among other deliverables, the
NEAREST project will produce and test the basic parts of an operational prototype of a near field
tsunami warning system. This system includes an onshore warning centre, based on the geophysical
monitoring networks which are already operating, and a tsunami detector deployed on board
GEOSTAR at the sea bottom. On land the warning centre is in charge of collecting, integrating, and
evaluating data recorded at sea. At the sea bottom data is recorded and processed by an advanced
type of tsunami detector which includes: a pressure sensor, a seismometer and two accelerometers.
The detector communicates acoustically with a surface buoy in two-way mode. The buoy is
equipped with meteo station, GPS and tiltmeter and is connected to a shore station via satellite link.
The prototype is designed to operate in tsunami generation areas for detection-warning purpose as
well as for scientific measurements. The tsunami detector sends a near real time automatic alert
message when a seismic or pressure threshold are exceeded. Pressure signals are processed by the
tsunami detection algorithm and the water pressure perturbation caused by the seafloor motion is
taken into account. The algorithm is designed to detect small tsunami waves, less than one
centimetre, in a very noisy environment. Our objective is to combine a novel approach to the
tsunami warning problem, with a study of the coupling between the water column perturbations and
sea floor motion, together with the long term monitoring of geophysical, geochemical and
oceanographic parameters. http://nearest.bo.ismar.cnr.it/
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An innovative tsunami detector operating on a
multiparameter seafloor observatory

F.Chierici (1), D. Embriaco (2), L. Pignagnoli (3), L. Beranzoli (2), P. Favali (2), G.
Marinaro (2), S. Monna (2), F. Bruni (4), F. Furlan (4), F. Gasparoni (4)

(1) IRA-INAF, sez. Bologna, Italy, (2) INGV, sez. Roma 2, ltaly, (3) ISMAR-CNR, sez.
Bologna, Italy, (4) Tecnomare-ENI SpA

During the cruise of the Italian research vessel URANIA on August 2007, a new
tsunami detector was successfully deployed at 3200 b. s. I. in the Gulf of Cadiz, Por-
tugal. The new detector is installed on board the multi-parameter abyssal observatory
GEOSTAR.

This activity is a task of NEAREST EC Project (http://nearest.bo.ismar.cnr.it/ ).

Among other tasks, the NEAREST project will produce and test the basic parts of
an operational prototype of a near field tsunami warning system. The warning system
includes an onshore warning centre based on the seismic and tide gauges monitoring
networks which are already operating in the area of Gulf of Cadiz and connected in
real time with many warning receiving shore stations, a buoy equipped with meteo-
station and two way acoustic and satellite links, and the tsunami detector installed
on board GEOSTAR. The warning centre is in charge of collecting, integrating, and
evaluating data recorded at sea.

In the observatory at the sea bottom, data are recorded and processed by the tsunami
detector which includes a pressure sensor, a seismometer and two accelerometers.
The observatory communicates acoustically with a surface buoy in two-way mode.
The buoy is equipped with meteo station and GPS and it is connected to the shore
station via satellite dual-link.

The prototype is designed to operate in tsunami generation areas for detection-warning



purpose as well as for scientific measurements during long term monitoring. The pres-
sure data are processed in real time on the sea floor observatory by a tsunami detection
algorithm able to detect small tsunami waves, less than one centimetre, in a very noisy
environment. At the same time the seismic data are analysed using a STA/LTA algo-
rithm.

The tsunami detector sends a near real time automatic alert message when a seismic
or a pressure signal exceeds a selectable threshold indicating a strong local earthquake
or a tsunami wave event. After the detection of an event, the seafloor observatory will
start sending updated pressure data to the shore station. Our objective is to combine
a novel approach to the tsunami warning problem, with a study of the coupling be-
tween the water column perturbations and sea floor motion, together with the long
term monitoring of geophysical, geochemical and oceanographic parameters.



Geomorphologic domains of the Gulf of Cadiz from swath multibeam
bathymetry

V. Valadares (1,2), P. Terrinha (2), J. C. Duarte(1,2), E. Grécia (3), N. Zitellini (4),
M. A. Gutscher (5), F. Rosas (1), L. M. Matias (6)

(1) LATTEX — IDL, Lisbon, Portugal, (2) DGM-INETI, Alfragide, Portugal, (3)
UTM-CMIMA-CSIC, Barcelona, Spain, (4) ISMAR-CNR, Bologna, Italy, (5)
IUEM-UGBO-CNRS, Plouzané, France

The SWIM bathymetric dataset covers an area of approximately 180.000km? was obtained
after compilation of 19 multibeam bathymetry surveys. Terrain analysis and detailed morphological
interpretation of this dataset on a 100m cell-size map allowed the identification of a diversity of
morphological domains that result from the combined or individual action of oceanographic,
sedimentological and tectonic processes. The available multi-channel seismic reflection profiles, high
resolution profiles and the multibeam probe backscatter images were also used to establish the different
domains and their borders as well as the structural and tectonic control of the buried structures on the
present day morphology.

After thorough seafloor mapping the following domains were characterized: submarine
mountains, abyssal plains, abyssal hills, axial areas of submarine canyons and gullies associated with
steep walls, plateaus, contourites and other sedimentary and erosional structures associated with the
Mediterranean Outflow Water (MOW) , the Gulf of Cadiz accrecionary wedge with its mud volcanoes,
salt domes and sub-circular basins, continental shelf, diapiric ridges, basement outcrops, submarine
deep scours and volcanic edifices.

The Central longitudinal part of the Gulf of Cadiz shows three different morphologies, the
Horseshoe Abyssal Plain, the mouth of the South Portugal canyons and the accretionary wedge. In the
East the interaction of the MOW with the seafloor creates erosional and depositional features that
extend as contourites bodies along the South and Southwestern Portuguese slope. The Northern part
exhibits the Portuguese shelf, the deeply incised continental slope and the MOW contourites
depositional system, . Scattered structures of mass wasting deposits exist the Gulf of Cadiz, generally

associated with active fault scarps.
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Tsunami Warning prototype in the frame of the EC NEAREST
project.
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ABSTRACT

Prototipo di Tsunami Warning nel quadro del progetto EC NEAREST

Nell' ambito del progetto NEAREST finanziato dalla EC sono stati
sviluppati alcuni elementi di un sistema di allerta per tsunami, fra i quali un
prototipo di detector di onde anomale istallato a bordo dell' osservatorio abissale
GEOSTAR: 1' osservatorio con il detector di onde anomale ha operato per un
anno nel Golfo di Cadice, a 3200m di profondita

Key words: seafloor observatories, tsunami detection, 1775
earthquake, Cadiz Gulf

INTRODUCTION

On August 25th 2007 a tsunami detector installed onboard the
multiparametric observatory GEOSTAR (FavaLl et alii, 2006)
was successfully deployed at 3200 b.s.l. in the Gulf of Cadiz,
Portugal (Fig. 1). This activity is within the NEAREST EC
Project  (http://nearest.bo.ismar.cnr.it/). =~ Among  other
deliverables, the NEAREST project will produce and test the
basic parts of an operational prototype of a near field tsunami
warning system. This system includes an onshore warning
centre, based on the geophysical monitoring networks which
are already operating, and a tsunami detector installed on
board GEOSTAR. On land the warning centre is in charge of
collecting, integrating, and evaluating data recorded at sea. At
the sea bottom, data are recorded and processed by an
advanced type of tsunami detector which includes a pressure
sensor, a seismometer and two accelerometers. The detector
communicates acoustically with a surface buoy in two-way
mode. The buoy is equipped with meteo station, GPS and
tiltmeter and is connected to a shore station via satellite dual-
link. The prototype is designed to operate in tsunami
generation areas for detection-warning purpose as well as for
scientific measurements. The tsunami detector sends a near-
real-time automatic alert message (Fig. 2) when a seismic or
pressure threshold are exceeded. Pressure signals are
processed by the tsunami detection algorithm and the water
pressure perturbation caused by the seafloor motion is taken

(**) Istituto di Radio Astronomia-INAF

(**) Istituto di Scienze Marine-CNR

(***) Istituto Nazionale di Geofisica e Vulcanologia (INGV)
(°) Tecnomare S.p.A.

into account. The algorithm is designed to detect small
tsunami waves, less than one centimetre, in a very noisy
environment. Our objective is to combine a novel approach to
the tsunami warning problem (DART website), with a study of
the coupling between the water column perturbations and
seafloor motion, together with the long term monitoring of
geophysical, geochemical and oceanographic parameters.

NEAREST PILOT EXPERIMENT IN CADIZ GULF

The Gulf of Cadiz is a highly populated area, prone to
devastating earthquakes and tsunamis (e.g., 1755 Lisbon
earthquake, Bapmista et alii, 2003. More than ten years of
geological and geophysical investigations offshore SW Iberia
have been collected (multibeam bathymetry, side-scan sonar,
high-resolution and multichannel seismics, and sampling
which probed the first kilometres of the upper crust at various
resolution) (see Fig. 1).

Recognition and mapping of active tectonic structures likely to

Fig. 1: Deployment site in the Gulf of Cadiz

generate large earthquakes and tsunamis have been performed.


http://nearest.bo.ismar.cnr.it/

F. CHIERICI ET ALII

THE TSUNAMI DETECTOR

The tsunami detector is capable of real-time recognition and
transmission of sea water anomalies and seismic signals to

shore stations. The new Tsunami detector (grey labels in the
sensors in the table below), is installed onboard the pre-
existent GEOSTAR multiparameter abyssal observatory, that
can collect a wide variety of different geophysical and
oceanographic data (Fig. 3).
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The tsunami detection procedure is based on trigger on
pressure and seismic events:
- Seismometer: trigger on local strong earthquakes
(STA/LTA);
- Pressure: detection of sea level anomalies (Tsunamis
wave): trigger on processed sea level data compared

Fig. 3: GEOSTAR observatory

to the threshold

Fig.2

assigned (MoFjeLp,  2000).
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Abstract

Peculiar accumulations of perforated marine boulders resting above spring tide level,
extending several hundreds of meters inland and exceeding the width of present day
washovers were detected in two lowlands of the Algarve coast. Their marine source is
evidenced by well developed macrobioerosion sculpturing and in situ skeletal remains of
endolithic shallow marine bivalves. The proportion of bored clasts decreases with distance
from the shore but no trend in size variation with distance was found. The study of the fossils
within the boulders indicates that downwearing during transport and redeposition was not
significant and suggests a recent age for the deposit. Data presented here suggests
simultaneous entrainment of coarse particles from the shallow sea floor followed by rapid
shoreward suspended-dominated transport and inland non-graded redeposition excluding
significant sorting by weight or dimension. The application of two distinct threshold criteria for
the initiation of submerged particle movement under waves leads to contradictory inferences
regarding the minimum wave height required for particle entrainment and nature of the
driving mechanism: storm versus tsunami. Consideration of the low-energy wave regime of
this coast and contrasts existing between the boulder accumulations and present-day storm-
deposits suggests that they were most probably emplaced by a tsunami inundation.

Introduction

The south Algarve coast of Portugal is an area rarely subjected to extreme storms or
tsunamis, though both types of events have been recurrent. The most devastating tsunami
that affected the Portuguese coast in historical times took place in AD 1755 and several
studies discussed sandy sedimentation associated to that event in Portugal and elsewhere,
in contrast with few reports on deposition of larger particles. Here, we present first results
obtained in the scope of Project NEAREST (integrated observations from nearshore sources
of tsunamis: towards an early warning system), on the characterization of boulder-sized
clasts from two coastal lowlands (Barranco and Furnas) of the western section of the south
Algarve coast and discuss entrainment and depositional mechanisms and the location of
their source area.

The westernmost section of the southern Algarve coast is high (circa 40m above mean sea
level) and rocky, sea cliffs cutting resistant Jurassic limestones and dolomites (Fig. 1). The
drainage system consists of few ephemeral rivulets running in deeply incised canyon-shaped
valleys. In their downstream sections the valleys are flat-floored and choked with alluvial
mud, the valley bottom resting some 2-3m above mean sea level. The narrow alluvial
floodplains are limited seawards by beaches, usually made of a thin veneer of sand covering
shingle, in agreement with the sand-starved character of this coast, and backed by overwash
fans, essentially made of sand and eventually including scattered boulders, reaching up to
100m in width.

Barranco and Furnas are narrow flat-floored canyons, the stream flowing across small
floodplains, which consist of sandy mud and abundant heterometric angular pebbles,
cobbles and occasional boulders, mixed with lithic and quartz gritt. Towards the beach the
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stream deposits spread into a thin discontinuous gravely fan, resting upon the alluvial mud
and merging with backbeach sand. Here, the gravel is a mixture of fluviatile and marine-
sourced pebbles to boulders bearing macrobioerosion features.

Fig. 1- General overview of the study areas. PB- Praia do Barranco. PFrn- Praia das Furnas. Red lines in [A] and
[B] indicate profiles where boulders have been measured; [C] and [D] — perforated boulders; note endolithic
shells (photos: Google Earth, P.J.M. Costa, C. M. Silva).

Marine boulder deposits

Marine-borne pebbles, cobbles and boulders found in Barranco and Furnas extend up to
250-300m inland from the berm crest (Table 1) above the spring high-tide line; they were not
found at higher elevations, namely in the confining valley slopes. Their marine source is
evidenced by well developed macrobioerosion sculpturing that includes ichnofossils
produced by marine organisms such as clionid sponges (Entobia isp. bioerosion structures)
and boring bivalves (Gastrochaenolites isp. bioerosion structures) as well as numerous in
situ and extremely well preserved skeletal remains of the endolithic shallow marine Petricola
lithophaga bivalve inside their original borings (Fig. 1D). These features indicate that each of
these clasts has been originally sculptured and bored in a very shallow, infra- to low meso-
littoral, non depositional and rocky marine environment, preceding its entrainment and
redeposition inland and also suggest a recent date for its emplacement. Today,
environments with these characteristics can be found along the western Algarve littoral.

Most of the endolithic bivalve shells preserved in situ within the boulders showed both valves
still articulated and clearly protruding outside their borings, sticking out above the host-rock
surface. Given their fragile nature, this implies the absence of prolonged activity of
downwearing of the boulders during transport and redeposition. This suggests simultaneous
entrainment of coarse lithic particles from the shallow sea floor, rapid shoreward transport as



suspended load (with minimum particle-particle and particle-bottom interaction, therefore
excluding sliding, rolling and frequent saltation) followed by deposition inland.

In order to search for a pattern of spatial distribution in size, a number of regularly spaced
cross valley profiles were surveyed upstream of the beach at each site; the number of clasts
bearing macrobioerosion features in each profile was noted and the largest boulders
measured (Fig. 1A, B, Table 1). The results showed that there is no clear trend in size
variation with distance, whereas the number of bored clasts is higher in the vicinity of the
beach and rapidly drops further inland. These results are consistent with their lifting from the
shallow marine zone and inland transportation excluding size selection and suggest that
deposition was essentially a non-gradational process.

Table 1- Characteristics of boulders of Furnas and minimum height of tsunami (Ht) and wind (Hw) waves required
to exceed the threshold of movement (see text for explanation).

Profile A-axis | B-Axis C-axis ?(Lséiggf Volu3me Weight Ht Hw (m)
(m) (m) (m) (m) (m?) (kg) (m)
P1 0.44 0.30 0.23 253 0.030 78.94  0.19 0.77
P2 0.40 0.33 0.16 234 0.021 5491  0.29 1.16
0.27 0.26 0.23 234 0.016 41.98 0.16 0.64
0.56 0.30 0.18 234 0.030 78.62  0.23 0.92
P3 0.75 0.55 0.30 221 0.124 32175 0.40 1.61
0.44 0.33 0.28 221 0.041 10571 0.19 0.77
P4 0.48 0.25 0.24 212 0.029 74.88  0.15 0.59
P5 0.60 0.30 0.17 203 0.031 7956  0.24 0.96
0.60 0.40 0.30 203 0.072  187.20 0.24 0.96
P6 0.60 0.50 0.30 183 0.090 234.00 0.34 1.37
0.35 0.25 0.20 183 0.018 4550  0.17 0.66
P7 0.40 0.18 0.15 171 0.011 28.08  0.13 0.53
P8 0.29 0.22 0.22 162 0.014 36.49 0.3 0.54
P9 1.60 1.00 0.50 156 0.800 2080.00 0.74 2.95
P11 0.48 0.36 0.15 140 0.026 67.39  0.35 1.41
P12 0.45 0.40 0.25 132 0.045 117.00 0.28 1.11
P13 0.76 0.40 0.40 127 0.122 31616 0.19 0.78
P14 0.90 0.46 0.40 121 0.166  430.56 0.24 0.96
P15 0.80 0.54 0.25 109 0.108 280.80 0.45 1.82
P16 1.15 0.60 0.55 95 0.379 986.70 0.28 1.13

Entrainment and transport of boulders

Noormets et al. (2004) indicated that tsunamis as well as large swell waves are capable of
quarrying large boulders from the rocky shore, provided that sufficient initial fracturing is
present. However, wind waves are seldom capable of emplacing large blocks onto the
emerged platform (due to the rapid disintegration of the waves after breaking) in contrast
with tsunamis, which have longer duration and attain higher velocities (Goto et al., 2007
indicate 8 -15ms™ for the 2004 tsunami in Thailand).

Nott (1997, 2003) presented a set of equations relating the forces involved in the transport of
submerged boulders in coastal areas. Application of these equations to the boulders of
Barranco and Furnas indicate that low energy storms have the capacity to move them. The
heaviest particle detected at Furnas could be moved by a storm with Hw of only 2.94m
(Table 1). Moreover, all boulders could have been moved by wind waves smaller than 3m.
Komar and Miller (1974) and Soulsby (1997) addressed the issue of threshold wave height
required to induce motion of particles resting in the sea floor and compared computed
results with experimental data. Application of Airy wave theory in combination with the latter
solutions to the most frequent boulder size (B-axis~0.3m) in both Algarve field sites indicates
a threshold wave height of about 5m at depths of 3m (the same depth implied in Nott's



approach) and the height should increase to at least 8m in the case of the largest boulder
(B-axis~1m). This set of results practically rules out a wind-generated wave origin for the
boulder deposits, in clear contrast with the former conclusion. The large discrepancies found
between results yielded by the two approaches may reside in different assumptions on the
mode of particle threshold (sliding or rolling) and on the length scales of particles and of sea
bottom roughness, issues that are not clearly discussed in those papers, but that Wiberg and
Smith (1987) indicate as governing significant changes in near-bottom critical shear stress.
Regardless the physical aspects, it is worth to note that the wave climate in the Algarve is
one of low-energy. On average, once every winter a SW storm raises waves with significant
height of about 3m and mean period of 7-8s (Capitdo, 1992). Taking exceedance of
threshold of movement according to Nott’s solutions as implying the entrainment and
landward transport of gravel particles from the nearshore during storms, formation of boulder
storm-ridges and washovers with abundant perforated clasts containing in situ shells of
endolithic marine bivalves and other bioerosion structures should be quite common during
winter along the rocky coast of Algarve, and this is clearly not the case. In addition, there is a
substantial difference between attaining the threshold of particle movement under waves
and sustaining its continuous transportation upslope in the direction of wave travel for a
distance exceeding several wavelengths. Based on the results and discussion stated above,
we hypothesize a tsunami origin for the Barranco and Furnas boulders.

Conclusions

Boulders accumulated at Barranco and Furnas lowlands were entrained from the sea floor
and rapidly transported without significant wearing out before redeposition up to 300m inland
by an exceptionally high energy inundation episode. The deposit includes humerous bored
particles with in situ shells of endolithic marine bivalves and other bioerosion structures, that
show no trend in size variation with distance to the shore, though the number of bored clasts
is higher in the vicinity of the beach and rapidly drops inland. These results are consistent
with their lifting from the shallow marine zone and inland transportation excluding size
selection and suggest that deposition was essentially a non-gradational process.

Application of two distinct threshold criteria resulted in contrasting values of minimum wave
height required for particle entrainment and in different driving mechanisms (storm versus
tsunami). The low-energy wave regime and nature of storm washovers in the Algarve coast
suggest a tsunami as the most probable cause for the emplacement of these boulders.
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In order to investigate signatures of coastal high-energy single event deposition, capable of
distinguishing between storm-and tsunami-induced flooding, and also to improve the database on the
geological record of tsunami flooding of the Portuguese coast in the Late Holocene, two sites in the
Algarve (South Portuguese coast) were investigated by the excavation of trenches, stratigraphic
description and sampling for sedimentological, geochemical and biostratigraphical analysis, and for
OSL dating. At both sites sand layers were identified, intercalated in estuarine muds. At the Boca do
Rio site a ~10 cm-thick sand layer 80-115 cm below the modern surface has been previously identified
as being deposited by the 1755 tsunami and dated by thermoluminescence (Dawson et al., 1995). The
historical data indicates that this event occurred in full sunlight. More to the west, in a 1m deep trench
excavated at Martinhal lowland, two sandy layers overlain by muds were also identified and sampled.
The sedimentological characteristics of these sandy beds indicate a marine source (good sorting and
richness in marine quartz and bioclasts); they are also presumed to have originated with extreme
marine coastal floods.

Luminescence ages from the sandy layers were derived using a standard quartz SAR OSL protocol
suitable for young samples. Coarse grained (180-250um) quartz extracts were prepared using
conventional sample preparation techniques. Measurements were made on large aliquots; the quartz
OSL signal from this material is clearly dominated by the fast component. Preheat plateau and thermal
transfer tests suggested preheat temperatures should be < 220°C; a preheat of 200°C for 10s and a cut
heat of 180°C was selected for all D, measurements. The overall applicability of our measurement
protocol was confirmed by dose recovery tests (measured to given dose ratios: 1.04+0.02, n=24). High
resolution laboratory gamma-spectrometry was used to determine dose rates, which lye in the range
0.80 to 2.50 Gy.ka™. The preliminary ages are: Boca do Rio - 340+20y; Martinhal - 390+30y (upper
level) and 1,560£80y (lower level); the younger two of these are taken to record the AD 1755 tsunami.
Although the age of this event may be slightly overestimated, the offset is small, and gives us

confidence that the earlier age obtained for a previous extreme coastal flood is accurate.

Dawson, A.G., Hindson, R., Andrade, C., Freitas. C., Parish, R. & Bateman, M. (1995) Tsunami
sedimentation associated with the Lisbon Earthquake of November 1st 1755 AD: Boca do Rio,
Algarve-Portugal. The Holocene, 5 (2), 209-215.
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National Tsunami Hazard Mitigation Program (Alaska, California, Hawaii, Oregon, Washington, NOAA, FEMA, USGS

SOO nam-ee

Circle the correct answer(s):
A Tsunami is caused by:

Circle the official tsunami warning sign.

@

Circle the states that can expenence a tsunami.

PR J
0]
I-Iawau ’ Oregon
H—-Lf"r

Test your detective skills.
Circle the words listed below
in the word search puzzle.

Beach Run uphill
Earthquake Safe area
Fast Sand
Geology Tsunami
Giant wave Warning
Ocean Water

HmaS>ERZPr—O

WomZwm 2 A0

~

WEP Q-2 > S -
KB OO OMHMME WL
MmO EMmmbwnbm2m
iAo MR- D> m
HoimoZrunDag=ZEm
M=o r~ODwda=zdx

|
(=31}
.

List the 25 unused letters to decode the message
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