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We present newRayleigh-wave dispersionmaps of the western Iberian Peninsula for periods between 8 and 30 s,
obtained from correlations of seismic ambient noise, following the recent increase in seismic broadband network
density in Portugal and Spain. Group velocities have been computed for each station pair using the empirical
Green's functions generated by cross-correlating one-day-length seismic ambient-noise records. The resulting
high-path density allows us to obtain lateral variations of the group velocities as a function of period in cells of
0.5°×0.5° with an unprecedented resolution. As a result wewere able to address some of the unknowns regarding
the lithospheric structure beneath SW Iberia. The dispersionmaps allow the imaging of themajor structural units,
namely the Iberian Massif, and the Lusitanian and Algarve Meso-Cenozoic basins. The Cadiz Gulf/Gibraltar Strait
area corresponds to a strong low-velocity anomaly, which can be followed to the largest period inverted, although
slightly shifted to the east at longer periods. Within the Iberian Massif, second-order perturbations in the group
velocities are consistent with the transitions between tectonic units composing the massif.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The lithosphere of the Iberian Peninsula and its margins has been
formed through a number of processes of collision and extension. The
main event of Iberian lithosphere formation was the Variscan Orogeny,
when several continental blocks collided between early Devonian and
Late Carboniferous, its current expression identified as the Iberian
Massif. Composed by rocks with ages ranging from the Upper Precam-
brian to Upper Carboniferous, the Iberian Massif outcrops in Central
and Western Iberia; to the southeast and northeast of Iberia the main
features are the alpine chains of the Betics and Pyrenees and the associ-
ated Neogene Guadalquivir and Ebro basins. To the east the IberianMas-
sif is limited and partially covered by the Cenozoic basins associatedwith
the Douro/Duero and Tagus rivers, while to the west and southwest it is
limited by the Lusitanian and Algarve Mesozoic basins (Fig. 1).

The main tectonic units of the Iberian Massif, comprising a transect
of the Ibero-Armorican Arc branch of the Variscan Belt, are (Fig. 1):
the Cantabrian Zone (CZ), the West Asturian-Leonese Zone (WALZ),
the Galicia–Tras-os-Montes Zone (GTMZ), the Central Iberian Zone
(CIZ), the Ossa Morena Zone (OMZ) and the South Portuguese Zone
(SPZ). GTMZ consists of a pile of allochthonous thrust sheets, of high
metamorphic grade rocks, lying over CIZ and WALZ autochthon. There
is some debate on the evolution of the Variscan Orogeny, regarding
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the several units composing the Iberian Massif and on the exact nature
of the contacts between them (Dias and Ribeiro, 1995; García-Navarro,
2004; Onézime et al., 2003; Simancas et al., 2001, 2003), but all recog-
nize the contacts SPZ–OMZ and OMZ–CIZ as suture zones. While in
the SPZ–OMZ there is the presence of igneous rocks with oceanic affin-
ity (Beja-Acebuches Ophiolitic Complex), the OMZ–CIZ contact is a
complex tectonic unit presenting rocks with high metamorphic grade
and some mafic content (Fernández et al., 2004). The Lusitanian and
Algarve basins are the result of the extension episodes associated with
the rifting of the Atlantic during the Mesozoic.

The interaction between Africa and Iberia is characterized by a dif-
fuse convergent margin that originates a vast area of deformation con-
centrated in the southern and eastern margins of Iberia, the major
topographic features being the Betics, Iberian and Pyrenees chains.

The impact of this complex tectonics on the structure of the litho-
sphere remains poorly known, especially the response of the Iberian
Massif. Although the Iberian Massif remained widely unaffected by
Africa–Iberia convergence, the anomalous concentration of seismicity
observed on the western part of the Iberian Massif (Borges et al.,
2001) shows that some deformation is indeed present and not confined
to the southern limit. However the exact relationship between the shal-
low and deeper structures, their lateral extension and the exact role of
the Variscan structures are still widely unknown.

Over the last decades, Canas et al. (1988), Badal et al. (1992, 1993,
1996), Payo et al. (1992), Corchete et al. (1993, 1995), Lana et al.
(1997, 1999), Martinez et al. (2005), among others, derived tomo-
graphic models by measuring the dispersion of the fundamental mode
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Fig. 1. Structural map showing the main tectonic features of the Iberian Peninsula. Iberian Massif: CZ — Cantabrian Zone; WALZ — West Asturian-Leonese Zone; GTMZ — Galicia
Trás-os-Montes Zone; CIZ — Central Iberia Zone; OMZ — Ossa Morena Zone; SPZ — South Portuguese Zone. Meso-Cenoizoic ranges and basins: IR — Iberian Range; BR — Betics;
LB — Lusitanian Basin; AB — Algarve Basin. Sedimentary basins: EB — Ebro; DB — Douro/Duero; TB — Tagus; GB — Guadalquivir; LTSB — Lower Tagus — Sado. The different symbols
indicate the location of the seismic stations used in this study.
Modified from Vergés and Fernàndez (2006).
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Fig. 2. Result of 12 month ambient noise cross-correlating data for station MORF
(Marmelete, South Portugal), with respect to all other stations in the Iberian Peninsula,
displayed as seismic record section.
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of Rayleigh waves propagating across the Iberian Peninsula. Results
from these authors generally enable to distinguish an average structure
of the main tectonic features beneath the Peninsula, but the limits for
the different tectonic units were impossible to retrieve. Several prob-
lems like source–receiver geometry, irregular seismicity distribution
or, for somemethods, low seismicity occurrence did not allow obtaining
high-resolution models of Iberian structure using traditional imaging
methods.

More detailed knowledge on the deep structure of the crust under
Iberia has been provided by several refraction/wide-angle seismic pro-
files acquired over the last decades (Díaz and Gallart, 2009 and refer-
ences within). These studies indicate a thicker crust beneath central
IberianMassif and beneath the alpine chainswith a progressive thinning
towards the Iberian margins, with values ranging from 35 to 40 km to
~30 km. Beneath western Iberia, the models obtained from the majority
of these profiles indicate a three-layer crust, the middle-lower crustal
levels indicating fairly stable results, the main differences located at the
upper crust. However, in the OMZ there is an indication of a crustal thin-
ning relative to the CIZ and especially with respect to the SPZ. To the off-
shore areas of themargins the crustal thinning is gradual, with a smaller
reduction gradient towards the SW Iberianmargin (Afilhado et al., 2008;
Fernández et al., 2004; Gonzalez et al., 1996; Gonzalez-Fernandez et al.,
2001).

In terms of the physical properties of the crust, SW Iberia has been
studied through magnetotelluric surveys, carried essentially over the
SPZ, OMZ and CIZ (e.g. Carbonell et al., 2004; da Silva et al., 2007;
Muñoz et al., 2008; Santos et al., 1999, 2002).

The objective of this study is to define the boundaries of the Iberian
Massif particularly those that are covered or in contact with recent
(Cenozoic) and older (Mesozoic) basins. Whenever possible, we will
characterize second-order structures inside the Massif.

Seismic interferometry/ambient noise surface-wave tomography
allows imaging regions with a resolution that mainly depends on the
seismic network coverage. Villaseñor et al. (2007) performed the first
ambient noise surface-wave tomography of the Iberian Peninsula,
which allowed to obtain group-velocity maps between 8 and 30 s
with an unprecedented resolution. However, both spatial coverage
and resolution need to be improved. The opportunity to progress with
this study comes from the upgrade of the Portuguese National Seismic
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Network of the Instituto de Meteorologia (IM), following the 2004
Sumatra event, togetherwith other permanent and temporary networks.
2. Data and method

For this study we have collected 12 months of continuous seismic
recordings (January to December 2008) from about 90 permanent
broad-band stations in the Iberian Peninsula (Fig. 1). The main data
source was the newly deployed Portuguese broad band seismic net-
work, operated by Instituto de Meteorologia (IM, Portugal), as well as
the Spanish National Seismic Network, operated by Instituto Geográfico
Nacional (IGN, Spain). Data from the University of Lisbon network (LX),
from the Real Instituto y Observatorio de la Armada (ROA, Spain) and
stations in the region that are part of global networks have also been
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Fig. 3. Results for the path MVO (Moncorvo, NE Portugal) to EIBI (Ibiza, Balearic islands), cr
evaluate its dispersive nature. b) Dispersion curve of the fundamental mode Rayleigh-wave
included. To better constrain the South Portuguese Zone, we have inte-
grated records from permanent stations in Madeira and Canary islands.

To obtain Green's functions from the cross-correlations of ambient
noise and from them surface-wave dispersion measurements we have
followed the procedure of Bensen et al. (2007), and therefore only a
short summary will be presented here. The first step in the data pro-
cessing involves removing the instrument response, converting the
seismogram to velocity, and applying a pre-processing procedure that
reduces the effect of earthquakes and compensates for the spectral
characteristics of the ambient noise. We are interested in the period
range that includes the primary and secondary microseisms, where
ambient-noise energy in the form of surface waves is larger. This is
also the optimum period range for the available station spacing and ap-
erture of our network. Thereforewe have also filtered the data between
5 and 150 s to eliminate energy outside our range of interest.
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The contamination of ambient-noise recordings by earthquakes
and non-stationary noise sources near the stations is partly removed
by applying the procedure of “temporal normalization”, by comput-
ing the running average of the absolute value of the waveform ampli-
tude in a window of fixed length (256 s) and weighting the waveform
at the center of the window by the inverse of that average (Bensen et
al., 2007). This is followed by spectral normalization or “whitening”,
which takes into account that the ambient-noise amplitude spectrum
is not flat in the frequency band of interest (potentially 1–50 s or
wider). To compensate for this, we divide the Fourier transformed
waveform by the smoothed amplitude spectrum, resulting in all fre-
quencies having comparable amplitudes. This broadens the frequency
band of the ambient noise signal and reduces the effect of persistent
monochromatic sources. All these steps of the processing have been
done using 1-day data windows with no overlap as in Bensen et al.
(2007). Finally, all the recordings processed using the procedure de-
scribed above are cross-correlated and stacked for the entire year
with the objective of improving the signal-to-noise ratio.

Once computed the inter-station Green's functions generated by
cross-correlation of seismic ambient noise, we followed the methodol-
ogy traditionally used for surface-wave tomography using dispersion
measurements. Group and phase velocity dispersion on the Green's
functions were measured using the frequency–time analysis (FTAN)
methodology (Levshin et al., 1992).

Finally, we apply a 2D tomographic inversion to the selected group
and phase velocitymeasurements for periods between 6 and 30 s to ob-
tain fundamental-mode Rayleigh-wave group and phase velocity per-
turbation maps on a 0.5×0.5 degree grid across the Iberian Peninsula.
The tomography method is that of Barmin et al. (2001), which approx-
imately accounts for the spatially extended frequency-dependent sensi-
tivity of the waves by using Gaussian lateral sensitivity kernels.
Although the use of spatially extended sensitivity kernels has only a
small effect on the estimated maps at the periods considered
(Ritzwoller et al., 2002), they help to provide a more accurate estimate
of spatial resolution. This scalar quantity, instead of being obtained
using the information from the resolution matrix, is determined as fol-
lows: for each grid point of the model we constructed a resolution ker-
nel, which is a row of the resolution matrix, and we fit a 2-D spatial
Gaussian function to the kernel and identified the resolution as twice
the standard deviation of the Gaussian.

3. Results

Inter-station cross-correlations between each pair of broad-band
seismic stations enabled us to obtain 4278 empirical Green's functions.
Fig. 2 shows a record section for the correlations computed between
station MORF (in Marmelete, Algarve, SW Portugal) and all other sta-
tions. The presence of dispersive Rayleigh-wave pulses is clearly visible
in both negative and positive lags of the record section.We also observe
themove-out of the pulse arrivals as a function of distance, correspond-
ing to an average velocity of ~3.0 km s−1.

The final Green's functions (or cross-correlations) for each station
pair are obtained by summing both positive and negative lags (Fig. 3a,
top record). The original trace has been filtered at different bandwidths
to evaluate its dispersive nature (Fig. 3a), which can be observed in this
example by the longer periods arriving earlier than the shorter ones.
The energy diagram corresponding to the above Green's function is
presented in Fig. 3b, where the fundamental-mode group velocity can
be identified.

The quality of each cross-correlation is quantified, as a function of the
period, through the signal-to-noise ratio (SNR). Only cross-correlations
Fig. 4. Path density of the data set with SNR≥15 used to obtain group-velocity maps at
6, 14 and 30 s period.
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with a SNR greater than 15 have been considered for dispersion mea-
surements. This is more restrictive than the value of 10 used by Bensen
et al. (2007) and provides accurate measurements for surface wave
tomography.

Following these criteria, we obtain a path coverage density for the
Iberia which is shown in Fig. 4. Path density (or hit count) is calculat-
ed as the number of rays that cross a square cell of 0.5°×0.5° centered
on each grid node of the model. The red line shown in Fig. 4 encloses
the regions with 100 km resolution or better.

A potential problem in the computation of the noise cross correlations
(or empirical Green's functions) is the effect of inhomogeneous
illumination of the ambient noise. Yang and Ritzwoller (2008) have
addressed this problem and found that, evenwhen the dominant sources
of ambient noise are inhomogeneously distributed in azimuth, strong am-
bient noise emerges frommost directionswhen using recordings that are
1 year in duration as in this study. In Fig. 5 we show the azimuthal distri-
bution of the noise in our dataset. Fig. 5a shows the azimuthal distribution
of all the interstation paths in our dataset that have produced cross-
correlations (independently of their quality). There is a slight predomi-
nance of the NE–SW direction, but the number of paths for the other
directions is quite homogeneous. In Fig. 5bwe show the azimuthal distri-
bution of the interstation paths (in both causal and acausal directions) for
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which we have obtained dispersion measurements, at different periods
(10, 20 and 25 s) and for different time periods: the entire year 2008,
the 3 winter months (January to March) and the 3 summer months
(July to September). For the 10 s period there is a predominance of
paths with high SNR in the NNW–SSE directions for the entire year and
winter months, but not for the summer months. This indicates that for
short periods the larger source of ambient noise is winter storms in the
North Atlantic. For periods of 20 and 30 s the azimuthal distribution of
cross-correlations with high SNR is quite homogeneous for winter, sum-
mer and the entire year. The simulations run by Yang and Ritzwoller
(2008) indicate that with azimuthal distributions as those shown in
Fig. 5 the accuracy of the empirical Green's functions and the dispersion
measurements is adequate for ambient noise tomography.

Group and phase velocity dispersion curves were inverted for dif-
ferent periods in order to obtain maps of group and phase velocity lat-
eral variations. The perturbations are computed with respect to the
map average velocity Vref and expressed in percentage.

The results of group and phase velocities for the period of 10 s are
presented in Fig. 6.

Rayleigh waves for this period are sensitive mostly to structures
shallower than 15 km, as can be seen in their depth sensitivity ker-
nels (Fig. 6c). While the sensitivity for 10 s group velocity is relatively
narrow and peaks at approximately 7 km depth, the sensitivity for
10 s phase velocity is broader and peaks at 10 km depth.

Fig. 7 summarizes the group velocities obtained for selected periods
of 8, 20 and 30 s (see Fig. 6c for their depth sensitivities). At shorter pe-
riods, below 8 s, the map displays a good correlation with the surface
tectonics, while for periods greater than 30 s the anomalies start fading.

For comparison, we have computed synthetic Rayleigh-wave group
velocities for models previously obtained by other authors. Most of the
models were taken from seismic studies carried out under the scope of
ILIHA project (ILHA DSS Group, 1993) and earlier. A compilation of the
existing P-wave velocitymodels can be found in Matias (1996). To esti-
mate S-wave velocities we used a value of 1.75 for the VP/VS ratio for
this region and a density derived from Birch's law. The different disper-
sion curves have been superimposed to the average group velocities
obtained for the Iberian Massif and presented in Fig. 8. We display, as
a reference, the ILIHA lines used to compute the synthetics. As we can
see in Fig. 8, our results fit quite well the synthetic dispersion curves.
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4. Discussion

With respect to the previouswork by Villaseñor et al. (2007), the in-
clusion of seismic stations in Portugal, Northern Morocco and Canary
islands has expanded the covered area to western Iberia and to the
Gibraltar Strait area. Most of the main features already observed
Villaseñor et al. (2007) are present in the currentwork, but the large in-
crease on ray-paths allows a better definition of the lateral extent of
these features and of their small-scale structure. Moreover, some of
the sharp discontinuities previously found were due to a smearing
effect clearly associated to the station distribution, the additional
travel-paths in this work smooth some of those anomalies. At short pe-
riods, the group-velocity maps (Figs. 6a and 7a) display a good correla-
tion with the surface expression of the main structural units. The most
prominent feature is the vast high-velocity anomaly that covers West-
ern Iberia, defining the core of the Iberian Massif (Fig. 1). It can be
followed from the 8 s map to the last period inverted (Fig. 7c). Analysis
of the maps presented in Fig. 7 allows us to define and establish the
limits of the Iberian Massif.

South of the Massif, the Cadiz Gulf and Gibraltar Strait areas corre-
spond to a strong low-velocity anomaly, which can be followed up to
the largest period inverted (30 s), which correspond roughly to
40–45 km depth, although slightly shifted to the east at longer periods.
Adding stations from Morocco and Canary Islands enabled us to better
resolve seismic anomalies for periods greater than 18 s. This outcome
confirms and extends the results fromVillaseñor et al. (2007). Although
on the edge of resolution, we also detect, at shorter periods, the
presence of the Algarve Basin, although the associated anomaly transi-
tion is affected by the low-velocity anomaly of the Cadiz Gulf.

To the southeast of the IberianMassif, we can identify awell-defined
boundary with the Guadalquivir basin and eastern external Betics, re-
vealed by a large contrast from positive to negative velocity anomalies
that can be observed in almost all periods.

To the east, in 8 and 10 s maps, Alpine orogens (Iberian and Betic
ranges) show small relative high-velocity anomalies in group-velocity
maps that are no longer visible at longer periods. This may reveal the
shallow extent of the igneous and Paleozoic rocks of those chains,
while the low-velocity anomalies in the long-period group velocities
are due to the crustal roots of those mountain ranges.
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With a variable degree of distinction, the several units described
or their contacts are present on the gravity (Corchete et al., 2005)
and magnetic (Silva et al., 2000) fields. For comparison we
superimposed the contour of the Iberian Massif, obtained from all
the group-velocity maps, to both tectonic and gravimetric anomaly
maps (Fig. 9). The correlation with the tectonic map is striking
(Fig. 9a). Although less clear in the western part, we also attained a
good correlation with the gravimetric anomalies (Fig. 9b).

Our models reveal a first-order homogeneous Massif. Nonetheless,
it is possible to identify some second-order anomalies inside this area.
With exception of the Cantabrian Zone, which has no clear expression
in our maps, the contact between the several tectonic units compos-
ing the massif can be recognized with the outline of the anomalies
following the shape of the Ibero-Armorican arc.

At shorter periods (Figs. 6 and 7a) we can notice higher velocities in
the northern part of Portugal, related to the Galicia-Trás-os-Montes
Zone, which can be followed up to the largest period inverted (30 s).
When the period increases this anomaly slightly decreases but a higher
velocity is still visible beneath the Morais-Bragança massif (southeast-
ern GTMZ). To the west, at 30 s, and although slightly shifted, we can
still observe a small anomaly which can be related to the Ordoñes
Massif. The high velocity anomalies associated with the CIZ decrease
from NW to SE, but are still sharp enough to distinguish from the OMZ.

In the shorter period maps, the OMZ shows strong high-velocity
anomalies relative to both CIZ and SPZ, namely beneath Sierra Morena
in the SW contact with the Guadalquivir basin. For longer-periods
there is an inversion in this pattern, with the OMZ showing slower ve-
locities or even no contrast with CIZ and SPZ, suggesting a deeper con-
tact between these two later tectonic units, as suggested by Matias
(1996). The high-velocity anomaly in the contact between the OMZ
and the Lower-Tagus and Sado basin can be interpreted as the root of
the core of Variscan igneous rocks.

The western boundary of the Iberian Massif is clearly seen in all
maps, in particular the contact with the Lusitanian Basin. This basin,
associated with the Atlantic Meso-Cenozoic rifting episodes, can be
followed even beneath the sediments of the Lower Tagus-Sado
basin, clearly defining the limits of both the CIZ and the OMZ. For
the SPZ such conclusion cannot be drawn, since southwestern SPZ
lies outside the sampled area.

In ourmaps, there is no significant signature of the Douro/Duero and
Tagus sedimentary basins (DB and TB) and from the Central Range. This
poor correlation may suggest the shallow character of those structures
and that, in fact, we are imaging the structures beneath those basins.

5. Conclusions

In this work, we present a high-resolution image of western Iberia
using surface waves at short periods that would have been impossible
to carry out with earthquakes alone. At a first degree, maps of both
phase and group velocity lateral variations reveal the presence on a
homogeneous Iberian Massif, characterized by a strong positive
anomaly, still observable at 30 s, corresponding roughly to 40–
50 km depth. The boundaries of this core of the Iberian Peninsula
are clearly visible at all periods inverted. Analysis of the second
order anomalies allow to detect smaller structures within the Massif,
namely the high velocities in the north (GTMZ) perceptible to the
highest period inverted and the occurrence of lower velocities in
the Ossa-Morena zone in the 20-second map. The signature of the
Meso-Cenozoic basins is clearly defined, especially in western Iberia.
Although on the edge of resolution, the Cadiz Gulf corresponds to a
very significant negative anomaly noticeable at all periods.
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