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Abstract 

We have conducted a P and S receiver functions [PRFs and SRFs] analysis for 19 

seismic stations on the Iberia and western Mediterranean. In the transition zone [TZ] the 

PRFs analysis reveals a band [from Gibraltar to Balearic] increased by 10-20 km 

relative to the standard 250 km. The TZ thickness variations are strongly correlated with 

the P660s times in PRFs. We interpret the variable depth of the 660-km discontinuity as 

an effect of subduction. Over the anomalous TZ we found a reduced velocity zone in the 

upper mantle. Joint inversion of PRFs and SRFs reveals a subcrustal high S velocity lid 

and an underlying LVZ. The reduction of the S velocity in the LVZ is less than 10%. 

The Gutenberg discontinuity is located at 65±5 km, but in several models sampling the 

Mediterranean, the lid is missing or its thickness is reduced to ~30 km. In the Gibraltar 

and North Africa this boundary is located at ~100 km. The lid Vp/Vs beneath Betics is 

reduced relative to the standard 1.8. Another evidence of the Vp/Vs anomaly is 

provided by S410p phase late arrivals in the SRFs. The azimuthal anisotropy analysis 

with a new technology was conducted at 5 stations and at 2 groups of stations. The fast 

direction in the uppermost mantle layer is ~90º in Iberian Massif. In Balearic is in the 

azimuth of ~120º. At a depth of ~60 km the direction becomes 90º. Anisotropy in the 

upper layer can be interpreted as frozen, whereas anisotropy in the lower layer is active, 

corresponding to the present-day or recent flow. The effect of the asthenosphere in the 

SKS splitting is much larger than the effect of the subcrustal lithosphere. 

Keywords: Receiver Functions, transition zone, Gutenberg discontinuity,

lithosphere, asthenosphere, azimuthal anisotropy, SKS splitting.
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Resumo 

A análise das funções receptoras P e S [PFRs e SRFs] foi aplicada a 19 estações 

sísmicas localizadas na Ibéria e Mediterrâneo ocidental. A análise das PRFs revelou 

uma região onde a zona de transição do manto é mais espessa [10-20 km] do que o valor 

normal [250km]. Esta região corresponde às zonas de Gibraltar, Béticas e Baleares. A 

variação de espessura está correlacionada com os tempos de chegada da fase P660s. As 

diferentes profundidades dos 660km são interpretadas como um efeito de subducção. 

Sobre esta zona de transição, as PRFs revelam uma zona de velocidade reduzida. Os 

modelos de velocidade obtidos com a inversão conjunta das RFs exibem uma camada 

de alta-velocidade [lid] e uma camada de baixa-velocidade [LVZ]. A redução da 

velocidade-S, na LVZ, é inferior a 10%. A descontinuidade de Gutenberg localiza-se 

aos 65±5 km, mas nos modelos da região do Mediterrâneo, a lid não existe ou se existe 

tem uma espessura de ~30km. Na região de Gibraltar e Norte África esta fronteira está 

aos ~100 km. Os resultados do Vp/Vs na lid têm um valor inferior ao valor normal 

[1.8]. Este valor anómalo é confirmado pelo atraso medido nos tempos de chegada das 

fases convertidas S410p, observado na análise das SRFs. A análise da anisotropia 

azimutal - aplicada a 5 estações e a 2 grupos de estações - mostra que a direção rápida 

de anisotropia na parte superior do manto superior tem uma orientação de ~90º sob o 

Maciço Ibérico. Nas Baleares o eixo rápido é ~120º. Aos ~60km esta direção é 

novamente ~90º. As observações da bi-refrangência das SKS mostram que a anisotropia 

encontrada na camada superior pode ser interpretada como “congelada” e associada à 

tectónica, e a anisotropia na camada inferior é ativa, e relacionada com a direção de 

fluxo da astenosfera. Os resultados permitem também verificar que nas medidas de bi-

refrangência das SKS o efeito da astenosfera é maior do que o efeito da litosfera.    

Palavras-chave: Funções Receptoras, zona de transição, descontinuidade de Gutenberg, 

litosfera, astenosfera, anisotropia azimutal, bi- refrangência das SKS.
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Introduction 

The lithosphere structure beneath Iberia [central and south part] and western 

Mediterranean, has been formed through a number of processes of continental collision 

and extension. In the Peninsula, the main event of formation of the lithosphere, the 

Variscan orogeny, took place in the lower Paleozoic. Since the Miocene, the southern 

interaction between Africa and Iberia was characterized by a diffuse convergent margin, 

which originates a vast area of deformation inside which some extensional domains are 

observed. This tectonic complex tectonic history of the Iberia and western 

Mediterranean region is reflected by the strong variations in the structure of the crust 

and mantle, which remains not well understood, especially around the Gibraltar arc.  

While the surface geology is extensively studied and well documented, the crustal and 

lithospheric structures are less known. The existing knowledge relating the observed 

surface geology and lithospheric deep structures is sparse and sometimes incoherent. 

Despite all research conducted so far, the relation between shallow and deep structures 

and their lateral extension under Iberia and western Mediterranean is still an open issue. 
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Scope of this study 

In this thesis we make an attempt to discuss some of the issues, which are still under 

discussion, mainly related to the isotropic and anisotropic crust and upper mantle 

models.  

Isotropic models will enable the analysis of the upper mantle down to 410-km, as well 

as the mantle transition zone. They will provide S velocity profiles of the crust and 

upper mantle with the main boundaries: the Moho, the lithosphere-asthenosphere and 

the Lehmann discontinuities.  

Anisotropic models will map the frozen directions of flow [in the mantle lithosphere] 

and of the present-day or recent flow [at a larger depth].  

The three main objectives of this study are: 

1. To map the topography of the main inner discontinuities, particularly in the 

mantle Transition Zone [TZ]; 

2. To characterize the structure of the lithosphere-asthenosphere; 

3. To improve our understanding of the anisotropy and heterogeneity in the 

Iberia and western Mediterranean region 

To accomplish these objectives, we will use the Ps and Sp receiver techniques, their 

joint inversion and the SKS splitting analysis. Finally, we will make a preliminary 

attempt to constrain the anisotropy with depth using a recent methodology, which 

implies a joint inversion of P receiver functions and SKS waveforms. 
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Structure of the thesis 

Chapter 1 introduces the study area, Iberia and western Mediterranean, reviewing the 

literature from a geological and geophysical point of view. The geological settings are 

presented emphasizing the main structural features.  We show the geophysical settings 

based on the previous studies for the Moho depth, the lithosphere-asthenosphere system, 

the mantle transition zone and seismic anisotropy. 

Chapter 2 gives a brief introduction to the aspects of the structure and seismic 

anisotropy of the upper mantle, which are covered by this work. These include: 

structure and composition of the upper mantle, nature of the transition zone and 

anisotropy of the upper mantle. 

Chapter 3 describes the methods applied to determine both isotropic and anisotropic 

models of the crust and upper mantle beneath Iberia and western Mediterranean. The 

methods are: P and S receiver functions; joint inversion of both; SKS splitting and; joint 

inversion of P receiver functions and SKS waveforms. 

Chapter 4 shows the results of P receiver functions [PRFs] processed at 19 VBB 

stations locate in Iberia and western Mediterranean, with P receiver function [PRF] 

technique developed by Vinnik [1977]. The results of the traveltime residuals results 

obtained are discussed and compared with previous studies performed in this region. 

Latter these traveltime residuals will be used in Chapter 6 to invert PRFs and SRFs. The 

calculated PRFs will also be used to perform the joint inversion of PRFs and 

SKS/SKKS waveforms in Chapter 7. 

Chapter 5 presents the results from S receiver functions [SRFs] for 19 stations locate in 

the study area. This technique developed by Farra and Vinnik [2000] is complementary 

to the PRFs discussed in the chapter 4 and jointly interpreted. The results will be used to 

support the Vp/Vs determined by joint inversion of PRFs and SRFs in chapter 6. 
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In Chapter 6 we obtain the first isotropic structure of crust and upper mantle by joint 

inversion of PRFs and SRFs using a simulated annealing method. The isotropic models 

show S velocity profiles of the crust and upper mantle the mantle with the main 

boundaries: the Moho, lithosphere-asthenosphere and the Lehmann discontinuities. 

Chapter 7 investigates the seismic anisotropy in the upper mantle of the Iberia and 

western Mediterranean using shear-wave splitting of SKS phases and describes an 

attempt to constrain the distribution of the anisotropy as a function of depth. This is 

achieved by joint inversion of PRFs and SKS/SKKS waveforms.  

Chapter 8 summarizes the main conclusions from the previous chapters and outlines the 

possible future work. 
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Depth of the high-S velocity mantle lid [km] obtained by joint inversion of 

P and S receiver function. 
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CHAPTER 1 

Iberia and western Mediterranean region: 

Geological and Geophysical settings 

This chapter provides a general overview of the geology and geophysical setting of the 

Iberia [central and south part] and western Mediterranean for the crust to the transition 

zone.  

Since the 1970s, the deep structure of the Iberia and western Mediterranean has been 

investigated by a number of reflection and refraction seismic experiments [e.g. Watts et 

al., 1990; Torné et al., 1992; Dañobeitia et al., 1992; Tellez et al., 1993; Matias, 1996; 

Gonzalez et al., 1998]. During the 1980s, the crustal and upper mantle structure beneath 

Iberia, including evidences of the presence of seismic anisotropy in the uppermost 

mantle were largely investigated by a collaborative, international, multi-disciplinary 

geo-scientific project, the ILIHA project [ILIHA DSS Group, 1993, Díaz et al., 1993]. 

Recently [project IBERSEIS, Simancas et al., 2003] a deep penetrating seismic active 

source survey provided a high-resolution image on the structure of deep crust and 

shallow lithospheric mantle of the SW Iberian Massif. 
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The lithosphere-asthenosphere structure of the Iberia and western Mediterranean is very 

controversial, particularly around the Gibraltar arc. The depth of the 

lithosphere/asthenosphere boundary at the same location may vary in depth from almost 

200 km to several tens of kilometers [e.g. Fullea et al., 2010]. Until now, there has not 

been a widely accepted explanation about the mechanism responsible for the Gibraltar 

Arc formation.  

Different seismic tomography studies imaged a positive anomaly located beneath the 

Alboran Sea and southern Spain at depths of more than 600 km [e.g. Blanco and 

Spakman, 1993; Bijwaard and Spakman, 2000; Calvert et al., 2000; Piromallo and 

Morelli, 2003; Spakman and Wortel, 2004] [as depicted in Figure 1.1]. These results 

strongly support the existence of a subduction system beneath the western 

Mediterranean. In the last decades, several models have been proposed for the 

interpretation of this positive anomaly [Figure 1.1]. These include [1] backarc extension 

due to subduction roll-back [Royden, 1993; Lonergan and White, 1997; Gutscher et al.,

2002]; [2] extension induced by the breakoff of a subducting lithospheric slab [Blanco 

and Spakman, 1993; Zeck, 1997; Carminati et al., 1998]; [3] delamination of 

subcontinental lithosphere [Docherty and Banda, 1995; Seber et al., 1996; Calvert et al., 

2000; Valera et al., 2008] and [4] convective removal of a thickened lithospheric root 

[Platt and Vissers, 1989; Platt et al., 2003].  

Also, the studies of PRFs for the mantle transitions zone are controversial. A thick 

mantle transition zone [>270 km] was found in regions with ongoing or past subduction 

including eastern Spain and North-western Africa [Van der Meijde et al. 2005]. On the 

other hand, beneath the Alboran Sea region, a normal transition zone was observed by 

D�ndar et al. [2011]. 
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Figure 1.1 
[left] Tomographic images of P-wave velocity anomalies for the western Mediterranean and surrounding 
regions at a depth of 200 and 600 km [after Spakman and Wortel, 2004 ] and [right] Geodynamic models 
proposing to explain the positive anomaly found beneath the westernmost part of Mediterranean. These 
models can be divided into a progressive roll-back or a detachment of the lithospheric slab and whether or 
not the crust is involved in the recycling of the lithosphere into the mantle [after Calvert et al., 2000].

In the upper mantle the measurements of the SKS splitting [e.g. Díaz et al., 1998, 

Buontempo et al., 2008; Díaz e tal., 2010] reveals a regional variation on the  anisotropy. 

This anisotropy has been related to the orogenic process in the area. Also, observations 

of the fast direction of Pn travel-time residuals found a very complex structure of 

anisotropy on the southwest of Iberia [Serrano et al., 2005]. 

In recent years, the Iberian scientific community and its partners joined efforts to 

provide a comprehensive and integrated framework for the study of the interactions 

between the deep mantle structures/processes and the crust in the Iberian Peninsula and 

the western Mediterranean. Following similar initiatives, such as the US programme 

EarthScope and TOPO-EUROPE/EuroArray in Europe, the Iberian Peninsula and the 

western Mediterranean are covered by three ongoing research projects. The Topo-

Iberia/IberArray [Díaz et al., 2009] addresses the problem of the interaction between 

deep lithospheric structures and surface process in Iberia, the TOPO-
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EUROPE/TopoMed project [project TopoMed. Wortel et al., 2010] with the aim of 

studying plate boundary reorganization in the western Mediterranean, and the WILAS 

project/ WILASarray [Dias et al., 2010] with the main goal of creating a 3D detailed 

image of the Earth beneath western part of Iberia. 

Although an extensive analysis of the previously investigated work on the Iberia and 

western Mediterranean is beyond the scope of this thesis, an attempt is made here to 

discuss the main issues which are still under debate and are of relevance for the work 

developed in subsequent chapters. These include: the Moho structure, the structure of 

the lithosphere-asthenosphere system, the topography of discontinuities in the transition 

zone and seismic anisotropy.  

1.1 Study area

In the present work, we investigate the central and south part of Iberia and western 

Mediterranean [as depicted in Figure 1.2] from the crust to the transition zone. The 

lithosphere structure of the Iberia and western Mediterranean is the result of a number 

of processes of continental collision and extension. In the Iberia, the Variscan orogeny 

started between the middle Devonian and the Carboniferous, in response to the closure 

of the Paleotethys Ocean [Ribeiro et al., 1990, Quesada, 1991]. Presently, the Iberian 

Massif [i.e. the Iberian segment of the Variscan Massif] is well individualized from the 

remaining of the Variscan orogen in Europe. The Iberia, which is presently located in 

the Eurasian Plate, has experienced a relatively complex tectonic history since Mesozoic 

times. From mid Jurassic to Early Cretaceous, Iberia was part of Europe. Then, from 

Early Cretaceous to Oligocene Iberia was a semi-independent plate and moved together 

with Africa. Since that time it has been again part of the Europe. During the last 24 Ma, 

most of the deformation was accommodated along the convergent plate boundary 

between Iberia and Africa, marked by the Miocene cessation of the subduction of the 

Tethyan Ocean across the western Mediterranean [Facenna et al., 2004], and by the 

formation of the Betic-Rif mountains. In Late Oligocene, extension occurred in the 
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western Mediterranean, affecting the entire eastern side of the Iberia [Vérges and 

Fernàndez, 2006]. The entire complex evolution of Iberia and western Mediterranean 

makes the region a very peculiar and interesting area to study.  

Figure 1.2 
Elevation and bathymetric map showing the main tectonic units in Iberia and western Mediterranean. The 
bathymetry is extracted from ETOPO2 [2001]. Acronyms are as follows: GB, Guadalquivir Basin; GA, 
Gibraltar Arc. 

1.2 Geological setting 

The Iberia [Figure 1.2] can be regarded as a preserved Paleozoic core; the Iberian 

Massif. The massif was deformed during Variscan orogeny and is surrounded by areas 

that have undergone Alpine deformation. The Pyrenees, to the northeast, are a part of 

the Alpine chain of Western Europe. This E-W belt is a result of the convergence of the 
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Iberia and Europe plates during Cretaceous time. To the east of the Pyrenees is the NW–

SE trending Iberian Range and to the SW, it is the NE–SW trending Catalan CR. The 

Iberian Massif contains two large Tertiary basins [Duero and Tagus], separated by an 

uplifted outcrop of the Palaeozoic, the Spanish Central System. To the southeast is the 

Ebro basin situated between the Iberian Range and the Pyrenees, while to the south is 

the Guadalquivir foreland basin that links the Iberian Massif and the Betics Cordillera. 

The Iberian Massif forms the best-exposed segment of the European Variscan Belt that 

was formed during the Paleozoic suture of Gondwana and Laurasia continents. Within 

this plate context, the Iberian Massif is a result of relatively preserved terranes that were 

accreted by transpression [Figure 1.3]. In the central and southwest parts of the Iberia, 

the Variscan orogens include number of geotectonic units, such as the Central Iberian 

Zone [CIZ], the Ossa Morena Zone [OMZ], and the South Portuguese Zone [SPZ]. The 

CIZ is the most internal part of the Variscan orogen and is formed by Precambrian and 

Paleozoic rocks with variable metamorphic grades and abundant granitic intrusions. The 

OMZ is made of Precambrian to early Paleozoic sediments and volcanic and plutonic 

rocks. The SPZ is of Carboniferous and late Devonian folded and thrusted sediments 

with a low-grade of metamorphism. The boundary between the OMZ and the CIZ is the 

Badajoz-Cordoba shear suture zone, that is made of Precambrian and early Paleozoic 

rocks with high metamorphic grade and mafic rocks. There are two different 

explanations for the creation of this suture zone, whether this boundary was formed as a 

consequence of the Variscan orogeny [e.g. Burg et al., 1981; Matte, 1986; Azor et al., 

1994; Simancas et al., 2001] or is the reactivation of a Cadomian structure during the 

Variscan orogeny [e.g. Ribeiro et al., 1990; Abalos et al., 1991, 1993]. The boundary 

between the OMZ and the SPZ is characterized by several tectonics units, interpreted as 

elements of a suture corresponding to the subduction/obduction of the Rheic oceanic 

[Simancas et al., 2003] and encompasses three sub-units: the Beja-Acebuches 

amphibolites interpreted as an ophiolite of the Rheic Ocean, the Pulo do Lobo 

accretionary prism consists of slices of oceanic metabasalts, and the metabasic and 

phylonitic allochthonous complex of SW Portugal, viewed as mixed fragments of an 

ophiolite and a continental margin [Ayarza et al., 2010, and references therein]. The 

above units, together with the Galicia Trás-Os-Montes, Cantabrian and the Astur-
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Leonese Zones located in the northern part of Iberia form the Iberian Massif. The main 

fault system of Iberian Massif consists of conjugate strike-slip faults, with a sinistral 

NNE-SSW to ENE-WSW set, which is predominant, and a dextral NNW-SSE to NW-

SE set [Arthaud & Matte, 1975; Ribeiro et al., 1979]. 

Figure 1.3 
Geological sketch showing the main zones for the Iberian Massif modified after Simancas et al. [2003].

The Betics is located in the south and the southeastern borders of Iberia and represents 

the westernmost segment of the Alpine-Mediterranean Belt. The Betic Cordillera, trends 

generally ENE–WSW. Together with the Rif [North Africa], the Betic Cordillera forms 

the Gibraltar arc [Figure 1.2] that is located along the plate between the Eurpean and the 

African plates. The Rif Cordillera is located in North Africa and is trending NW-SE to 

W-E. The Betic and the Rif Chains are divided in Internal Zones, the External zone, the 

Flysch Units, and the Neogene intermontane basins [Figure 1.4]. The Internal Zones 

consist of Late Paleozoic to Triassic different grade metamorphic complexes that belong 

to the Alboran Crustal Domain. These units were affected by a Tertiary compression, 

followed by a pervasive extensional event during the early Miocene. The External zones 

consist of the cover sequences of the southwest Iberian and northwest Maghrebian 

paleomargins, formed of Mesozoic and Tertiary sediments. The Flysch Units are formed 
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of Early Cretaceous to Early Miocene deep marine turbidite deposits [Iribarren et al., 

2009, and the references therein].  

Figure 1.4 
Geological map showing the main elements of the Betic-Rif orogen and the associated Neogene basins 
modified from Iribarren et al. [2009]. 

The Guadalquivir Basin is the Neogene foreland basin of the central and western Betic 

Cordillera [Figure 1.4]. The basement dips SE below the Neogene sediments and is 

formed by Paleozoic of the Iberian Massif and Mesozoic rocks [Fernàndez et al., 1998; 

Berástegui et al., 1998]. The formation of this basin is related with lithospheric flexure, 

produced by thrust loading and by lithospheric mantle thickening [García-Castellanos et 

al., 2002]. The Rharb Basin is the foreland basin of the central and western Rif, which 

has identical characteristics to the Guadalquivir Basin [Figure 1.4]. Paleozoic Hercynian 

and Mesozoic rocks of the Moroccan Meseta form the basements that dip towards the 

Extrenal Rif fronts as the result of the lithospheric flexure [Iribarren et al., 2009, and the 

references therein]. South of the Rharb basin is the Moroccan Meseta that is composed 

by outcrops of Paleozoic rocks deformed during the Variscan orogeny [Barbero et al., 

2011 and the references therein]. 



IBERIA AND WESTERN MEDITERRANEAN REGION: GEOLOGICAL AND GEOPHYSICAL 

SETTINGS 

15

On the western part of the Gibraltar arc, the Gulf of Cadiz formed as extensional and/or 

pull-apart rift basins between the Late Triassic and the Early Cretaceous, in a sequence 

of Mesozoic extensional events [Pinheiro et al. 1996; Terrinha 1998; Alves et al. 2009]. 

The present geological evolution of the Gulf of Cadiz region [Figure 1.4] entailed 

several phases of rifting related with the opening of the North Atlantic and to the 

continental break-up between North America and Africa during the Jurassic [Pinheiro et 

al., 1996; Borges et al., 2001]. This was followed by a Late-Miocene to Recent NW 

convergence, accompanied with the European–African plate convergence and the 

westwards directed thrusting of the Betic–Rif orogenic collision [Zittellini et al., 2009].  

In the Gulf of Cadiz, this thrusting produced a huge allochthonous mass that appears as 

a chaotic, highly diffractive body on the seismic profiles. This chaotic body consists of 

a mixture of Triassic, Cretaceous, Paleogene and Neogene sedimentary units, overlying 

a Palaeozoic basement. The sedimentary cover is pierced by mud volcanoes, salt diapirs 

and fluid escape features. There are different explanations to the origin of this large 

body. It has been proposed that the complex of olistostromes is the result of 

gravitational sliding and thrust tectonics and the emplacement associated to the western 

migration of the Alborán terrain, the result of a once active subduction zone. Another 

hypothesis, proposed by Gutscher et al [2002], is that this subduction is still active 

beneath Gibraltar [Maldonado et al., 1999; Medialdea et al., 2008; Zitellini et al., 2009 

and the references therein]. 

The Alboran Sea is in the inner part of the Gibraltar arc and continues to the east 

through the Balearic Islands. The Alboran Sea is a Neogene extensional basin formed 

by extensional processes behind highly arcuate segments of the surrounding Alpine 

thrust-belt, the Betic-Rif orogen [Figure 1.4]. The basement of this inner marine basin 

consists of metamorphic complexes that form the Betics and Rif Internal Zones, and of 

Neogene volcanic rocks. The evolution of the Alboran Basin covers two consecutive 

stages of extensional and compressional/contractional tectonics. The basin was formed 

in an ENE-WSW extensional direction during the Late Oligocene–Early Miocene to the 

early Tortonian. Since the Tortonian, a compressional/contractional regime affected the 

whole basin, and produced N-S shortening and a substantial E-W elongation of the 
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whole basin and Betic-Rif orogen [Torne et al., 2000; Faccenna et al., 2004 and the 

references therein]. 

The Balearic Promontory is a northeast prolongation of the Betic system, surrounded by 

by Neogene extensional basins [Valencia Trough and Algerian Basin] and presents a 

Neogene Basin and range structure [Figure 1.2]. The basement of the Balearic Islands 

consists of Paleozoic and Mesozoic rocks and sediments from Palaeogene to Middle 

Miocene. Two outcrops of Neogene volcanic rocks are known in the Balearic Islands. 

There is an extensive submarine volcanic field in the SE margin of the Promontory. The 

present-day structure is the result of extensional and compressional structures. In the 

Neogene [Early and Middle Miocene] the Balearic Islands were separated from the 

Iberian Peninsula during the formation of the Valencia Trough and at the same time 

compressional/contractional regime were active in the Balearic Promontory. This 

compression/contraction was followed by the Middle and Late Miocene extension, 

which is related with the development of the Algerian basin [Sàbat et al., 1995; 

Carminati et al., 2010 and references therein]. 

The evolution of the western Mediterranean developed basins with triangular shape, 

during the Late Oligocene–Early Miocene [Alboran, Valencia and Provencal basins] in 

the westernmost region, that was progressively rejuvenated eastwards [eastern Balearic 

and Algerian basins]. This resulted in the presently active east–west extension in the 

Tyrrhenian [Carminati and Doglioni, 2004]. 

The Valencia Trough is located between the Iberian Peninsula and the Balearic Islands. 

The basin is floored by continental crust that was structured during the Variscan 

orogeny and was extended during the Mesozoic rifting phases. The resulting Mesozoic 

rift basins in the area were inverted and uplifted during latest Cretaceous- Oligocene as 

a consequence of the convergence between Iberia and Eurasia. The present-day 

structure was developed by several extensional tectonics during Oligocene-Miocene 

transition to the early Middle Miocene. The formation and development of the Valencia 

Trough was accompanied by widespread volcanic activity which, as in the case of the 

Liguro-Provençal basin, was: [1] calc-alkaline and related to subduction before the 
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Serravallian, and [2] alkaline with a typical intraplate geochemical signature after the 

Serravallian [Carminati et al., 2010 and references therein]. 

The Algerian basin is located between the Balearic Promontory and the North of Africa 

Coast. There are a few data in the Algerian Basin, which means that little is known on 

the age and characteristics of its sedimentary fill. In a recent study, the opening of the 

Algerian basin was associated with the formation of the oceanic crust as evidenced by 

wide-angle seismic results [Pesquer et al., 2008]. Northern Algeria includes the Atlas-

Tell fold-thrust belt, which was developed during Cenozoic times in response to the 

collision between the European and the African plate [Billi et al., 2011 and references 

therein]. 

1.3 Geophysical settings 

Several geophysical studies have been carried out over the past decades to improve the 

knowledge of the deep structures in the Iberia and the western Mediterranean. These 

researches include wide-angle and vertical seismic surveys, body- and surface-wave 

tomography, P-to-S [PRFs method] and S-to-P [SRFs], and joint geophysical modelling 

of elevation, gravity anomalies, surface heat flow, and geoid height. In the following 

sections constraining information on the Moho, lithosphere-astenosphere boundary 

[LAB], transition zone [TZ] and seismic anisotropy are summarized.

1.3.1  The Moho structure

An update compilation of the depth Moho beneath Iberia and western Mediterranean 

has recently been published by Díaz and Gallart [2009]. The results of the compilation 

from the deep seismic exploration performed in the last three decades were used to 

obtain a continuous Moho depth model, as shown in Figure 1.5. 
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Figure 1.5 
Map of Moho depth for the Iberia and western Mediterranean. Colour code corresponds to crustal 
thickness variations. Crustal thickness isolines represented every 2 km [After Díaz and Gallart, 2009]. 

In the Iberian Massif, the Moho is located at a depth of 29-30 km in Portugal [Mendes-

Victor et al., 1993; Matias, 1996] and a thickness of 30- 31 km for the central Iberian 

Massif [Figure 1.5]. The mean P-wave velocity of the upper and lower Hercynian crust 

is about 6.1 km/s and 6.9 km/s, respectively [Banda et al., 1981; Suriñach and Vegas, 

1988]. Strong variations in the depth of the Moho are found in the southern part of 

Iberia, which presents differences between the Betic Cordillera and the Alboran Sea. 

The depth of the Moho in the central Betic Cordillera reaches a thickness of about 38 

km rising sharply to 24 km in the easternmost Betics [Figure 1.5] near the Alboran Sea 

[Banda and Ansorge, 1980; Banda et al., 1993]. In the coastal region [close to Alboran], 

the Moho depths vary between 25 km and 31 km from the eastern to the western part, 
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close to the straits of Gibraltar. In the western part of Betics the mean P-wave velocity 

of the upper and lower is 6.1 km/s and 7.0 km/s, respectively [Medialdea et al., 1986].  

 In the SW Iberia, close the Gulf of Cadiz, the Moho depth is about 30 km [Fullea et al., 

2007]. In the central part of the Alboran Sea, the depth of the Moho is ~20 km, towards 

to the eastern part, the depth is 15 km [Fullea et al., 2007]. Beneath the Betics and the 

Alboran Sea, a velocity decrease from 6.7 km/s to 6.3 km/s in the lower crust is found 

[Tesauro et al., 2008]. To the SE beneath the Balearic promontory, the depth of the 

Moho is 28 km beneath Mallorca Island [Ayala et al., 2003]. The upper crust has 

seismic velocities ranging from 6.0 to 6.1 km/s, while in the lower crust the velocities 

are of 6.4–6.5 km/s. Towards the Rif, the depth of the Moho reaches about 36 km 

[Fullea et al., 2007]. In the Moroccan coastline, the Moho depths vary from 18 to 32 

km. Further south, the depth of the Moho is ~35 km beneath the Moroccan Meseta 

[Zeyen et al., 2005; De Lamotte et al., 2004]. 

1.3.2 The Lithosphere-asthenosphere system   

The several geophysical studies of the lithosphere-asthenosphere system performed in 

the study area suggest a very complicated and remarkable lithospheric structure beneath 

the Iberia and western Mediterranean.  

Numerous investigations about the Vs structure of the lithosphere-asthenospher system 

beneath different regions of the Iberian Peninsula and the western Mediterranean have 

been performed from the pionneering studies of Payo [1965; 1967; 1969] to the 

tomographics studies of Badal et al. [1996], the ambient noise tomography performed 

by Villaseñor et al. [2007] and the recent study of S receiver functions by D�ndar et al. 

[2011]. The most comprehensive investigations were supllied by ILIHA project [ILIHA 

DSS Group, 1993]. The installation of the NARS arrays on the Iberian Peninsula 

increases the knowledge of the Iberian lithosphere and upper mantle seismic structures. 

In the recent years Raykova and Panza [2010] obtained an S-wave velocity profile, to 
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the depth of 300 km for Iberian Peninsula and adjacent areas with surface waves 

tomography. This S-velocity model shows a constant velocity [~4.4 km/s] in the upper 

mantle under the Iberian Massif, a low-velocity zone in the Valencia Trough and 

beneath northwest Africa. The model reveals that the lithospheric thickness in the Iberia 

is about 80 km of depth, except under the Pyrenees and the Betics. In the internal Betics 

and in the north of the Alboran Sea, the LAB is found at ~45 km. The lid becomes 

thicker about 120 km beneath the Guadalquivir domain. Towards the African coastline 

[Rif], the depth of the LAB is ~80 km.   

Recently, D�ndar et al. [2011] analyze data from 38 seismic stations surrounding the 

Alboran Sea between Spain and North Africa to constrain variations of the lithosphere-

asthenosphere boundary [LAB] in the region. These authors using S receiver functions 

analysis, founded a shallow [60-90 km] lithsophere-asthenosphere boundary beneath the 

Iberian Peninsula and a shallow LAB beneath the Alboran Sea, where the lithosphere 

becomes progressively thinner towards the east. A deeper LAB [90-100 km] was 

observed beneath the Betics, the south of Portugal and Morocco.  

The results obtained by numerical models [gravity and thermal] for the structure of the 

lithosphere, show a rapid lithospheric thinning towards the Mediterranean margin from 

about 100-110 km in the stable Iberia [e.g. Torné et al., 1995; Fernandez et al., 1998] to 

less than 75 km in the Valencia Trough [e.g. Ayala et al., 2003]. This thinning is more 

pronounced towards the eastern Alboran Sea, where the LAB is found at about 40 km 

depth [e.g. Polyak et al., 1996; Torné et al., 2000]. However, in the eastern Alboran 

Basin, the depth of the LAB varies from about 45 km [e.g. Torné et al., 2000] to about 

70 km [e.g. Fullea et al., 2010]. On the other hand, maximum lithospheric thickness 

[170 – 240 km] is found beneath the Gulf of Cadiz, the Betics and Rif [Figure 1.6].  
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Figure 1.6 
Lithosphere-asthenosphere boundary depth with the main tectonics units and volcanism [in Fullea et al., 
2010]. 

The 3-D strength and gravity anomalies of the European lithosphere support the idea of 

a major contrast in the lithosphere structure between Eastern and Western Europe that 

has been well known for decades [Tesauro et al., 2007]. According to these authors, the 

Iberia lithosphere shows a high strength contrast between its different units: strong 

lithosphere with an elastic effective thickness [EET] of 30–60 km in the Iberian Massif 

in contrast with weak lithosphere with an EET of about 10–20 km in the basins of the 

Iberian Peninsula [Ebro, Duero and Tajo basins]. A negative anomaly [weak 

lithosphere] is observed in the Gibraltar arc-Alboran sea system and has been associated 

with a low velocity anomaly above ~200 km depth that is observed in this region by 

some tomographic studies [Tesauro et al., 2007 and references therein]. 
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1.3.3 Mantle Transition Zone 

The numerous tomographic studies in the Iberia and western Mediterranean show a fast 

anomaly that enters the transition zone [e.g Piromallo and Morelli, 2003; Spakman and 

Wortel, 2004]. However, studies that cover the Iberia and western Mediterranean region 

mantle transition zone have only been sparsely studied [Chevrot et al., 1999; Van der 

Meijde et al. 2005; Hanka et al., 2001]. Chevrot et al. [1999], using receiver functions 

technique, show the first results for station PAB [located at central Iberia], of the mantle 

transition zone discontinuities [410 and 660 km]. After that, some preliminaries results 

have been published by Hanka et al. [2001] for stations located around the Alboran Sea. 

The topography of the 410 km is missing or is poorly visible and the 660 km is located 

at normal depth below this stations. Van der Meijde et al. [2005] published results for 

the mantle transition zone of Mediterranean beneath 16 temporary and 6 permanent 

broadband seismic stations. As it shown in Figure 1.7, beneath the Mediterranean 

region, a thickness of 261 ± 10 km of mantle transition zone was observed. A thick 

mantle transition zone [>270 km] was found in regions with ongoing or past 

subduction, including eastern Spain and the northwestern African coast [Van der Meijde 

et al. 2005]. Recently D�ndar et al. [2011] found results for the mantle transition zone 

of Alboran Sea region beneath 38 temporary and permanent broadband seismic stations. 

These authors found that the topography of the 410 km and the 660 km is located at 

normal depth, which do not indicate any upper mantle anomaly beneath the entire 

region. 

Figure 1.7  
Results for the mantle transition zone in Mediterranean. A thick mantle transition zone is observed in 
eastern Spain and the northwestern African coast. [After Van der Meijde et al. 2005]. 
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1.3.4 Seismic Anisotropy  

Vinnik et al. [1989] published the first results for the presence of upper mantle seismic 

anisotropy in the Iberian Peninsula based on the analysis of SKS splitting observations 

at several broadband seismic stations of the GEOSCOPE network and the NARS array. 

Using several stations in Europe, including two stations in central Iberia [Toledo], the 

authors found a fast velocity direction close to W-E. These authors confirmed the fast 

direction of anisotropy previously found in central Spain by Silver and Chan [1988]. In 

the first case the possible origin of this anisotropy was associated to asthenospheric 

dynamic fluid related to the present-day plate motion and in the second case, interpreted 

as “frozen-in” anisotropy in the lithosphere, related with the W-E strike of the Variscan 

orogeny over the Toledo area. However, Maupin and Cara [1992], inverting surface-

waves recorded at the ILIHA-NARS network for the anisotropy in the crust and mantle 

of Iberian, have shown that the anisotropy should be located at depths between 100 and 

400 km and so, related with deeper levels. Later, the lower lithospheric structure was 

sampled by the ILIHA DSS experiment [ILIHA DSS Group, 1993], which provided 

evidence of azimuthal anisotropy in the subcrustal lithosphere beneath the SW corner of 

Iberia [Díaz et al., 1993]. The anisotropy orientation observed with these data is 

different from the one found by SKS splitting observations [e.g. Silver and Chan; 1988; 

Vinnik et al., 1989]. To explain the origin of the observed anisotropy, these authors 

proposed the existence of vertical heterogeneity in the anisotropic properties over the 

mantle. Later, Abalos and Díaz [1995] assumed a correlation between the structure of 

the lithosphere and seismic anisotropy and the major structures and tectonic history of 

the outcropping basement rocks in southwestern Iberia. The joint surface geology and 

seismic anisotropy allow these authors to suggest that the tectonic model of orogen-

parallel lithospheric deformation does not appear to be linked to Hercynian surface 

geology and the structural geology of the subcontinental lithospheric mantle and to 

propose a tectonic model of polyorogernic lithospheric deformation in the SW of the 

Iberian Massif. Later, Díaz et al. [1998], also using data from the NARS temporary 

network, found regional variations in the anisotropic parameters: a fast velocity 

direction close to E-W at the central Iberian Massif [Toledo] in the eastern part of the 
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Iberia [Catalan Coastal Ranges] and at the external Betics [central part, near Granada], 

and a fast velocity trending to a NNE-SSW in the internal Betics [from the eastern part 

to the western part]. These authors argue that the origin of this anisotropy in some 

regions should be interpreted in terms of the particular lithospheric geodynamics 

settings, such as the case of the seismic anisotropy observed within the Betics cordillera. 

Later, Serrano et al. [2005] performed an inversion of Pn travel-time residuals along the 

Iberian Peninsula and surrounding regions to study isotropic and anisotropic 

components of the mantle velocity structure. As we can see in Figure 1.8, the fast axes 

have a predominant NW-SE trend in the Alboran Sea and northern Morocco. In the 

Betics, seismic anisottropy have a W-E trend that becomes N-S around the Arc of 

Gibraltar. The authors explain this anisotropy suggesting that a significant portion of the 

uppermost mantle has been involved in the orogenic deformation that produced the 

structure of the Betic Cordillera. The authors also suggest that anisotropy in the 

southern half of the Iberian Peninsula may result from a range of causes and could occur 

at different depths.

Figure 1.8 
Pn anisotropy in the Iberian Peninsula and surrounding regions, observed by Serrano et al. [2005]. The bar 
shows the fast direction of Pn velocity and is proportional to the amount of anisotropy in that direction. 
The interval of the anisotropy magnitude is between 0 and 4%. Bottom panel is the anisotropic results of 
Díaz et al. [1998]. White arrows represent the fast velocity direction and are proportional to the time 
delay; thin black arrows show the null measurements. [in Serrano et al., 2005]

In the Mediterranean, the pattern shown by seismic anisotropy is more complex and it 

must have some relation with the behaviour of the subducting slabs [e.g. Schimd et al., 



IBERIA AND WESTERN MEDITERRANEAN REGION: GEOLOGICAL AND GEOPHYSICAL 

SETTINGS 

25

2004; Buontempo et al., 2008; Díaz et al., 2010]. Schimd et al. [2004], in a compilation 

of shear-wave splitting results in the Mediterranean region, found a roughly E-W 

trending fast axes for permanent stations at Iberian [Central Iberia, south and eastern 

part of Iberian Peninsula] and at the north western part of Africa. They interpreted this 

anisotropy by a simple asthenospheric flow model. Buontempo et al. [2008], using data 

from 16 permanent broadband stations found a fast velocity direction oriented close 

ENE-WSW in the Betic domain, fast directions trending NS to NE-SW towards the 

south part of the Iberian Massif and a rotation of fast split directions towards the NS 

azimuths around the Gibraltar arc. The anisotropy in the eastern Betics and the 

transition between the Variscan and the Betics are interpreted as a single layer of 

anisotropy related to the orogenic process in the area. Around the Gibraltar arc, the 

anisotropy is explained by a slab rollback model. Díaz et al [2010], proposed a new 

anisotropic mantle model for this region. Using about 90 broadband stations, deployed 

over South Iberia and North Morocco, measurements of the fast velocity direction 

confirmed the rotation along the Gibraltar arc following the curvature of the Betic-Rif 

mountains, while the stations located at the south and southeast edges presented distinct 

patterns [Figure 1.9]. The origin of this anisotropy is interpreted as frozen-in at 

lithospheric levels and related with geodynamical processes invoking a fast retreating 

slab.  

Figure 1.9 
Anisotropic measurements of fast velocity directions founded by Diaz et al. [2010]. Red bars are "good" 
quality measurements and gray bars are "fair" results. Thin black lines are null measurements. Absolute 
plate motion vectors in the no-net rotation frame and the fixed hotspot frame are represented by the gray 
wide and black thin arrows. 
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CHAPTER 2 

Upper Mantle 

In this chapter we will do a brief introduction to the structure and seismic anisotropy of 

the upper mantle, which is covered by the subjects of this work. The major divisions of 

the Earth are shown in the Figure 2.1 [according to IASP91 velocity model, Kennett and 

Engdahl, 1991]:  

Figure 2.1 
Schematic cross section of the Earth, showing P wave and S wave velocities and density according to 
IASP91 global velocity model [Kennett and Engdahl, 1991]. 
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The crust, mantle and core have been known since the dawn of the 20th-century, 

following the Mohorovicic’s [in 1902] discovery of the boundary crust-mantle and 

Gutenberg’s [in 1913] determination of the outer core radius.  Lehmann [in 1936] 

inferred the existence of the inner core and Jeffreys [in 1939] produced compressional 

and shear wave velocity profiles featuring a transition zone between depths of 400-km 

and 1000-km. A steepening of seismic velocity gradients at a depth around 400 km was 

noted in this period, but the 660-km discontinuity with larger velocity and density 

contrasts was discovered only in the mid-sixties [Anderson and Toksoz, 1963; Kovach 

and Anderson, 1964; Johnson, 1967].  

2.1 Structure of the Upper Mantle

The upper mantle comprises the region between the Moho discontinuity and the 660-km 

discontinuity [Figure 2.1]. More detail is known about the upper part of the mantle than 

what is shown in Figure 2.1, but in this study we are mainly interested in three distinct 

layers: seismic lithosphere [or LID], the low-velocity zone [LVZ] and the mantle 

transition zone [TZ]. 

Regional models of upper mantle derived from surface waves commonly show very 

little increase in seismic velocities with depth for the first few tens of kilometers 

beneath the Moho [Figure 2.2a].  At greater depths, down to about 200 km, seismic 

velocities often decrease with depth. The depth range where seismic velocities smoothly 

increase is the seismic lithosphere [or LID]. The seismic LID roughly corresponds to 

the Earth’s surface thermal boundary, the lithosphere. It has been discussed that the top 

of the low-velocity zone marks the transition in long-term rheology from the rigid 

lithosphere to the plastic asthenosphere. The increase observed in seismic velocity in the 

LID is attributed to the upper part of the mantle LID that has been depleted by the 

removal of the basaltic component. This compositional change dominates over the 

decrease in seismic velocity due to the fact that temperature increases with depth 
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through LID. In some places, e.g. Basin and Range, it is absent, perhaps due to 

delamination.  

a. b. 

Figure 2.2 
[a] Regional Vs velocity model for upper mantle after Grand and Helmberger [1984]. ATL= North 
Atlantic; SNA= shield North America and TNA= Tectonic North America. [b] Schematic cross section of 
the Earth, showing P wave and S wave velocities and density according to IASP91 global velocity model 
[Kennett and Engdahl, 1991]. In order to simultaneously fit Love and Rayleigh wave observations, PREM 
is transversely isotropic between 80 and 220 km depth in the upper mantle.

The Gutenberg discontinuity marks the transition from the seismic LID to the low-

velocity zone [LVZ]. A region of diminished velocity or negative velocity gradient in 

the upper mantle was proposed by Beno Gutenberg in 1959.This region was called the 

low velocity zone [LVZ]. One important characteristic of the LVZ is that it changes 

beneath several distinct tectonic regions including shield, rise-tectonic and oceanic areas 

[Figure 2.2a]. The lower velocity regions have velocities so low that partial melting or 

some other high-temperature relaxation mechanism is implied.  

The LID and the LVZ are seismically anisotropic, and this fact complicates the 

problem of determining their structure and the depth extent. Seismic anisotropy in the 

upper mantle can be measured by several methods, such as azimuthal variations of Pn [P 
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waves critically refracted along the Moho], shear wave birefringence [the dependence of 

shear wave velocity on the polarization direction], and comparisons between the 

dispersion of Rayleigh and Love surface waves.

The first reference model to incorporate radial anisotropy in the top 200km of the 

mantle was the PREM model [Dziewonski and Anderson 1981] was. This model 

presented one discontinuity at 220 km of depth, often term as Lehmann discontinuity

[Figure 2.2b], where it marks the transition from radial anisotropy above to isotropy 

below. Lattice preferred orientation [LPO] of olivine, which is responsible for seismic 

anisotropy in the upper mantle can only be induced by dislocation creep. Hence, the 

220km discontinuity may reflect a change of the deformation mechanism from 

dislocation to diffusion creep, although there are other possibilities [see Deuss and 

Woodhouse 2004; Vinnik et al. 2005]. Lehmann [1961] interpreted it as the base of the 

low S velocity layer [LVZ]. Some later seismic reference models have left out this 

discontinuity [e.g. Kennet and Engdahl, 1991]. 

All the models include a zone of high P and S velocity gradients bounded by the 410km

and 660km seismic discontinuities [Figure 2.2b]. These discontinuities border the 

mantle transition zone [TZ]. In a first approximation the depth of these discontinuities 

match the expected depths of phase transformations in olivine, in an olivine-dominated 

mantle. The depths of the 410-km and the 660-km derived from traveltimes are 

consistent with the seismic observations performed with receiver functions at 

continental stations [Chevrot et al., 1999]. An additional discontinuity, despite not being 

present in global models [e.g. IASP91], is often reported at a depth of around 520-km 

and corresponds also to a phase transformation in olivine. 

Since the early years of seismology, attention has been focused on the knowledge of the 

410-km and 660-km discontinuities features. However, numerous studies of seismic 

investigations have contributed to improve the knowledge of upper mantle 

discontinuities, between 200- and 700 km depth, for more than 50 years using a variety 

of refracted, converted and reflected waves. There are about 10 discontinuities in the 

mantle that have been observed and identified with refractions, reflections and 
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conversion phases from depths of 220, 320, 410, 500-520, 650-670, 800, 860, 1050, 

1150-1160 and 1320 km. Most of the studies performed show that the main converted 

and reflected phases occur at interval depths of 60-90, 130-170, 200-240, 280-320, 400-

415, 500-560, 630-670, 800-940, 1250-1320 and 2500-2700 km [cf. Anderson, 2007]. 

The nature of some of these discontinuities is still controversial. Figure 2.3 shows a 

number of possible underside reflections [Deuss and Woodhouse, 2002].  

Figure 2.3 
Histogram illustrating the percentage of robust reflections from the mantle [after Deuss and Woodhouse, 
2002]. 

2.2   Composition of the Upper Mantle 

The total element composition of the mantle can be estimate by geochemical 

considerations of the uppermost mantle [e.g. Ringwood, 1975]. The uppermost mantle 

is essentially composed of two main types of rocks: peridotites [olivine-pyroxene] and 

to a lesser extent eclogites [garnet-pyroxene], which are widely distributed as local 

segregations [Figure 2.3]. The mineralogical composition of the deeper levels is only 

achieved by indirect methods. Based on the chemical compositions of these rocks types, 

Ringwood proposed a model of composition of the mantle, down to 1800 km [e.g. 

Ringwood, 1975]. Figure 2.3 shows the variations in mineral proportions of pyrolite 
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composition as function of depth. In the pyrolite model of the mantle the major 

components are: olivine [(Mg,Fe)2SiO4], orthopyroxene [(Mg,Fe)2SiO3], clinopyroxene 

[Ca(Mg,Fe)2Si2O6] and garnet. The pyrolite model identifies the 410-and 660-km 

discontinuities strictly as phase boundaries [Figure 2.4]. 

Figure 2.4 
Mineral assemblages in a pyrolite mantle. After Ringwood [1975]. In the pyrolite mantle model the major 
components are olivine [(Mg,Fe)2SiO4], orthopyroxene [(Mg,Fe)2SiO3], clinopyroxene [Ca 
(Mg,Fe)2Si2O6] and garnet. 

2.3 Nature of the mantle transition zone 

The structure of the mantle transition zone [TZ] plays an important role in the heat and 

mass transfer between the upper and the lower mantle. Over the past decades, various 

seismic studies have demonstrated the global existence of these discontinuities [e.g. 

Flanagan and Shearer, 1998a; Chevrot et al., 1999]. Despite the fact that the 410-km and 
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660-km discontinuities are well accepted, the 410-km discontinuity is normally more 

difficult to observe than the 660 km [Chevrot et al., 1999]. In Figure 2.5 we can see a 

global existence of the 410-km and 660-km discontinuity. In this figure we can see that 

the diagram of mantle transition zone is quite similar to the diagram of the 660-km 

discontinuity, suggesting that the mantle TZ is mainly controlled by the topography of 

the 660-km discontinuity. The additional discontinuity of the 520-km is still under 

debate. Some studies claim that the 520 km is a global feature [e.g. Flanagan and 

Shearer, 1998a], whereas others argue this discontinuity is only observed in certain 

regions [e.g. Chevrot et al., 1999], or that it is missing or unobservable [e.g. Cummins 

et al., 1992]. 

According to the IASP91 velocity model [Kennet and Engdahl, 1991] [Figure 2.1], the 

410-km and 660-k discontinuities are characterized by a jump of around +3.6% for the 

P-wave and about +4.1% for the S-wave velocity. In this reference model of the Earth, 

the 520-km discontinuity is absent. 

Figure 2.5 
Upper mantle topography on the 410-km, 660-km, 520-km and mantle TZ [after Flanagan and Shearer, 
1998a]. The variation in depth of the discontinuities is observed by color code under the first three 
diagrams. In the lower right diagram, TZ stands for the transition zone, and here, the scale portrays the 
overall thickness of this zone in the mantle.
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The two main seismic velocity discontinuities are phase transformations, caused by 

pressure-induced changes of crystal structure in certain minerals [Anderson, 1967]. In 

thermodynamic equilibrium, their depths depend on temperature and composition. The 

phase diagram for a pyrolite model as function of depth is shown in Figure 2.6:

Figure 2.6 
Phase diagram of pressure-induced transformations and reactions as a function of depth in a mantle of 
pyrolite composition: Px: pyroxene, Mw: magnesiowüstite; pv: perovskite [After Davies, 1999].

For a typical adiabatic mantle, the main olivine phase transitions at the 410-km and at 

the 660-km seismic discontinuities are: 

(Mg,Fe)2SiO4 (Olivine α ) → (Mg, Fe)2 SiO4 (Olivine β )         at 410-km discontinuity 

    (Wadsleyite) 

(Mg, Fe)2 SiO4 (Olivine γ ) →  (Mg, Fe)SiO3  + (Mg, Fe)O          at  660-km discontinuity 

(Ringwoodite)   (Perovskite + Magnesiowüstite) 
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The 410-km discontinuity corresponds to the phase transition of the olivine (α) 

→olivine (β). This transition is exothermic with a positive Clapeyron slope1 [4.0 MPa/K 

according to Katsura et al., 2004] so a low-temperature anomaly, as expected in a 

downgoing slab, will cause a local uplift of this discontinuity by about 8 km per 100K 

[Figure 2.7]. The transition from olivine (γ) → perovskite + magnesiowüstite is 

endothermic with a negative Clapeyron slope [-2.8 MPa/K according to Hirose, 2002], 

implying a depression of the 660 km discontinuity in a low-temperature environment by 

about 5 km per 100 K. Conversely, unusually high temperatures will depress the 410-

km discontinuity and elevate the 660-km discontinuity. This means that the TZ is 

predicted to thicken by about 13 km per 100 K where temperatures are low and to thin 

by a similar amount where temperatures are high [Bina and Helffrich, 1994], as is 

shown in Figure 2.7. The results of the values of the Clapeyron slope for postspinel 

transition are disputed. Recent studies indicate that the slope is smaller, around -0.4 

MPa/K to -1 MPa/K [e.g. Ohtani and Sakai, 2008]. In spite of the uncertainty for the 

Clapeyron slope, the mantle TZ is predicted to thicken/ thin where temperatures are 

low/high [Figure 2.7] by 1 km per 6-8 K, or 12-17 km per 100 K.  

Figure 2.7 
Sketch of the transition zone in olivine-domain mantle after Lebedev et al. [2002]. The α→β and γ→pv+ 
mw phase transformations give rise to the 410-km and 660-km discontinuities, respectively. The 
Clapeyron slopes dP/dT have opposite signs. If lateral variations in compositions can be neglected, lower 
temperatures [T] cause a thickening of the TZ and an increase in seismic velocities [Vp, Vs], while higher 
temperatures thin the TZ and decrease in Vp and Vs.

                                                
1 On a pressure–temperature (P–T) diagram, the line separating the two phases is known as the 
coexistence curve. The Clausius–Clapeyron relation gives the slope of this curve and can be written 

as:
VT

L

dT

dP

∆
==γ , where P is the pressure, T is the temperature, L is the latent heat and �V is the volume 

change of the phase transition. 
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As we can see in Figure 2.8, the characteristics of mantle transition zone are important 

for our understanding of the Earth’s dynamics. For instance, there are clear correlations 

in the case of the subduction zones, where a thickness of the mantle transition zone is 

normally observed [e.g. Flanagan and Shearer, 1998b].  

However, the olivine phase transitions are not the only ones important in the Earth’s 

mantle: garnet phase also plays a major role in the detailed structure of the 660 –km 

discontinuity [Weidner and Wang, 2000]. The 660-km discontinuity presents not a 

combination of one phase transition but two phase transitions: 1- the transition from 

ringwoodite to perovskite and magnesiowustite and; 2- from majorite garnet to 

perovskite [Figure 2.6]. These transitions have negative and positive Clapeyron slopes, 

respectively: -2.8 Mpa/K and 1.3 Mpa/K [Hirose, 2002]. According to Hirose [2002], 

below 1700-1800° C the 660-km discontinuity corresponds mainly to the first [post-

spinel] transition, but at higher temperatures the majorite becomes a dominant post-

spinel phase.  

Another significant phase transition – from wadsleyite to ringwoodite, according to 

high-pressure data, is located at a depth of 520 km and has positive Clapeyron slope. 

This discontinuity is not systematically observed in seismic studies.  

The above results were obtained for a dry mantle TZ. Several studies examined the 

solubility of water in minerals of the TZ [e.g., Smyth and Jacobsen, 2006; Ohtani and 

Sakai, 2008]. Deep reservoirs of water, incorporated as hydroxyl [OH] into solid silicate 

minerals of Earth’s interior, may be storing more water than that which is present at the 

Earth's surface. In the TZ, water can be held in the wadsleyite and ringwoodite phases. 

Wadsleyite and ringwoodite incorporate up to ~2.0 wt% of water. Pressure of the 

olivine into wadsleyite transition decreases by hydration by up to about 1 GPa [~30 km 

in depth]. The transition from olivine to wadsleyite is exothermic, hence hydration and 

decreased temperature have similar effects and an uplift is expected for the 410-km 

discontinuity, whereas the negative Clapeyron slope of the ringwoodite-perovskite 

transition would move the 660-km discontinuity to deeper depths. Moreover, hydration 

of 1 wt% lowers shear (S) velocity by 1-2%, whereas P velocities remain practically the 

same. Hydration has a stronger influence on Vp/Vs [the ratio of P and S velocities] than 
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temperature or variations in Fe-content in meaningful intervals [Smyth and Frost, 2002; 

Smyth and Jacobsen, 2006].  

2.4  Anisotropy of the upper mantle 

During many years for theoretical and practical reasons, the Earth was considered as 

composed of isotropic and laterally homogeneous layers. Since the 1960s, it was 

recognized that most parts of the Earth are not only laterally heterogeneous but also 

anisotropic. Individual crystals are typically highly anisotropic and rocks from the 

mantle show that these crystals exhibit a high degree of alignment. There is also 

evidence that crystal alignment is uniform over large areas of the upper mantle. At 

asthenosphere mantle temperatures, crystals tend to be easily recrystallized and aligned 

by the prevailing stress and flow fields. In addition to the observations on naturally 

deformed rocks, seismological observations of anisotropic wave propagation [seismic 

anisotropy] provide additional constraints on the influence of deformation environments 

[stress, water content, temperature, etc.] on deformation fabrics. Seismic anisotropy is 

thus an important measure of mantle deformation, past and present. 

The early evidence of seismic anisotropy was the discrepancy between Rayleigh and 

Love wave dispersions [Anderson, 1961; Aki and Kaminuma, 1963] and the azimuthal 

variation of the velocity of Pn waves in the oceanic lithosphere [Hess, 1964]. Since 

these early observations of seismic anisotropy, many studies confirmed the existence of 

anisotropy in different depth ranges of the earth. The most obvious manifestations of 

anisotropy are: 

o Azimuthal Anisotropy – the velocity of seismic waves changes with the 

azimuth of the seismic ray; 

o Radial or Polarization Anisotropy – the discrepancy between the Rayleigh and 

Love wave dispersions; 

o Shear-Wave Birefringence – the two polarizations of S waves arrive at 

different time. 
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The application of seismic anisotropy to geodynamics is straightforward, since it is 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]. In fact, various sources of anisotropy can 

be present in the same region but, perhaps, at different depths. 

2.4.1  Basic Theory of Seismic Anisotropy 

The main characteristics of seismic wave propagation in anisotropic media compared to 

propagation in isotropic media is that seismic waves velocities vary with propagation 

direction and the shear waves split into waves with different velocities, also termed S-

wave birefringence. The polarization of a given seismic wave depends not only on the 

type of wave and its direction of propagation, but also on the elastic properties of the 

material. Let us see briefly how these characteristics arise.  

In an anisotropic medium, it is the fourth-order elastic tensor that defines the elastic 

properties of a medium. The general linear relationship between the stress [σσσσ] and the 

strain [ε] is known as Hooke’s law. To analyse the symmetry properties of these elastic 

tensors, it is necessary to base Hooke’s law on thermodynamics. Thus, for small 

deformations, the density energy function U which is a quadratic function can be 

expressed as: 

U = cijklεijεkl/2      [2.1] 

where cijkl is defined as the components of the fourth-order stiffness tensor depending 

on the local elastic properties of the material and εεεεij is the strain tensor component. 

In elastic solids the stress tensor components σij are related to the partial derivative of 

the density of internal elastic energy U with respect to the strain tensor component εij

by, 
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=σ       [2.2] 

Calculating the partial derivative we get the general form of Hooke’s law: 

σij = cijkl εkl       [2.3] 

The symmetries of both the stress and deformation tensors allow the permutation of 

indices i↔j and k↔l. So the tensor cijkl has the following symmetries: 

cijkl = cjikl = cijlk =cklij     [2.4] 

These symmetries reduce the number of independent elastic constants in cijkl to 21 in the 

most general case. Taking advantage of this symmetry, anisotropic media are often 

described by using a matrix 6x6 cij instead of the full cijkl tensor components. The usual 

definition of matrix cij is such that the indices i and j take the following values: 

1→ (1,1) 4→(2,3) 

2→ (2,2) 5→(1,3) 

3→ (3,3) 6→(1,2) 

or explicitly,  
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cij   with cij = c ji. 

In the most general anisotropic solid [triclinic symmetry] the number of independent 

elastic coefficients can be reduced to 21. Often, additional symmetries are considered, 

which further reduce the number of elastic constants [Table 2.1]. For example, crystals 

with orthorhombic symmetry have nine elastic constants; those with hexagonal 
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symmetry have five elastic constants [assuming the orientation of the symmetry axis is 

known]. Since, 

)uu(
2

1
kllkkl ∂+∂=ε      [2.5] 

we can use [2.4] to write [2.3] as 

    klijklij uc ∂=σ       [2.6] 

Using this expression for σij, we can write the momentum equation in the form 

kljijklkjijkljijjii uc)uc().(u ∂∂=∂∂=σ∂=σ∇=ρ ��    [2.7] 

where we have assumed that cijkl is constant within a homogeneous layer. 

Type of symmetry Number of independent 
elastic coefficients

Typical mineral

Triclinic 21 Plagioclase 

Monoclinic 13 Hornblende 

Orthorhombic 9 Olivine 

Tetragonal 6 Stishovite 

trigonal I 7 Ilmenite 

trigonal II 6 Quartz 

Hexagonal 5 Ice 

Cubic 3 Garnet 

isotropic solid 2 volcanic glass 

Table 2.1 
Number of independent elastic coefficients for selected symmetry systems and for typical minerals or 
Earth’s materials 
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Hexagonal anisotropy 

Hexagonal symmetry is very useful for seismology where there is rotational symmetry 

around a vertical axis. In the transverse direction [direction perpendicular to the 

symmetry axis] we have isotropy. This is also known as transverse isotropy because 

velocities vary only with incident angle and not with azimuth [Figure 2.8]. If the 

symmetry axis is non-vertical, velocities will vary with the azimuth and is termed 

azimuthal anisotropy.  

Figure 2.8 
Seismic velocities in transversely isotropic materials vary only with incidence angle, not with azimuth. 
This layered system has a vertical symmetry axis which is most useful for the Earth. [After Shearer, 
2009].

The upper mantle is sometimes modeled as transversely isotropic to explain 

discrepancies between Love and Rayleigh surface wave velocities [e.g., Forsyth, 1975]. 

As we have already seen in previous sections, the PREM model [Dziewonski and 

Anderson, 1981] is transversely isotropic between the depths of 80 and 220 km depth, 

with SH waves traveling slightly faster than SV waves.  

A more general name for transverse isotropy with an arbitrary symmetry axis 

orientation is hexagonally symmetric anisotropy. General hexagonal anisotropy is 

specified by a symmetry axis direction and five independent elastic constants [Table 

2.1] termed the coefficients Love [A, C, F, L, N]. For hexagonal anisotropy, with an x3

symmetry axis, we have the following elastic constants,  
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Isotropic cases have only two independent elastic parameters, usually referred to as 

Lame’s constants and, A and C reduce to λ+2µ, F reduces to λ, and L and N reduce to µ

and we have, 
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Instead of the elastic coefficients, some authors use the P and S waves along the 

symmetry axes, 

    
ρ

=α⊥

A
   

ρ
=α

C
||    

ρ
=β

L
||     

ρ
=β⊥

N
    

where symbols || and ⊥ refer to propagation with respect to the symmetry axis for P 

waves. However, for plane S wave propagation, the velocity depends not only on the 

polarization, but also on the propagation direction. β|| is the velocity of waves that 

propagate along the symmetry axis or in the plane normal to it and polarized parallel to 

the symmetry axis. β⊥ is the velocity of waves propagating and polarized in the plane 
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perpendicular to the symmetry axes. When the symmetry axis is vertical, || reduces to V, 

for vertical, and to ⊥ to H for horizontal. The elastic coefficient F has no direct relation 

to a simple expression of velocity and is common used as the fifth parameter η=F/(A-

2L) [cf. Maupin and Park, 2007]. 

Rocks are aggregates of different crystals. How different anisotropic crystals combine to 

produce a large scale anisotropic material is not a simple question, and the exact result 

depends in particular the shape of the crystals and not only on their coefficients. 

Anisotropy in rocks arise in two fundamentally different ways, termed: 

o shape-preferred orientation [SPO]- the material is isotropic at very fine scales, 

but has anisotropic heterogeneity, which causes seismic anisotropy at long 

wavelengths compared to the scale of the heterogeneity; 

o Lattice preferred orientation [LPO] - the anisotropy arises from a preferred 

orientation of intrinsically anisotropic mineral crystals. 

Summarizing, anisotropy in the mantle is most often associated with the shape-preferred 

orientation [SPO] of included materials such as melt and .the lattice-preferred 

orientation [LPO] of anisotropic minerals. The first issue in the geodynamic 

interpretation of anisotropy is to identify the origin of upper mantle anisotropy that 

causes elastic waves to vibrate or travel faster in one direction than in other, i.e., causes 

seismic anisotropy.  
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2.4.2 Origin of upper mantle anisotropy 
�

Seismic anisotropy in the upper mantle is widely accepted to arise mainly from the 

preferred orientation of intrinsically anisotropic. Observations of ophiolites and 

deformation experiments demonstrate that mantle minerals, dominated by strongly 

anisotropic olivine crystals, develop lattice-preferred orientation [LPO] in relation 

with the strain history. Pyroxene crystals are similarly anisotropic. This means that 

pyroxene also contributes to anisotropy in mantle peridotite, but olivine has the largest 

contribution to upper mantle anisotropy, with pyroxene having a smaller contribution.

Garnet crystals show a more isotropic elastic behaviour. The strong preferred crystal 

orientation in deformed rocks was first observed by Nicholas and Christensen [1987].  

Figure 2.9 shows the three crystallographic axes of olivine and orthopyroxene in the 

upper mantle. In olivine, the fastest direction is along the a-axis with a P velocity of 

9.89 km/s and the slowest direction is oriented in b-axis with a P velocity of 7.72 km/s. 

Single-crystal olivine have a velocity of seismic waves variations of 24.6% and 22.3% 

in compressional [P] and shear [S] waves, respectively [Kumazawa and Anderson, 

1969]. However, the interpretations that the direction of the a-axis is the direction of the 

mantle flow at the observation point must be made with caution, since recent studies 

have shown that the precise relation between deformation and mineral orientation 

depends on the type of the deformation, pressure, temperature, and presence of melt, 

water, or other volatiles [Maupin and Park, 2007]. Different LPO’s can be developed 

depending on the physical and chemical conditions of deformation. Under a given 

condition, one process operates faster than others and if these processes are 

independent, the fastest process will determine the type of LPO that is formed [Karato 

et al., 2008]. 
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Figure 2.9 
[Top] Compressional velocities [km/s] in the three crystallographic axes of olivine and orthopyroxene 
within the upper mantle. The fastest direction is along the a-axis [100] in olivine which is also the 
dominant slip direction at high temperature. [Bottom] Shear velocities in the olivine a-c plane and in the 
orthopyroxene b-c plane. [After Stein and Wysession, 2003]. 

Anisotropic structures can also be produced by shape-preferred orientation [SPO] of 

materials with distinct isotropic elastic properties, such as partial melt or cracks in the 

shallowest crust. Seismic anisotropy resulting from SPO is due to the closure of factures 

or melt pockets, normal to the local direction of the maximum horizontal compressive 

stress. The fast polarization of the seismic waves is parallel to the opened fractures or 

cracks, resulting in a fast direction of propagation, parallel to the maximum horizontal 

compressive stress [Obreski et al., 2010]. SPO is thought to be a significant cause of 

seismic anisotropy in the mantle under hot, extensive settings such as rifts [e.g. Gao et 

al., 1997]. 
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2.4.3 Stratification of upper mantle anisotropy  

Seismic anisotropy is a result of anisotropic crystals of olivine in the upper mantle. Two 

main hypotheses have been suggested to explain the LPO-anisotropy observed, 

especially under continents: frozen [in the mantle lithosphere] or induced by recent flow 

[in the sub-lithospheric zone]. In the first hypothesis the fossil olivine LPO left on the 

lithosphere during a main tectonic episode was invoked to explain anisotropy that 

correlates with the trend of major geological structures [Silver and Chan, 1988]. In this 

case, the crust and the lithosphere deform coherently during tectonic events. Thus, with 

subsequent cooling and stress relaxation, the anisotropic fabric may be preserved for 

long periods of time until other event overprints it. A temperature below ~900ºc is 

required to preserve anisotropy from a past tectonic episode [Silver and Chan, 1988; 

Vinnik et al., 1992]. However, higher temperatures affect efficiently the orientation of 

minerals. The other hypothesis suggests that the seismic anisotropy within the 

asthenosphere may be induced by present-day or recent large-scale mantle flow, 

yielding the fast direction of propagation parallel to the direction of flow [e.g. Vinnik et 

al., 1994]. In addition, LPO-anisotropy may also result from several sources of 

anisotropy and could occur at different depths. 

First evidence for a depth-dependence of distribution of anisotropy has been found both 

beneath continents [e.g. Levin et al., 1999; Vinnik et al., 2002] and oceans [Wolfe and 

Solomon, 1998]. Figure 2.10a shows an example of evidence for two anisotropic layers 

in North-Eastern US, one in the lithosphere e and the other in the asthenosphere, of 

different orientations, separated by the LAB under the continents. 

Moreover, anisotropic tomography derived from surface waves exhibits a clear 

anisotropic stratification [e.g. Smith et al., 2004]. We can see in Figure 2.10b a two-

layer stratification of anisotropy in the Pacific upper mantle. In the asthenosphere and 

deep lithosphere, the anisotropy observed is related to the present-day plate motion. The 

anisotropy of the shallow lithosphere is related to the frozen fabric left within the 

lithosphere. 
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a. b. 

Figure 2.10 
Sketch of evidence for two-layers of anisotropy under continents and oceans: [a] in Nort-Eastern US
[after Levin et al., 1999]; [b] in Pacific upper mantle [after Smith et al., 2004]. The lithosphere and the 
asthenosphere show different orientations of anisotropy. The anisotropy of the asthenosphere is controlled 
by the present-day plate motion. The anisotropy of the lithosphere is related with frozen fabric left by 
time of lithospheric formation. 

The 3-D seismic tomography allows us to image two layers of anisotropy worldwide, in 

a clear stratification [Smith et al., 2004]. Combining the improvements of constrain 

anisotropy as function of depth it will allow us to understand the vertical variations of 

the anisotropic properties and related them with the compositional and mechanical 

boundaries.  

Anisotropy is responsible for the largest variation in seismic wave velocities, changes in 

the preferred orientation of mantle minerals, or in the direction waves, causing larger 

changes in velocities than can be accounted by changes in temperatures, composition or 

mineralogy [Anderson, 1989]. This means that on order to get meaningful knowledge of 

the upper mantle, we should not consider anisotropy as second order-effect, in order to 

understand which one has the main effect in the upper mantle, anisotropy or 

heterogeneities.   
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CHAPTER 3 

Methods 

3.1  Introduction 

This chapter will provide a brief review of the theoretical concepts related to the 

receiver functions and SKS splitting, and describe the methods used in the work to 

study the deep structure and anisotropy of the crust and mantle beneath Iberia and 

western Mediterranean. The methods are: P and S receiver functions; joint inversion of 

both; SKS splitting and joint inversion of P receiver functions and SKS waveforms. For 

the P receiver function [PRF] we use the technique developed by Vinnik [1977], for the 

S receiver function [SRF], the method developed by Farra and Vinnik [2000] and for 

the SKS splitting, the technique developed by Vinnik et al., [1984] [in Vinnik et al., 

1989]. The joint inversion was made in collaboration with Lev Vinnik [IPE, Moscow] 

and Sergey Kiselev [IPE, Moscow], who have been improving the methods [Vinnik et 

al., 2002; Vinnik et al., 2007a; Vinnik et al., 2007b; Kiselev et al., 2008; Obrebski et al., 

2010].  

Seismology is the best tool to study the structure of the crust and mantle. It offers many 

techniques for the analysis of Earth’s deep structure, that differ by wave types, period 

range and lateral and radial resolution. Seismic refraction and reflection profiling 

provide data on body wave velocity up to a depth of a few tens of kilometres. Seismic 

delay time body wave tomography on a regional scale can use both P and S waves. The 
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depth range of these methods can reach several hundred kilometres, but in the case of 

teleseismic data, their resolution is low at lithospheric depths. Surface waves provide 

data on the S velocity, and depending on the period, may sample crust and mantle up to 

a depth of a few hundred kilometers. Usually, longer-period waves provide a lower 

lateral resolution; at a depth of 100 km, the expected lateral resolution is of the order of 

several hundred kilometers.  

The PRFs and SRFs represent a response of the Earth’s medium, in the vicinity of the 

seismograph station, to an excitation by teleseismic P [for the PRF] or S waves [for the 

SRF]. This response includes either Ps [in the PRF] or Sp [in the SRF] converted 

phases. The receiver function analysis use these conversions to investigate the seismic 

velocity structure of the crust and mantle.  Therefore, it enables us to solve the same 

structural questions as in surface waves tomography, but with higher lateral and radial 

resolutions [e.g., Kiselev et al., 2008; Vinnik et al., 2009].  

At a depth of about 500 km and for a period of 10 s, the first first Fresnel zone is nearly 

circular with a radius of 170 km for the PRF, whereas for the SRFs, the Fresnel Zone is 

elliptic with a half-length of 900km for the wave-propagation plane and 350 km for the 

perpendicular plane. For such depths, PRFs and SFRs sample different regions beneath 

the seismic stations and they are analysed separately. However, if the depth of the 

conversion is less than ~350 km and the wave periods are in a range of ~10.0 s, we can 

perform a joint inversion of the PRFs and the SRFs [Silveira et al., 2010]. This joint 

inversion enables the construction of both P and S wave velocity profiles beneath the 

seismic stations, which is hard to obtain with other seismic tools. 

Seismic anisotropy is a result of ordered orientation of cracks or other heterogeneities 

[in the crust] or anistropic crystals of olivine [in the upper mantle]. The standard method 

for measurement anisotropy in the upper mantle is based on the analysis of shear-waves 

splitting in the SKS seismic phase [e.g. Vinnik et al., 1984]. In this analysis, anisotropy 

is described by two parameters: azimuth of axis of fast velocity [fast direction] and the 

difference between the fast and slow velocity [coefficient of anisotropy]. These 

parameters are determined by modeling the T component of the SKS waveform. The 
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best model provides minimum difference between the theoretical and observed T 

components. There is a criterion to distinguish effects of azimuthal anisotropy and 

lateral heterogeneity: in case of azimuthal anisotropy, the transverse [T] component of 

SKS is close to the derivative of the radial [R] component.  

 The SKS splitting technique provides high lateral resolution [< 50 km], but has no 

vertical resolution. If the real Earth medium contains two or more layers with different 

fast directions, the effective parameters of a single layer determined by SKS technique 

can be meaningless. To overcome this problem, the method of joint inversion of 

waveforms of SKS and of P receiver functions was developed [Vinnik et al., 2002].  

3.2 P Receiver Functions 

The receiver function method was first developed by Burdick and Langston [1977] and 

Vinnik and Kosarev [1981] to isolate the near-receiver structure from the source and 

distant structure. Subsequent studies by Owens et al. [1984] further developed the 

method to be able to apply it using the newly available broadband digital data. This 

method is now termed as receiver function technique [Langston, 1979]. Parallel to this 

development was a technique development for detecting weak mantle Ps converted 

phases [Vinnik, 1977] termed as stacking P receiver functions [PRFs].  

In recent years several studies worldwide have been conducted with the P receiver 

functions [PRFs] technique [Vinnik, 1977; Langston, 1979]. P receiver functions can be 

used to constrain the average Vp/Vs ratio in the crust and the crustal thickness [e.g. Zhu 

and Kanamori, 2000; Julià and Mejía, 2004]. This method requires the identification of 

a few crustal multiples, which is possible only if the crustal structure is very simple and 

homogeneous. The period range of these studies is 1-2 s, for which the contribution of 

randomly scattered waves is very large.  
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The other target of application of the P receiver functions is the traveltime difference 

between the Ps phases from the 410 and 660 km discontinuities which is sensitive to 

temperature in the mantle transition zone: large differential traveltime for the cold 

regions and small for the hot zones [e.g Chevrot et al., 1999; Lombardi et al., 2009; 

Silveira et al., 2010]. As seen in Chapter 2, these discontinuities are related to phase 

transformation with opposite Clayperon slope, positive Clayperon slope for the 410-km 

discontinuity and negative for the 660-km discontinuity. However, a direct translation 

of the topography into temperature is complicated due to the conflicting estimates of the 

Clayperon slope of transition phase for the 660-km [for more details see Chapter 2]. 

Therefore, some results of mapping topography of 410 and 660 km should be viewed 

with caution.

3.2.1 Ps converted phases 

In the distance range from 30º to 100º, the seismograms are relatively clearly structures 

with the P and S [or beyond 80º with SKS] being the first, prominent longitudinal and 

transverse wave arrivals, respectively, followed by multiple surface and core-mantle 

boundary reflections or conversions of P and S, such as PP, PS, SP and SKS, etc. These 

reflected and converted phases are a combination of different layers in the Earth [e.g. 

crust, mantle, outer core and inner core] and contain very useful information. Receiver 

function method uses the conversions, such as P-to-S [Ps], at the discontinuities to 

investigate the structure of the crust and mantle beneath the seismic stations. 

When a P-wave impinges an interface between two isotropic layers, it generates both P 

and SV motion [but no SH motion], because there is generally a change of propagation 

velocity resulting from the difference in physical properties of the two layers. Indeed all 

components generated by a P-wave are in vertical plane containing the P-wave and the 

normal. In Figure 3.1 we show P-waves reflected and converted phases.  
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Figure 3.1  
An upcoming P wave incident on a free surface velocity discontinuity will generate a number of reflected 
and converted phases. Label Pp is the P wave incident, Pppp is once reflected from the free surface and 
once from the discontinuity, Ps is converted from P to S, Ppps is transmitted as P, reflected from the free 
surface as P, and reflected from the discontinuity as S and Ppss is transmitted as P, reflected from the free 
surface as S and reflected from the discontinuity as S. The numbers in each phase diagram are the 
calculated relative amplitude of the wave to the incident P wave, with an incidence angle of 30º. The 
amplitude of each phase relative to the P wave is calculated using the expressions of the reflection and 
refraction coefficients with the model .The interface above, Vp1=6km/s, Vs1=3.5km/s and ρ1=2.8g/cm3; 
below Vp2=8km/s, Vs2=4.6km/s and ρ2=3.3g/cm3. [Modified from Yuan, 1999]. 

At such interface that should satisfy the boundary conditions - the displacement across 

the interface must be continuous and both the normal and tangential stress must be 

continuous - the energy in the P wave incident at an arbitrary angle is partitioned into 

transmitted and reflected phases and four phases result: transmitted P, transmitted SV, 

reflected P and reflected SV. As we can seen in Figure 3.2,  

Figure 3.2 
Reflections and refractions for a P wave ray incident on a discontinuity. � and � are P and S wave 
velocities, respectively. The SV phase is called a converted phase.  
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The relative amplitude of the four new waves is a function of the velocities and 

densities of the two layers, and the angle of incidence. The angles of the transmitted and 

reflected wave’s rays can be calculated by the Snell’s law, 

   pijji ==== 22221111 /)(sin/)(sin/)(sin/)(sin αββα      [3.1]  

  

 Snell’s law defined the ray parameter as, 

     
v

i
p

sin
=          [3.2] 

where i is the angle of incidence of the wave and v is the velocity of the wave type in 

the media. For one dimensional and isotropic media the generalized form of Snell´s law 

states that, along one ray, the ray parameters remain constant. Furthermore, the total 

energy of the reflected and transmitted rays must be equal to the incident ray, so the 

relative proportions of energy [amplitude] of the transmitted and reflected of the phases 

depend on the angle of incidence and on the interface impedance of the two layers, 

Z= �.v                               [3.3] 

where ρ is the density and v the wave velocity of the medium. Therefore, we can 

measure the effect of an interface on wave propagation with the reflection and 

transmission coefficients.  

In the conversions, the amplitudes of the partitioned energy are measured with the 

transmission coefficient [Tps]. The solutions for the amplitudes of this transmission 

coefficient at an arbitrary angle are given by the Zoeppritz Equations. Even with the 

plane wave assumption, the transmission coefficient from the Zoeppritz has a 

complicated form,  

TPS=[2ρ1η�1Hp(α1/β1)]/D        [3.4]
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where ρ is the density, α and β are the P and S wave velocities, respectively, p and η, 

are the horizontal and vertical slowness’s, respectively and H and D are given by, 

a= )p21()p21( 22
11

22
22 βρβρ −−−    E= 21 αα ηη cb +      [3.5] 

b= 22
11

22
22 p2)p21( βρβρ −−      F= 21 ββ ηη cb +              [3.6] 

c= 22
22

22
11 p2)p21( βρβρ +−     G= 21 βα ηηda −      [3.7] 

d= )(2 2
11

2
22 βρβρ −       H= 12 βα ηηda −      [3.8] 

D=EF+GHp
2
  

Equation [3.4] is complex since it depends on six variables: two densities and four 

velocities. Figure 3.3 shows the variation of the TPs as function of each parameter: P and 

S velocity, density and both. As we can see in Figure 3.3, the amplitude depends mostly 

on the Vs contrast and consequently on Vp/Vs, while Vp or ρ has no significant effect. 

This means that the amplitude of the Ps phase depends on S velocity contrast [mostly] 

and density contrast [weakly] at the interface. 

Figure 3.3 
Variation of P-to-SV conversion coefficients [Tps] - a-c: as function of the change each seismic parameter 
above the interface at an interface of solid-solid media - d: at an interface of Poisson solids. Below the 
interface the parameters of the medium are fixed as: Vp=8 km/s, Vs=4.6 km/s, and ρ = 3.3 g/cm3. The 
parameters above the interface are changed from 80% to 120 % of the values below the interface while 
Vp/Vs=1.732 is kept constant and ρ is changed according to Birch’s Law: ρ = 0.32Vp + 0.77 [Berteussen, 
1977]. The incidence angle is fixed at 30º. It is shown that the TPS is only sensitive to changes of Vs. 
[After Yuan 1999]. 
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As we can already see in the Equation [3.4], the incident angle of a P wave on an 

interface has also an important effect on the amplitudes of the P-to-SV conversions. The 

epicentral distances used in PRFs usually vary from 30º to 95º, which corresponds to 

mantle P waves arriving at the surface of the earth with incidence angles between about 

20º and 40º [Figure 3.4]. Within this interval, as shown in Figure 3.4, the conversion 

coefficients increase with decreasing epicentral distances. This means that the amplitude 

of Ps conversion from a given discontinuity reduces with increasing epicentral distance.  

Figure 3.4 
Variation of P-to-SV conversion coefficient as function of the incident angle. The conversion interface is 
assumed to be at a depth of 60 km. The interface above, Vp1=6km/s, Vs1=3.5km/s and ρ1=2.8g/cm3; below 
Vp2=8km/s, Vs2=4.6km/s and ρ2=3.3g/cm3. The teleseismic range of incidence angle and epicentral 
distances is shaded [After Yuan 1999].  

3.2.2    P receiver function technique 

As mentioned before, the seismogram recorded is a complex composition of phases and 

the receiver function technique uses the Ps conversions at the discontinuities. In order to 

detect these Ps converted phases within the noise, one should inspect a number of 

recordings of the same station. This is a hard task since the source function of each 

event is generally different from each other, and the corresponding waveforms of the 

converted phases are also different. If a special digital filtering [deconvolution filter] is 
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applied to the primary [P] waveform, the primary phases of each event are transformed 

into a standard spike. The deconvolution applied to the primary phases is 

simultaneously applied to the converted phase, transforming it in standard form, so that 

they can be detected by stacking the deconvolved traces with the appropriate moveout 

corrections. To carry out the receiver function process, two different techniques have 

been independently developed [Langston, 1979; Vinnik, 1977]. These two techniques 

have two main differences: [1] the selection of the coordinate system and [2] the 

processing domain. 

The term receiver function was first introduced when the radial component of the initial 

part of the seismogram R was deconvolved by the vertical component, Z. In this 

method, the receiver function is calculated with the source equalization performed by 

spectra division in the frequency domain [e.g. Langston, 1979].  

In the method developed by Vinnik [1977], instead of using the two components Z and 

R, the coordinate system Z, R and T is rotated into the coordinate system L [or P], Q [or 

SV] and T. The Q component of the seismogram is deconvolved by L component, 

which can be also termed receiver function. This technique employs a deconvolution 

filtering, which is directly accomplished in the time domain [e.g. Vinnik, 1977; Kosarev 

et al., 1993]. In our study the P receiver functions [PRFs] are obtained following Vinnik 

[1977]. For completance, we also briefly describe the deconvolution in the frequency 

domain, following Langston’s [1979] method.  

A seismogram can be written as,  

   N(t)I(t)*E(t)*S(t)D(t) +=                                        [3.9] 

where N(T) is a noise term, I(t) is instrument recording function,  S(t) contains the 

effects of the seismic source , and E(t) is the effects of the crust and the upper mantle 

structure. Asterisks are the convolution operator. If it is assumed that the instrument 

response is the same or known in the three components of the seismogram, the source 

time function contribution can be removed from the effects of the different structures 
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along the wave path.  In the presentation of this method we assume that the instrument 

response is the same in the three components. 

To perform RF analysis, three processing steps are usually followed: 

o rotation into the ray co-ordinate system of the P-, SV- and SH components to 

isolates P-to-S converted waves from the P wave;

o deconvolution to remove the source time function and travel path effects. After 

this transformation has been applied, the Ps converted phases are identified on a 

component termed as the receiver functions;

o stacking of the receiver functions. 

Rotation 

For events more than 30º away from the receiver, P waves dominate the vertical 

component of ground motion, whereas Ps are contained almost exclusively on the 

horizontal components of ground motion. In order to optimize the particle motion 

between the P- and SV- waves regardless of the incidence angle, this technique 

considered using the coordinate system of L, Q, and T [Figure 3.5]. Q is in the plane of 

propagation and normal to P, and T is normal to both Q. In Figure 3.5 the axis L is 

shown coinciding with the principal P wave particle motion direction in the wave 

propagation plane, although in reality they are somewhat different. The angle iP  

[apparent angle of incidence] between L and the vertical direction can be found from 

the related covariance matrix expression [e.g. Vinnik et al., 1983] [more details about 

rotation see Chapter 4- section 4.2]. Therefore, the effect of the free surface is taken into 

account. 



Figure 3.5 
Ray paths of P and Ps phases and associated axis. Z
the recorded Z, N-S and E-W components of the ground motion.
and horizontal axis in the vertical plane containin
obtained by axis rotation of Z and R components. L 
particle motion in the vertical plane containing th
and perpendicular to L.  Ps is best observed on Q component.

Deconvolution 

Frequency domain deconvolution [

L and Q components, neglecting the instrument 

L

Q

where asterisks are the convolution operator,

space, E(t) is the response of the layer structure and can be w

          )( =tE

where α are the amplitudes of converted and reflected phase

relative to the direct P wave and 

over n rays. Since the earth structure beneath a station will pr

of the P-to-S type, the horizontal components of ground motion 

different from the vertical component.

Ray paths of P and Ps phases and associated axis. Z and R components are obtained by axis rotation of 
W components of the ground motion. Z and R axis are respectively vertical 

and horizontal axis in the vertical plane containing the source and the receiver. L and Q components are
obtained by axis rotation of Z and R components. L axis corresponds to the principal direction of P
particle motion in the vertical plane containing the source and the receiver. Q axis is in the sam

Ps is best observed on Q component. [After Silveira et al., 2010].

deconvolution [Vinnik, 2008] can be carried out as follows. For the 

L and Q components, neglecting the instrument response, we can write in time domain,

( )tEtSt L*)()(L =     

)()()(Q tEtSt Q∗=    

where asterisks are the convolution operator, S(t) is the source of the P-wave in the half

is the response of the layer structure and can be written as

.......)()( 2211 +−+−= τδατδα tt

are the amplitudes of converted and reflected phases, and �i

relative to the direct P wave and �(t) the Dirac delta function. The summation is done

Since the earth structure beneath a station will produce phase conversions 

S type, the horizontal components of ground motion will, in general, be quite 

different from the vertical component. The usefulness of Equation [3.12] is that the 
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 and R components are obtained by axis rotation of 
axis are respectively vertical 

the source and the receiver. L and Q components are 
axis corresponds to the principal direction of P-wave 

e source and the receiver. Q axis is in the same plane 
[After Silveira et al., 2010].

] can be carried out as follows. For the 

response, we can write in time domain,

   [3.10] 

wave in the half- 

   [3.11] 

are their delays 

(t) the Dirac delta function. The summation is done 

oduce phase conversions 

will, in general, be quite 

The usefulness of Equation [3.12] is that the 
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vertical component of ground motion for a steeply incident P-wave consists of a large 

direct arrival [primary phase] followed later by only minor arrivals due to crustal 

reverberations and phase conversions [secondary phases]. So the main purpose of the 

source-equalization process is to isolate the response of the crust and upper mantle 

structures from the other factors that interact with it to form the observed seismograms 

recorded at teleseismic distances. The most important assumption made in this 

technique is 

EL(t) � �(t)                      [3.12] 

which means that crustal multiples [reverberations] and converted phases on the vertical 

component of steeply incident P-waves are considered negligible. In the frequency 

domain this process is given by  

    )()(L ωω S=    

  )(*)()( ωωω ESQ =

                       )(/)()( ωωω LQE =�                                     [3.13] 

where E(�) is the spectrum ratio. This means that the spectrum of the Q(ω) component 

is divided by the spectrum of the L(ω) component to extract the information of the 

structure of the crust. To avoid large errors caused by small values of the denominator 

[L(�)], the spectrum ratio to be Fourier transformed is adapted as 

( ) ( )
( )

)()(' ω
ωφ

ωω
ω G

LQ
E =       [3.14] 

where 

    ( ) ( ) ( ) ( )[ ]{ }ωωωωωφ LLcLL max,max)( =       [3.15] 

and 

    �
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�
�

� ω
−=ω

2

2

a4
exp)(G        [3.16] 

( )ωL is the complex conjugate of L(�). The function φ(�) can be thought of as the auto-

correlation of L(�) with any spectral troughs filled to a level as determined by the 

water-level parameter c [Figure 3.6]. The parameter c is selected empirically. The 
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parameter a controls the width of the Gaussian filter applied to remove the high-

frequency signals and is determined empirically. E´(t) is then recovered by applying an 

inverse Fourier transformation to E’(ω).  

Figure 3.6 
[Left] Amplitude spectrum with water-level highlighted. [Right] Amplitude spectrum after applying the 
water–level. In water-level deconvolution to avoid large errors caused by small values of the 
denominator, the denominator should be replaced with larger values in the denominator. [After Ammon, 
1997].

The time domain deconvolution can be performed as follows [Vinnik, 2008]. The 

representations of the actual P waveform can be written as, 

    Sk  seismic waveform 

    Zk  desired waveform,   

where k=0,±1, ±2,…, and the desired waveform should be assumed as a � function and 

is different from zero only for a certain value of the k=K. The idea of the time domain 

deconvolution is to generate a filter [li,] in time domain. Let the actual P waveform [Sk] 

be filtered with the filter li, the resulting waveform is given by 

    �
−

−
−=

1

0

n

i

ikik Slv         [3.17] 

and  

    �=
k

kL 2ε                    [3.18] 
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where 

    kk Zv −=ε         [3.19] 

This filter is produced by minimizing the least-square difference between the output of 

the filtering operating on the L component [vk] and the spike-like function of the 

normalized amplitude [Zk]. Essentially this process is called least−squares inverse 

filtering and it is a special case of the optimum Wiener filter [Berkhout, 1977]. The 

coefficients of this filter satisfy the condition 

    ,0=
∂

∂

jl

L
j=0, ±1, ±2, …, n-1

    ��
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−−− −=
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L 1
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)(2      [3.20] 

where the autocorrelation of the actual P wave, Sk, is  

� −−− =
k

jkik

S

ij SSC        [3.21] 

and 

    � −=
k

jkk

SZ

j SZR        [3.22] 

is the cross-correlation between P wave [Sk,] and the desired �-function [Zk]. The 

system of equations for obtaining the filter li can be written in the matrix form:  

    

    [C
S][L] = [R

SZ]       [3.23] 

where [CS] is the matrix with the elements S

ijC − , [L] and [RSZ] are the column vector 

with the elements li, and  Rj, respectively. If it is assumed that the actual P waveform is 

composed by a combination of signal a and noise b:  

     Sk = ak + bk         [3.24] 
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Moreover, if the signal and the noise are not correlated, then the matrix [CS] can be 

written as, 
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 [3.25] 

The elements of the matrix [3.27] are autocorrelations of the signal a and the noise b.

The noise is assumed to be white [i.e. all elements except the diagonal are equal to 0]. 

The presence of noise is considered by representing the diagonal elements in the form 

c0(1+λ). This value is arbitrarily chosen. The deconvolution filter is applied to the P 

waveform and transforms into a standard spike [Figure 3.7]. The deconvolution applied 

to the P phases is simultaneously applied to the secondary phase [reflected and 

converted], transforming it into a standard form, so that they can be detected by stacking 

the deconvolved traces with the appropriate moveout corrections. The Q component 

deconvolved by L component is termed receiver function [Figure 3.7]. 

Figure 3.7 
Sketch showing the result of time domain deconvolution process for synthetic seismograms with an 
epicentral distance of 68º and a focal depth of 600 km. The synthetic are calculated with the reflectivity 
method [Kind, 1985]. Traces label Z and R are the vertical and the radial component, respectively. After 
the deconvolution process the L component is a spike-like function and the Q component termed receiver 
function, containing approximately the P and SV energy, respectively. [After Yuan, 1999]. 
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Comparison between the two processes of deconvolution 

As shown in Figure 3.8a, an upcoming P wave incident on a near-surface velocity 

discontinuity will generate a number of converted phases. The multiple reflections of 

those convert phases are weak and for that reason they are not accounted for this 

comparison. In Figure 3.8b, we can see that the Ps, Ppps and Ppss are larger in the Q 

component than in the R component and missing in the L component. Moreover, these 

three secondary phases have comparable amplitudes in the Q component. In the L 

component, only one phase with significant energy is detected, the Pppp [reflected once 

on the free surface and once on the discontinuity]. This phase is much weaker than the 

direct P wave. This means that the coordinate system chosen by Vinnik [1977] is more 

successful in the detection of the converted phases, since it detected the converted 

phases in the right direction of polarization. Furthermore, the process of source-

equalization performed by spectra division in the frequency domain is much more 

sensitive to the multiples than the process of a deconvolution filtering in time domain, 

which can successfully handle multiples [Lin, 1995]. 

Figure 3.8 
[a] For every discontinuity, there are three secondary phases in the Q component: Ps - converted from P 
to S; Ppps - transmitted as P, reflected from the free surface as P, and reflected from the discontinuity as 
S,  Ppss -transmitted as P, reflected from the free surface as S, and reflected from the discontinuity as S.
In L component only one phase with significant energy is detected, the Pppp. Pppp is reflected once on 
the free surface and another on the discontinuity [b] Construction of synthetics RF in the time domain 
deconvolution for the coordinate system Z, R and T and L, Q and T, in the four panels on the top and 
construction of receiver function in the frequency and time domain deconvolution, in the last four panels, 
respectively [modified from Vinnik, 2008]. 

a. b. 
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Stacking P receiver functions with moveout time correction  

According to the theory, the Q component [receiver function] may consist of converted 

phases at the base of the crust together with possibly later phases resulting from 

conversions at greater depths. The amplitude of the crustal SV conversion is around 

10% of the P, while amplitudes of the later phases are not likely to exceed 5 % [cf. 

Vinnik, 1977]. To enhance weak converted phases, a delay-and-sum technique [Vinnik, 

1977; Kind and Vinnik, 1988, Stammler et al., 1992] has been used for decades. The 

delay time of Ps converted phase relative to the direct P wave can be calculated [Kind 

and Vinnik, 1988] as follows in spherical coordinates: 

drrVrVt p

r

r

sPs

d

)pp( 222222
0

−−−−
−−−= �   [3.26] 

where r is the radial distance of the discontinuity, rd is the location of the depth of 

conversion and r0 is the earth’s radius. Vp and Vs are the P and S velocities and p is the 

ray parameter of P wave. The Equation [3.28] assumes that the ray parameter is the 

same for P and Ps but in fact the exact values are different [cf. Kind and Vinnik, 1988].  

Figure 3.9 
Delay time of the Ps relative to parent P wave as function of epicentral distance and depth of the 
discontinuity. The numbers on the right are depths [after Kind and Vinnik, 1988]. 
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The difference in traveltime of the converted phases, relative to the direct P wave, 

increases with the increasing ray parameter [or decreasing epicentral distances]. This 

means that the delay depends on both: epicentral distance and depth of conversion. As 

shown in Figure 3.9, for shallow discontinuities, the dependence is weak. However, for 

the deep discontinuities the difference in the traveltime delay of the Ps phases is large. 

For example for the 640-km depth at epicentral distance between 40 and 90 degrees, the 

difference is of a few seconds. 

To detect the weak converted phases, the individual receiver functions [Q component] 

are stacked with moveout time corrections, i.e., a summation is made of Q component 

[receiver function] with appropriate delay time, which depend on the assumed depth of 

conversion and the ray parameter [or epicentral distance] of the event. The delay is 

given by [e.g. Kind and Vinnik, 1988], 

)()( hthtt O

Ps

i

Psi −=δ      [3.27] 

where i

Pst (h) is calculated for the ray parameter p of the P wave of the i-th event, and 

O

Pst (h) is calculated for a reference value of p which was taken equal to 6.4 s/º [or 

epicentral distance of 67º]. The stack is performed for a number of trial conversions 

depths. The depth of the conversions can be found accurately from the arrival time of 

the Ps phase, or it can be evaluated crudely as the trial depth, at which the signal 

amplitude attains its maximum. If both estimates are mutually consistent, interpretation 

of a seismic arrival as the Ps phase is correct.  

We have computed synthetic seismogram with the reflectivity method [Fuchs and 

Mueller, 1971] for the IASP91 model. We calculated 41 synthetics P receiver functions 

with an epicentral distance from 35º to 100º and a back-azimuth of 90º. To perform the 

stack, we used the distances between 35º and 95º. In Figure 3.10, the first arrival phase 

[from Moho discontinuity] arriving at ~3.5 s and others two phases, from 410-km and 

660-km discontinuities, arriving at 44.0 s and 67.9 s, respectively. Positive amplitudes 

in the PRFs means a velocity increase with depth, while negative amplitudes reveal 

velocity decrease with depth. 
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Figure 3.10 
Synthetic stacked of PRFs for IASP91 model [Kennett and Engdahl, 1991]. The PRFs are calculated with 
teleseismic earthquake with an epicentral distance from 35º to 95º and a back-azimuth of 90º using the 
reflectivity method [Fuchs and Mueller, 1971]. The IASP91 discontinuities clearly show up: Moho [Pms], 
410 km [P410s] and 660 km [P660s].  

3.3 S Receiver Functions 

One of the problems that the P receiver functions present is to distinguish between the 

phases converted at deep discontinuities and multiples reflected or scattered at shallow 

discontinuities. Due to the fact that converted and reflected phases arrive within the 

same time interval. These phases have different apparent velocities, but this difference 

is very small for the converted phases from discontinuities in the crust and uppermost 

mantle. To increment this problem, the S receiver function [SRF] has emerged in the 

last decade. This method used the seismic phase converted from S-to-P [Sp] [Farra and 

Vinnik, 2000]. One of the most remarkable results from SRF analyses was the evidence 

of seismic low velocity layers in the upper mantle that other techniques had been unable 

to detect or whose presence was uncertain [e.g. Vinnik et al., 2009; Vinnik et al., 2010].  
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3.3.1 Sp converted phases

The angle of emergence [i2

the angle of incidence [j1] of an incident SV wave [Figure 3.11]. This means 

ray geometry for certain epicentral distances there

critical incidence angles.  

Figure 3.11 
Reflections and refractions for a SV wave ray incid
both P and SV motion. � and � are P and S wave velocities, respectively. 
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Sp converted phases

2] of a SV-to-P [Sp] converted phase is normally greater than 

] of an incident SV wave [Figure 3.11]. This means 

ray geometry for certain epicentral distances there are no Sp conversions because of the 

Reflections and refractions for a SV wave ray incident on a discontinuity. An incident SV wave generates 
are P and S wave velocities, respectively. 

In Figure 3.12 all possible ray paths of Sp converted phase at the Moho

km discontinuities are shown. From this figure it can observed that 

the Sp converted phases at the Moho are the only ones that are visible for all epicentral 

distances. The Sp phase converted at the LAB, the 410-km and the

discontinuities are observed to distances greater than 60º, 80º and 90º, respectively. As 

we can see from Figure 3.12, the study of Sp converted phases at the upper mantle 

discontinuities [less than 400-km depth] is only possible for a certain rang

distances, ideally from 65º to 90º. Nevertheless, sometimes it is possible to decrease the 

lower limit to 60 depending of the phase conversion [Yuan et al., 2006]. On top of that, 

it should not be forgotten that above 75º, other phases could superimpose the Sp phases. 

For example, between 80º and 85º the S, SKS, SKKS and ScS phases all arrive at 

similar times. The SKS phase arrives earlier than the direct S phase for distances larger 

than 85º and the S phase it diffracted for distances larger than 90º. This means that the 

upper distance limit should be 90º, even though a careful visualization of the 

seismograms is needed to avoid phase contamination of the direct S phase.
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Figure 3.12 
Ray paths of Sp converted phases at the Moho, the LAB, the 410-km and the 660-km discontinuities. The 
source is at the surface. The thick horizontal lines mark the discontinuity, where the S-to-P conversion 
occurred [After Yuan et al., 2006]. 

As it has been seen for the P-to-SV conversion, the amplitudes of the SV-to-P 

conversion depend also on the transmission coefficients at the interfaces. For a planar S 

wave incident on a solid-solid interface, the transmission coefficient of SV-to-P has the 

form  

TSP=-[2ρ1ηβ1Gp(β1/α2)]/D                                      [3.28] 

ρ is the density, β and α are the S and P wave velocities, respectively, p and η, are the 

horizontal and vertical slowness’s, respectively, and G and D are given by Equations 

[3.5] to Equation [3.8]. The conversion coefficients can be better understood in Figure 

3.13, where it is possible to view that for the Moho, the LAB, the 410 and the 660-km 

discontinuities, the absolute value of the conversion coefficient increases for decreasing 

epicentral distances and that all the transmission coefficients of SV-to-P are negative,

except for the coefficient of the LAB, which is positive. The S waves generally have 
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larger conversion coefficients than SKS waves and different slowness [Figure 3.13]. 

This is why a clear detection of the incident wave S or SKS it is so important in the SRF 

technique. 

Figure 3.13 
Transmission coefficients for Sp conversions at the Moho, LAB, and the 410 and 660 km discontinuities 
for IASP91 model modified. Horizontal axis of slowness and epicentral distances are for direct S and 
SKS waves. Shaded zones refer to the interval of the slowness and epicentral distances for S and SKS. 
[After Yuan et al., 2006].  

3.3.2  S receiver functions technique 

To carry out the S receiver function process, we followed the technique developed by 

Farra and Vinnik [2000]. The main procedure of the SRFs technique is the same as the 

one used for PRFs.  

Rotation 

  

S receiver functions are obtained in epicentral distance from 60º to 90º of teleseismic 

events. The SFRs technique development by Farra and Vinnik, [2000] involves 

seismogram decomposition into SV [or Q], P [or L], T and M components [Figure 

3.14], to better isolate P, SV and SH energy. 



Figure 3.14 
[Left] Ray paths of S and Sp phases and associated 
rotation of the recorded Z, N-S and E
vertical and horizontal axis in the vertical plane 
components are obtained by axis rotation of Z and R
direction of S-wave particle motion
in the same plane and perpendicular to L.
wave polarization plane. T axis is perpendicular to
principal S wave particle motion direction. 

The SV [or Q] axis corresponds to the principal 

propagation plane. The P [or 

wave is not recorded on the 

detecting Sp phases.  The T

and M is the principal S particle motion component in the

Q] and T components. The angle between the axes 

the covariance matrix expression 

earthquake [more details see Chapter 5

The principal direction M

[or Smin] in the same plane. If 

propagates in a laterally homogeneous isotropic med

O(t) contains contributions from seismic source com

[Left] Ray paths of S and Sp phases and associated axis. Z and R components are obtained by axis 
S and E-W components of the ground motion. Z and R axis are respectively 

vertical and horizontal axis in the vertical plane containing the source and the receiver. L and Q 
components are obtained by axis rotation of Z and R components. L axis corresponds to the principal 

wave particle motion in the vertical plane containing the source and the receiver. Q axis is 
in the same plane and perpendicular to L. Sp is best observed on L component. [Right]
wave polarization plane. T axis is perpendicular to the wave propagation plane. M axis corresponds to the 
principal S wave particle motion direction. [After Silveira et al., 2010]. 

corresponds to the principal S particle motion direction in the wave 

[or L] axis is normal to SV [or Q] in the same plane. The S 

wave is not recorded on the L component, and this makes the L component optimal for 

T component is perpendicular to the wave propagation 
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and receiver regions and effects of the lateral heterogeneity [Farra and Vinnik, 2000]. 

As we have seen in above sections for some distances the S wave may consist of two or 

more differently polarized phases and this again can contribute to O(t). The 

deconvolution eliminates those differences between the records of different events, 

which depend on different waveforms and amplitudes of S. Deconvolving them by the 

corresponding M component equalizes the P component of a number of seismic events. 

Deconvolution  

Following Farra and Vinnik [2000], for an anisotropic medium, the spectra of P, SV and 

T can be written as: 
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where SV0 (t) and SH0(t) are components of the incoming plane S wave in the isotropic 

homogeneous half-space beneath the stack of plane layers. Matrix of F(ωωωω) contains 

transfer functions and can be expressed as, 
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First equation of system [3.29] can be written as, 

)(SH)(P)(SV)(P)(P 0SH0SV ωω+ωω=ω    [3.31] 
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From the others two equation of system [3.29], SV0 and SH0 to be used in Equation 

[3.31] is expressed as, 
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In a isotropic medium, the transfer functions SVSH(ω), TSV(ω) and PSH(ω) are zero. 

Thus, a weakly anisotropic medium, the spectra of P, SV and T component can be 

written as: 

)(T)(P)(SV)(P)(P TR ωω+ωω=ω               [3.33] 

where the first-order approximations of PR and PT can be written as:  
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and SV(ω) and T(ω) components are related to M(ω) and O(ω) by: 
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where θ  is the azimuth of the direction M and φ  is the back-azimuth of the seismic 

event. 

Assuming that O(ω) is much smaller than M(ω) and using Equations [3.33], [3.34] and 

[3.35], the deconvolution of M (ω) from P (ω) can be written as a first-order 

approximation,  
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In practice, due to the instability of the frequency deconvolution, the deconvolution is 

conducted in time domain [Berkhout, 1977]. The deconvolution process is identical to 

the deconvolution process performed for PRFs. In SRFs, it is the M component that is 

used to produce the deconvolution filter for recovering and normalizing the 

contributions of S-to-P phases from the P [or L] component. The spiking deconvolution 

[in time domain] transforms the M component of each recording into spike pulse. 

Similar signals in the P components are transformed by the deconvolution into standard 

form as well. After the deconvolution process the P [or L] component obtained is 

termed the receiver function. 

We have computed the synthetic seismogram with the reflectivity method [Fuchs and 

Muller, 1971] for the IASP91 model. We calculated synthetics of receiver functions 

with an epicentral distance from 68º to 88º and a back-azimuth of 90º. The synthetic of 

the deconvolution process is depicted in Figure 3.15: 

Figure 3.15 
Synthetic of the deconvolution process. After the deconvolution process the M component is a spike-like 
function and the P component is termed receiver function. Labels Smp and S410p are Moho and 410-km 
discontinuities. 
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Stacking S receiver functions with moveout time correction  

To improve the S/N ratio, the deconvolved P [or L] components of a number of seismic 

events need to be stacked with weights. The weights depend on the angle between the 

axes M and SV and on the noise amplitude in the individual P component. The 

procedure involves evaluation of the RMS amplitude of random noise � in the stack 

[Vinnik and Farra, 2007]. Estimates of the Pc(t) and Ps(t) that provide the optimum 

approximation of the deconvolved P components, in a least-square sense, can be 

obtained by minimizing the misfit function E between the observed and predicted P 

components [Farra and Vinnik, 2000]: 
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          [3.38] 

where N is the number of events, Pi(t) is the deconvolved P component of the event i, 

∆θi=φi+π-θI is related to the difference between the back-azimuth of event i and the 

azimuth of Mi, 
22

i /1W iσ=  and 2
iσ  is the variance of noise in the ith record. Usually, 

the arrivals with the amplitude of at least four times � are interpreted as signals. In this 

study, the estimate of Pc is the only one that is used, which corresponds to PSV 

component deconvolved from SV component.  

The apparent velocity of the Sp converted phases from a deep discontinuity may differ 

from that of the direct phase. To account for the difference in slowness between the S

and Sp phases from deep discontinuities, the individual S receiver functions should be 

stacked with appropriate moveout time corrections. The calculation of the correction 

needs the velocity model, the assumed depth of the discontinuity and the slowness. As 

we already see in section 3.3.1, the S410p [S-to-P converted phase at 410-km 

discontinuity] is only seen at epicentral distances larger than ~80º. However, in the 

finite-frequency synthetics with a dominant period of seconds, calculated with the 

reflectivity technique [Fuchs and Mueller, 1971], signal of S410p with smaller 

amplitude can be observed at shorter distances [Vinnik et al., 2010], as we can see in 

Figure 3.16: 
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Figure 3.16 
Synthetic P components of SRFs for the IASP91 model. Labels Smp and S410p are Sp converted phases 
at Moho and the 410 km discontinuity, respectively [Vinnik et al., 2010]. 

Due to the fact that some of our observations of the S410p phase were made at distances 

less than ~80°, a slant stack of receiver functions was performed, instead of a stacking 

to simplify the calculations of the moveout corrections [e.g. Vinnik et al., 2010]. The 

moveout corrections were defined as the product of the differential slowness with 

respect to the S wave slowness and the differential distance [epicentral distance of the 

event with respect to the reference distance and can be expressed by [Yong, 2006]: 

         ut δδ )( ∆−∆=                                                        [3.39] 

where ∆ was the epicentral distance of the event, ∆ , the reference distance [differential 

distance] and δu, the difference in slowness between the S and Sp phases. Practically, 

for the interval of the epicentral distances between 65º to 90º, which correspond to the S 

wave slowness from 12.3 s deg-1 to 9.2 s deg1, and periods around 10 s, the accuracy of 

the corrections was sufficient [Vinnik et al., 2009]. The stack was calculated for the 

differential slownesses ranging from 0 to 1.2 s deg-1. The theoretical differential 

slowness of S410p for the IASP91 model was around 0.6 s deg-1. This value can be 

changed if a tilted boundary or another form of lateral heterogeneity [Vinnik and Farra, 

2007] is presented. The Sp arrival time was the difference in time between the arrivals 
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between the Sp and S. For signal convention, a negative polarity corresponded to a 

positive discontinuity [with high S velocity at the deeper side of the discontinuity], i.e., 

the signal convention of amplitudes was opposite to those of PRFs technique.

Figure 3.17 shows a synthetic slant stacking of IASP91 model where the Sp phases 

from the Moho and the 410-km discontinuities clearly show up. 

Figure 3.17  
Synthetic slant stacked for IASP91 model. The IASP91 discontinuities clearly show up: Moho [Smp] and 
410-km [S410p]. We calculated synthetics of receiver functions with an epicentral distance from 68º to 
88º. 

3.4 Joint inversion of PRFs and SRFs technique 

The inversion method that has been used is well described in several studies [e.g. 

Vinnik et al., 2004, Vinnik et al, 2007a; Kiselev et al., 2008]. The basic assumption of 

this method is to invert jointly PRFs and SRFs and the teleseismic P and S travel time 

residuals. The PRFs and SRFs are comparable in lateral resolution but different in the 

radial resolution at different depths and their joint inversion reduces the non-uniqueness 

of each method [Vinnik et al., 2004]. 

The region of the interface where the P wave is converted to an S wave and where the S 

wave is converted to a P wave is termed piercing point. The Ps or Sp converted region 

[piercing point] is a function of the incidence angle of the incoming wave, which 
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depends on the epicentral distance and velocity structure along the propagation path and 

on the depth of the interface. As shown in Figure 3.18, for the same discontinuity [410 

km], the points of conversion from Sp [S410p] are at a larger distance from the seismic 

station than the points of conversion from Ps [P410s]. In the joint inversion, this effect 

can be negligible if the depth of the conversion is less than ~350 km and the wave 

periods are in a range of ~10.0 s [Silveira et al., 2010].  

Figure 3.18 
Surface projections of piercing points of P410s, P660s and S410p. Gold circle, blue diamond and yellow 
diamond are for the S410p, the P660s and the P410s, respectively. Seismic station is shown by a filled 
triangle.  

To perform the joint inversion, the 0 km trace of the stack of PRFs and the 0.0 s/º trace 

of stack of SRFs are used. The time windows of the PRFs and SRFs are a few tens of 

seconds long [Figure 3.19]. As shown in Figure 3.19, the chosen time interval contains 

the crustal and upper mantle multiples in the PRFs, which are very useful in 

constraining the Vp/Vs and crustal P and S velocities [Zhu and Kanamori, 2000].  
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Figure 3.19 
Stacked Q component of PRFs [left] and stacked L component of SRFs [right]. Time windows for the 
inversion are shown by rectangles.  

In order to calculate the synthetics of the receiver functions we need to define a model. 

The model is characterized by P and S velocities, Vp and Vs, density, ρ and a thickness 

of each plane layer. The density cannot be inferred from the receiver functions and for 

that reason it is derived from P velocities [Vp] according to Birch’s Law [Berteussen, 

1977]:  

ρ = 0.32Vp + 0.77   [g/cm3]     [3.40] 

For the P and S receiver functions the synthetic Q and L components are calculated as: 
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where t is the time, � is the angular frequency, m is the vector of model parameters, and 

cp and cSV are the adopted apparent velocities for PRFs and SRFs, respectively. The 

indices ‘obs’ and ‘syn’ correspond to the actual receiver functions and their synthetics 

analogues, respectively, and H is the theoretical transfer function for the stack of plane 

waves. The theoretical transfer functions are calculated using the Thomson-Haskell 

matrix formalism [Haskell, 1962] for plane waves and plane layers. To apply this 

formalism to a spherical Earth, the method uses an Earth flattening transformation 
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[Biswas, 1972]. To test the model, the synthetic of SV component was compared with 

the stack of the receiver functions.  

The angles ip and iSV are found for each individual receiver function but, because of the 

stacking, this information is lost. Therefore, in the inversion, these angles are treated as 

unknown parameters [m] and allowed to vary in a range of a few degrees around the 

respective average values. The assumption of plane waves implies that apparent 

velocities of all phases are similar. Therefore, the values of the apparent velocities cp

and cSV are inferred from the actual PRFs and SRFs and are fixed at the average values. 

The joint inversion solves for parameters Vs, Vp and the thickness of the layers. Each 

layer is described by three parameters: Vs, Vp, and thickness.  

The inversion procedure consists of exploring the space model parameters in order to 

simultaneously minimize the two misfit functions Ep(m) and Es(m) for the stacked Q 

components of the PRFs and L components of the SRFs, respectively. The misfit [cost] 

is defined as the RMS difference between the observed and synthetic functions. Each 

move in the model space consists of perturbing a randomly selected single component 

of vector m. The perturbation is proportional to a random number, which is selected 

uniformly from -1 to 1, and multiplied by the length between prior bounds [Vinnik et 

al., 2007a]. As a rule, the value of proportionality should be small [0.1] to guarantee the 

correlation between the successive values of the misfit functions [Tarantola, 2005].  

The search for the optimum models is performed using an interactive algorithm similar 

to Simulated Annealing [Mosegaard and Vestergaard 1991], which is used in cascade 

[Mosegaard and Tarantola, 1995] for the two misfit functions. In this statistical 

technique, the misfit functions are minimized by applying a set of moves, i.e., a set of 

model perturbations, and accepting and rejecting the moves according to the Metropolis 

rules [Metropolis et al. 1953]:  

   if  Ei(ma) � Ei(mc), accept the move 

if Ei(ma) > Ei(mc), accept the move with probability 
  

Paccept = exp (Ei(mc) /Ti −Ei(ma)/Ti)     [3.42] 
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where mc is the ‘current model’, ma the ‘attempted model’, i stands for ‘P’ or ‘S’ and  Ti 

temperature. The optimization process is controlled by the parameter T which can be 

identified with the physical temperature of the system. This method used a stepwise 

temperature function. This means that for each station, the search for the optimal model 

is achieved in several “steps”, each step corresponding to a new simulated annealing 

run.  

For the initial steps, a constant value is chosen for the temperature and after that, at each 

subsequent step, the chosen temperature value is smaller [Obrebski et al., 2010]. As 

shown in Figure 3.20, for each step, 4 randomly generated isotropic models are used as 

starting models. The starting models consisted of up to 9 layers in the crust and mantle. 

The layer thickness could be up to several tens of kilometers in the mantle and ~30 km 

in the crust. For each starting model of the parameter space, 105 moves are calculated. 

Then, the inversion solution converges to a pre-defined minimum value [~0.02], 

corresponding to a misfit between the synthetics and the actual receiver functions 

[Figure 3.20]. After that, the process continues to generate a family of acceptable 

models, respecting supermention misfits.  The last 5000 models from each of the four 

starting models are used to compute median, after removing those that produce a bad fit. 

Figure 3.20 
Example of the evolution of the misfit Ep and Es as function of the number of moves. The misfit [cost] 
functions are RMS difference between the observed and synthetic PRFs and SRFs. The lines 0 to 3 stand 
for the different starting models with randomly generated perturbation parameters [i.e., Vs, Vp and 
thickness]. 
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Several tests have been performed to validate this technique. As is shown in Figure 

3.21, the joint inversion of PRFs and SRFs is more efficient than the individual 

inversion of PRFs and SRFs. The first two panels in Figure 3.21, [Figure 3.21a-b], show 

that models obtained by the individual inversion of PRFs or SRFs are not optimal, as 

can be seen by the large scatter in the SRFs and PRFs synthetics. The best models are 

obtained with the joint inversion of both PRFs and SRFs [Figure 3.21c-d]. 

Figure 3.21 
Histogram of the S velocity [color code] performed by inversion of: [a] only PRFs; [b] only SRFs; [c]
both PRFs and SRFs, without residuals; [d] both PRFs and SRFs with residuals. The dashed lines 
represent the medians and the solid lines the IASP91 velocities and their ratios. The red lines limit the 
maximum and minimum S velocity values allowed in the parameter space at each depth. The related 
synthetic Q component of the PRFs and L component of the SRFs are shown with the same color code in 
the lower panel. In the lower panel the actual components are shown with dashed lines [modified from 
Kiselev et al., 2008].  

The main reason for the success of the joint inversion of PRFs and SRFs is the inclusion 

of the P and SV waves apparent incidence angles, ip and is, respectively, in the inversion 

as unknown parameters [Silveira et al., 2010]. Following Silveira et al. [2010], for a 

homogeneous half-space, we can write [e.g., Svenningsen and Jacobsen, 2007]: 

        s
p pV)
2

i
sin( =        [3.43] 
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where p is P wave slowness and ip depends only on Vs. For the incoming SV and 

considering the angle es=90-is we can write [modified from Savarensky and Kirnos, 

1955]: 

   22
P22
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s pV
1pV

pV2
)e(tg −

−
= −        [3.44] 

From equations [3.43 and 3.44] we can see that the apparent incidence angles ip depend 

only on VS and the apparent incidence angles is depend on both VP and VS. This means 

that if ip and is are inverted jointly they contribute both to constrain VP and VS.  

The technique for the joint inversion of the PRFs and the SRFs has been improved and 

extended to include and also invert for traveltime residuals [e.g. Kiselev et al, 2008] for 

a version that we termed the first version. When we apply the inversion with the 

residuals there are four misfits functions to minimize: Ep(m), Es(m), P-residuals and S-

residuals. The residuals are inferred from the times of P410s phase on the assumption 

that the topography of 410-km can be neglected. In a global study, Chevrot et al. [1999] 

demonstrated that in the majority of the regions of the Earth, the difference between the 

arrival times of the P660s and the P410s phases [23.9 s] is stable, except in the 

anomalously hot and cold regions. This means that the large variations of travel times of 

the P410s and P660s phases are caused mainly by mantle heterogeneities between the 

Moho and the 410-km discontinuity. Moreover several studies reported [e.g Grand, 

2002] to have found the largest lateral P and S velocity variations in the upper 300 km 

of the Earth. Therefore, the development of the joint inversion of PRFs and SRFs with 

the traveltime residuals is based on the assumption that the residuals are accumulated 

mainly in a depth range sampled by receiver functions [e.g. Vinnik et al., 2006; Oreshin 

et al., 2008, Kiselev et al., 2008], i.e., that heterogeneities are found in the first 300 km 

of the Earth layer. The required traveltime residuals are absolute, i.e., they are 

calculated with respect to the IASP91 standard model. 

Following Vinnik et al. [2006], the arrival time anomaly dTPs, from one of the transition 

zone boundaries, can be written as: 

    dTPs = dTS-dTP                 [3.45] 
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where dTP and dTS are the absolute teleseismic traveltime residuals of S and P waves, 

i.e., calculated with respect to the known velocity model. The Equation [3.45] can be 

rewritten as, 

1k

dT
dT Ps

p
−

=       [3.46] 

where k is the known ratio of absolute residuals [dTs/dTp]. Substituting equation [3.46] 

in equation [3.45] we obtain, 
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The expressions for the absolute residuals for the joint inversion follow from this 

equation, assuming that the difference in length of the P and S wave paths is a second-

order effect and that for a pyrolite mantle the velocity variations are caused by 

variations in temperature, which lead to the theoretical value k= 2.7 [Vinnik et al.

1999]. However, this equation should be seen as a simplification since the wave path of 

the S wave is shorter than that of the P wave by ~ 10 per cent in the PRFs and the actual 

values of the temperature are in a range from 3.0 to 4.0 [e.g., Vinnik et al., 1999]. As

shown in Figure 3.21 [d], the joint inversion of PRFs and SRFs and travel time residuals 

have a profile of S velocity more constrained than the profile of S velocity without 

residuals, leading to S velocity profiles with more details. Moreover, the depth of the 

discontinuities, such as the depth lid and the Lehmann are clear.  

As a third step and additionally to the included traveltime residuals, it was decided to 

also include Vp/Vs parameterization. We termed this version the last version. The 

parameter space was broadened by changing the maximum and minimum search Vp/Vs 

values at each depth to higher and lower bounds, respectively. Because initially the 

models [first version]1 were characterized by Vs and Vp/Vs of each layer, the maximum 

and minimum search of Vp values change to higher and lower bounds, respectively, too. 

They were found to be unrealistically high and small, respectively. For this reason, the 

                                                
1 In the first version, Vs, Vp/Vs, density and thickness describe each layer of model. In this case Vp is 

calculated as Vp=(Vp/Vs)*Vs. 
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independent values Vs and Vp/Vs were replaced with new independent values Vs and 

Vp. After this replacement all the maximum and minimum search values for Vp, Vs and 

Vp/Vs became realistic.  

Figure 3.22 
Joint inversion of PRFs and SRFs at station PAB in Iberia. The histograms of P and S velocities and 
Vp/Vs ratio are shown by color code. [a] inversion without travel time residual;[b] inversion with travel 
time residual - dTs=0.9 s, dTp=0.3 s - [first version] and [c] ] inversion with travel time residual -
dTs=0.9 s, dTp=0.3 s [last version]. The IASP91 velocities and medians are shown in bold and dashed 
lines, respectively. The related synthetic Q components of PRFs and L component of SRFs are shown in 
the lower panels, using the same color code as in the above panels; in the lower panels the actual 
components are shown with dashed lines. The red lines indicate the maximum and minimum search 
velocities and Vp/Vs values at each depth.

The resulting inversion with these improvements demonstrates that the histogram of 

Vp/Vs is more constrained and that the Vp/Vs profile is seen with more detail at each 

layer. Furthermore, we also have a better resolution of P velocities. The improvements 

on the joint inversion technique are illustrated by the results at station PAB in Iberia 

[Figure 3.22]. For each inversion we show the histogram of P and S velocities and the 

Vp/Vs ratio obtained [a] without the residuals, [b] with the residuals [first version] and 

[c] with the residuals [last version]. In Figure 3.22, the histograms in [a] are not optimal 

since the width of the bands of acceptable velocity models are very large. In [b], the 

joint inversion of PRFs and SRFs with residuals yields the models that are optimal for 

S-wave in a depth range from the surface to around the 300 km depth. Finally, in [c], 

the profiles of P and S and their ratio [Vp/Vs] are narrower than the others, and the 

models are better constrained at each layer. The results of the inversion show that 
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velocity models can be divided into four major zones: the crust, the high-S-velocity 

mantle lid, the low-S-velocity zone [LVZ] and the underlying upper mantle layer. 

3.5 SKS splitting 

Within the last two decades, a proliferation of measurements of shear-wave splitting

from teleseismic wave phases has allowed us to investigate seismic anisotropy in the 

mantle. As we see in Chapter 2, seismic anisotropy occurs when two quasi-shear [qs] 

waves travel at different velocities and arrive at slightly different times. The 

polarizations of the two qs waves are approximately orthogonal, which can lead to 

shear-wave splitting [Figure 3.23]. Shear-wave splitting means that a pulse is split into 

orthogonal components that will arrive at slightly different times. Let us note that once 

this splitting has occurred, it is carried along by the S-wave even after leaving the 

anisotropic region. 

Figure 3.23 
[Left] Sketch showing S-wave [in black] splitting due to the transmission through an anisotropic zone. An 
initial S wave split into a fast S [in blue] and a slow S [in red] with orthogonal polarizations when 
entering the anisotropic zone. [Right] The initial polarization of the S wave is projected onto the planes of 
the fast and slow waves in the anisotropic medium. [After Maupin and Park, 2007]. 

  

Routine measurements of shear-wave splitting yield high-lateral resolution estimates of 

the polarization of the fast S wave [φ] and of the delay time [dt] between fast and slow S 

waves. The delay time between the two quasi-S waves depends on both the path length 
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in the anisotropic material and on the velocity contrast between the two quasi-S waves. 

Analogous to S minus P travel times, we have, 
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where VS1 and VS2 represent the velocities of the two quasi-shear waves given the 

direction of propagation and the material properties and L is the length of the 

anisotropic path traversed. Splitting can be the result of one or more anisotropic layers 

anywhere between the source and the receiver, and it can be observed for many reasons 

[Silver and Savage, 1994]: 

o the shear-wave subsequently traverses an isotropic layer, in such case the   

polarization  of the fast shear-wave and delay time can be calculated;

o the ray propagates through a single anisotropic layer with homogeneous 

properties, the parameters of the shear-wave splitting can be measured, 

independently of what form of anisotropy was traversed;

o the shear-wave subsequently passed through multiple layers of anisotropy, 

waveforms are identical to those propagating through a single layer of 

anisotropy, and “apparent” single-layer splitting parameters can be calculated. 

When the shear-wave is not split, null measurements occur. This can be happening if 

the medium is isotropic or if the initial source is polarized parallel to either the fast or 

the slow directions in the anisotropic layer. Therefore, if anisotropy is present, the fast 

direction is either parallel or perpendicular to the polarization of the shear-wave and 

null measurements should be consistent with each other. 
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3.5.1 SKS phases 

In Figure 3.24, we can see the seismic phases used in the studies of shear-wave 

splitting. These seismic phases are used because they have a near vertical incidence and 

a known polarization that is acquired during the ray travel [reflections, transmission and 

conversions]. The clearest example for studying the shear-wave splitting is provided by 

SKS waves, which propagate through the Earth’s External core and arrive at the 

receiver in a near-vertical direction. The SKS wave travels through the mantle as a S-

wave and through the external core as a P-wave, then emerges as a radially polarized S 

phase [Figure 3.24]. Since P waves have only longitudinal motion and therefore only 

one direction of particle motion, any splitting which occurs in the source side of the 

path is destroyed on passing the outer core and contributes only to complicate the P 

waveform. Therefore any splitting on the waveform must have occurred on the path 

from the core-mantle boundary to the surface. Therefore, if the layer D’’ of the 

lowermost mantle is isotropic, the P wave converted into S wave on its exit from the 

core should be polarized in the vertical plane. 

Figure 3.24 
Seismic phases used in the studies of shear-wave splitting. The shear-wave window of 35º at the surface 
and at the core-mantle boundary ensures that the phases with smaller incidence angles will produce linear 
S wave particle motion for isotropic propagation [for more details see Evans, 1984]. S and P paths 
segments are represented by solid and dashed lines, respectively. Stars represent earthquake sources. 
[After Savage, 1999]. 
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If the whole mantle is isotropic, the SKS phase should appear as a pure SV all the way 

towards the surface and a radial component of the SKS phase should be observed on the 

horizontal records. In the case of an anisotropic mantle, both radial and transversal 

component of SKS phase appear on the horizontal records. An example SKS splitting is 

depicted in Figure 3.25: 

  
Figure 3.25 
Example of SKS splitting observed at station MAHO in Iberia for an event for distance of 91.4º. Both 
radial and transversal component of SKS phase are visible. The transversal component should not appear 
if an isotropic symmetrically spherical model represented the Earth. Red line marks the SKS phase. 

Other phases with similar properties are used also to study anisotropy, such as, for 

example, the PKS, which travels as P in both the downward leg of the mantle and in the 

core, and the SKKS and the PKKS that are identical to the SKS and the PKS, 

respectively, but also involves an additional underside reflection at the CMB. 

3.5.2  SKS splitting technique 

The method we use to analyze the SKS splitting is well described in several studies [e.g. 

Vinnik et al., 1984, Vinnik et al, 1989]. The basic assumption of this technique is that 

the SKS propagates in the upper mantle beneath the station through a transversely 

isotropic layer with a horizontal axis of symmetry [axis of fast direction]. In SKS 

propagation, whose angle of incidence in the upper mantle is near 10º, the vectors of 

polarization of S1 and S2 lie in a plane, which is nearly horizontal [Figure 3.26]. The S1

and the S2 propagate with different velocities: in the model considered the S1 is the fast 
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S-wave and the S2 is the slow S-wave, and the velocity difference is almost independent 

from the azimuth. In such a horizontal plane, the direction of the displacement in S1 is 

nearly coincident with the direction of the axis of symmetry that coincides with the [a] 

axis of olivine and the S2 is delayed with respect to S1 by δt sec, after propagating 

through the anisotropic medium.  

Figure 3.26 
The geometric relation between the R and the T components, and the orientation of the fast [a] axis of 
olivine. R and T define the horizontal plane. S amplitude is 1. [Modified from Vinnik et al., 1992]. 

For a unit S wave incident on the anisotropic layer, the radial [R] and the transverse [T] 

components of a harmonic component often writing as, 

( )ttcossintcoscos)t(R 22 ωδ−ωβ+ωβ≈    
              [3.55] 

( )ttcos2sin5.0tcos2sin5.0)t(T ωδ−ωβ−ωβ−≈

where t is time, ω is angular frequency, β is the angle between the axis of symmetry and 

the axis R and δt is traveltime delay between split waves. If ωδt <<1, equation [3.55] 

can be written as, 

    tcos)t(R ω≈

   tsin2sint5.0)t(T ωβωδ≈

           [3.56] 
   )('2sin5.0)( tRttT βδ−≈

Equation [3.56] means that there are two main properties to diagnostic azimuthal 

anisotropy [Figure 3.27]: the T component of SKS, in time, has the form of the 
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derivative of R component and the amplitude ratio T/R is a function of the sine function 

of 2β [the angular period is 180º]. 

Figure 3.27 
Examples of SKS observations for two events recorded at station SSB [GEOSCOPE network]. a) and c) 
The particle motion plot is given with respect to the orientation for the T and R axes and corresponds to 
the SKS time window represented by the vertical bars below the R seismogram. Time marks indicate 
minutes. b) and d) horizontal component records have been rotated to radial [R] and transverse [T] 
[modified from Vinnik et al., 1989]. 

  

The particle motion, expressed by equation [3.55], is elliptic [Figure 3.27]. As shown in 

Figure 3.27, both examples of the particle motion are clockwise and nearly elliptic. This 

elliptical form shows that the T component is shifted with respect to R component by 

approximately a quarter of period and the clockwise direction, of the particle motion, 

indicates that the events are in the first and third quadrants with respect to the axis of 

fast velocity. 

To measure the properties of azimuthal anisotropy in the real data, the T component of 

SKS and similar phases should be synthesized from the observed R component for a 

number of unknown model parameters and the optimum values are obtained when 

minimizing the difference between the synthetic and observed T component. For a 

given record of the R component, we can calculate the corresponding theoretical 

transverse component T as, 

T(t,�,�t)=f(�,�,�t)*R(t) 

where f is a linear filter. Following the equation [3.55], the Fourier transformation of 

this filter can be expressed as, 
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We can calculate the penalty function: 
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where α is a trial azimuth for the axis of fast velocity counted clockwise from North, δt 

is a trial time delay, N is the number of events, and To is the observed T component. E is 

calculated for many values of α and δt, in a search of the optimum pair of parameters 

[α, δt] which minimizes E. Figure 3.28 shows the plots of E(α,δt) that illustrate the 

accuracy of the resulting estimates. The accuracy of the final results depends not only 

on the ambient noise, which is present in the seismogram but also on the effects of the 

complexities in the medium that is not accounted by the model. Therefore the best way 

to guarantee the accuracy of the final results is to calculate and compare estimates 

corresponding to different seismic events.  

Figure 3.28 
Plots of E(α,δt) using individual events. Best values of the parameters correspond to the minimum of E 
[modified from Vinnik et al., 1989].  
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3.6 Joint inversion of PRFs and SKS waveforms 

The method we used to analyse azimuthal anisotropy yields the parameters of 

anisotropy as a function of depth [e.g. Farra and Vinnik, 2000; Vinnik et al., 2002; 

Vinnik et al., 2007b-thien sahn; Obrebski et al., 2010]. This is achieved by joint 

inversion of P receiver functions and SKS/SKKS waveforms.  As a criterion, this 

method applies an azimuthal filtering of the PRFs to discriminate between the effects of 

azimuthal anisotropy and lateral heterogeneity of isotropic models. Constrains from 

isotropic models can be used when available. However, the choice of isotropic models 

doesn't influence anisotropic inversion results very much. The more important issue is 

how to divide the depth model into layers; this means that the final model may strongly 

depend on the starting model, but at a certain point, adding extra layers may no longer 

modify the anisotropic results. Given that, two layers can have identical characteristics 

and can be merged without changing the final structure of the anisotropic model [for 

more details, see Obrebski et al., 2010]. The analysis of the observations in Tien Shan in 

central Asia [Vinnik et al., 2007b] has shown that in most cases, 2 to 3 plane anisotropic 

layers in a depth range between the surface and a depth of ~200 km, are sufficient for a 

description of the observed effects, and the inversion is stable. 

In an isotropic horizontally homogeneous medium, the SKS/SKKS waves and the P-to-

S converted phases are purely radial, which means that all energy is contained in the 

radial and Q [or SV] components, respectively. The P-to-S conversion is similar to the 

SKS; they differ only in the depth of conversion [upper mantle to P-to-S conversion and 

core-mantle boundary for SKS]. In the presence of anisotropy, the SKS phase and 

similar phases split, resulting in energy in the T [or SH] components. P-to-S conversion 

at a seismic discontinuity, involving at least one anisotropic layer, leads the converted 

shear-wave to have energy not only in the Q but also in the T component. However, two 

different effects can generate this anomalous energy, observed on the T components of 

both SKS and P-to-S conversion: seismic anisotropy and lateral heterogeneities. The 

method developed by Vinnik et al., [2007b] assumes that the above effects are small 

and for that reason can be additive. Then, in the case of hexagonal anisotropy with a 
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horizontal axis of symmetry, the anisotropic components of Q [or SV] and T vary in the 

azimuth domain with a domain period of 180º [Vinnik et al., 2007b]. On the other hand, 

the effects of the lateral heterogeneities do not vary with the same periodicity and, if the 

heterogeneity is in the form of a dipping interface, the related effects vary in the 

azimuth domain with a period of 360º. Therefore, by filtering out the 2nd harmonic of 

the Fourier series in both Q and T components of the receiver functions it will be 

possible to suppress the effects of lateral heterogeneities and isolate the effect of the 

azimuthal anisotropy. The receiver functions are calculated for discrete values of the 

back-azimuth [φi] with a small sampling interval [Figure 3.29 a-b], and the 2nd

harmonics is extracted by summation of the QF (t,ψ) and the TF (t,ψ) components of 

individual receiver functions with weights depending on the azimuth [Figure 3.29c].  

Figure 3.29
Stack of PRFs for station CART. [a] Stacks of the Q components Q(t,φ) and [b] stacks of the T 
components T(t,φ). Q and T are stacked in azimuthal bins of 30º. The number of individual RF in each 
stack is indicated on the right side of the corresponding plots. [c] signals QF(t,ψ) (blue line) and T(t, ψ) 
(black line) obtained by azimuthal filtering of the observed Q and T components, respectively. φ and ψ
stand for back-azimuths. Note the coherence between QF and TF in the interval from 0 to 25 s [marked 
by vertical dashed lines].

The QF and TF are obtained as, 

( ) ( ) ( )� ψ=ψ
i i

Q
i tQW,tQF  

          [3.59] 
( ) ( ) ( )� ψ=ψ

i i
T
i tTW,tTF  
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with the weights, 

( ) ( )
( )� φ−ψ

φ−ψ−=ψ
i i

2
iQ

i 2cos
2cosW    

           [3.60] 

( ) ( )
( )� φ−ψ

φ−ψ=ψ
i i

2
iT

i 2sin
2sinW

If the medium is anisotropic, the signals of the QF (t,ψ) and T(t, ψ) should be similar in 

shape and this similarity is the criterion of anisotropy. Therefore, for the inversion of 

receiver functions and SKS waveforms, instead of the QF (t,ψ) and T(t, ψ), we directly 

use the average function, 

    SF(t,ψ)=[QF (t,ψ) +T(t, ψ)]/2     [3.61] 

and the first seconds after the direct P wave, where the coherence between QF and TF is 

good [Figure 3.30]. This part of the signal is fundamental to constrain the anisotropic 

structure to a depth of ~200 km [Obrebski et al, 2010].    

Figure 3.30 
Stack of PRFs for station CART. Average of the signals QF(t,ψ) and T(t, ψ) obtained by azimuthal 
filtering of the observed Q and T components, respectively. ψ stand for back-azimuth. The vertical 
dashed line is part of the signal used for the inversion [first 25 s after the direct P wave]. 
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Then, to perform the joint inversion, synthetic receiver functions and also SKS/SKKS 

synthetic waves are calculated and fitted to the real RF and SKS/SKKS data. For each 

trial model m, the synthetic Q and T components of the receiver function are calculated 

using the observed Lobs component as input: 
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where ω is the angular frequency, m is the vector of the unknowns parameters [i.e., 

percentage of anisotropy, axis of the fast direction and thickness]of the model, c is the 

apparent velocity. The labels ‘obs’ and ‘syn’ correspond to the observed receiver 

functions and their synthetics analogues, respectively. HQ, HT and HL are the theoretical 

transfer function calculated using the Thomson-Haskell algorithm [Keith and Crampin, 

1977; Kosarev et al., 1979]. The trial model is characterized by isotropic and anisotropic 

parameters of hexagonal anisotropy with a horizontal axis of each layer. The isotropic 

part is defined by the P and S velocities and density ρ, which is calculated with the 

Birch formula [Eq. 3.40]. Vp/Vs is fixed at 1.8 [cf. Obrebski et al., 2010]. The 

anisotropic part is described by the values of δVp/Vp, δVs/Vs, η and azimuth of fast 

direction α. The ratio between percentage of anisotropy is (δVp/Vp)/(δVs/Vs)=1.5 [cf. 

Obrebski et al., 2010]. δVp and δVs is the difference between the P and S velocities 

parallel [fast] and perpendicular to the symmetry axis [slow]. The parameter η [1.0] 

controls velocity along the directions intermediate between the fast and slow directions 

[more details about these values see e.g. Obrebski et al., 2010]. These parameters are 

related to the five elastic parameters C, A, L, N, F for hexagonal anisotropic with a 

horizontal symmetry axis using the following relations [more details see Chapter 2]: 

   ( )Vp2/Vp1VpC δ+=
ρ

   
ρ

A ( )Vp2/Vp1Vp δ−=
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   ( )Vs2/Vs1VsL δ+=
ρ

   ( )Vs2/Vs1VsN δ−=
ρ

    )L2A(F −η=         [3.63]

The theoretical T components of each SKS are calculated by using their observed Robs

component with an expression similar to Equation [3.62], used to calculate the synthetic 

Q and T receiver functions. In section 3.5.2 we see that the SKS waveforms differ by 

the back -azimuth from which the SKS waves come. This means that more than one 

observation of SKS splitting should be use to perform the joint inversion for each 

station, Figure 3.31:   

Figure 3.31 
Observations of SKS splitting at station CART for 4 different events. The dashed and solid lines are 
radial and transversal component, respectively. The number to the left of each plot is the back-azimuth of 
the events. Black line marks the SKS phase. 

The inversion procedure and the search for the optimum models are very similar with 

the method described in section 3.4 for joint inversion of RFs. Figure 3.32 shows the 

Time (s) Time (s) 
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final model [thick dashed black line] for station CART. The final model is presented as 

a histogram [more details see section 3.5.4 for joint inversion of RFs].

Figure 3.32 
Depth-dependent anisotropic model for station CART.[a] Isotropic S velocity model, used in the 
inversion. [b and c] The histograms of the percentage of anisotropy and direction of the fast axis are 
shown by color code. The red solid lines bound the a priori search area in the model space. The dashed 
line represents the final model [median]. [d] The misfit for the PRFs. Comparison between the synthetic 
[color] and the observed [dashed lines] functions, SF(t,ψ)=(QF(t,ψ)+TF(t,ψ))/2.[e] The misfit for the 
synthetic [color] and observed [dashed] T components of SKS waves. 

The method described above can be applied to a single station, but this station should be 

operated for at least ~3 years to accumulate sufficient amount of teleseismic recording 

in various azimuths. When data is not enough, it is possible to join more than one 

station and apply this technique.  
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CHAPTER 4 

P Receiver Functions 

In this chapter, we present the analysis of the P receiver functions. The Ps phase 

traveltime residuals allow us to understand if the anomalies from the 410 and 660 km 

discontinuities are due to volumetric velocity in the upper mantle or to the topography 

of the discontinuities in the transition zone. Later, these traveltime residuals will be used 

in Chapter 6 to invert PRFs and SRFs. The calculated PRFs are also used to perform the 

joint inversion of PRFs and SKS/SKKS waveforms in Chapter 7. 

The Iberia and western Mediterranean were investigated using the data recording from 

19 stations, most of which are located on the Iberian Peninsula, 3 stations on the 

Balearic Islands in the Mediterranean and 2 stations near the northern coast of Africa, 

with the P receiver function [PRF] technique developed by Vinnik [1977]. In total we 

have constructed more than 2600 P receiver functions. This study is the first to use the 

technique developed by Vinnik [1977] for the analysis of PRFs, producing a reliable 

and stable image of the TZ in Iberia and western Mediterranean.  
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4.1  Data 

In this study, data is available through: the IRIS data management center [which 

provided data from GEOFON until 2006, GNS and MEDNET]; GEOFON Program 

[which provided data from GEOFON after 2006] and the Spanish Instituto Geográfico 

Nacional [IGN] [which provided data from the Spanish National Array]. Only stations 

recording at least ~3 years were used. The 19 stations selected are shown in Figure 4.1: 

  

Figure 4.1 
Location of the seismic stations which data were used for PRFs analysis. The colours of the triangles 
show the years of data used in this study. [Green]  – more than 10 years of data;  [blue] – between 5 and 
10 years of data and [red] – less than 5 years of data 

The data from the selected events and station were request to IRIS/DMC [Data 

Management System]. More details about the data available and selected stations are 

given in Appendix A and Appendix B. 
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For each station we selected teleseismic events that are located within a circular area 

less than 95º and body-wave magnitude > 5.5, using the NEIC/USGS1, example in 

Figure 4.2. The number of years selected, to collect the events, depends on the number 

of years that each station has been working and/or of the available data for the research 

community.  

Figure 4.2 
Distribution of selected events at station MAHO. Epicentral distance from 30º to 95º and magnitude  
mb =5.5. 

For all selected events we requested a seismogram recorded with signal duration of 120 

minutes. All events for each station were firstly screened with PQL [PQL is a program 

for viewing time-series data that belongs to PASSCAL software. For more details, see 

Appendix B] and only those presenting good signal-to-noise-ratio of the P-onset and 

with a clear direct P wave visibly were selected. The final number of recordings used 

for each station is quite variable. An example of a seismogram recorded at MAHO 

showing a good S/R for the P wave is illustrated in Figure 4.3: 

                                                
1 http://neic.usgsgov/neis/epic/epic_circ.html 
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Figure 4.3 
Seismogram recorded at MAHO for an earthquake occurred at 00:40:50 [UTC], May 25, 2001, located in 
Kuril Islands and with Mw= 6.7 and showing a good S/N ratio for the P wave.  

4.2  Data processing regarding the calculation of PRFs 

The methodology used for the calculation of PRFs is the one explained in Chapter 3.

The events used for the processing of PRFs should be at a distance between ~30º and 

95º. In fact, these limits were adjusted to 35º and 90º in order to avoid aliasing 

introduced by the presence of phases like PP [thus gaining a clear signal] and diffracted 

phases from seismic events originating from the shadow zone. Following the technique 

of Vinnik [1977], to isolate, detect and enhance the SV phases hidden in the P coda of 

teleseismic earthquakes, we perform, firstly, a rotation, secondly, a source 

deconvolution and the stack is the final step.  

Rotation 

In order o improve the signal-to-noise-ratio, the raw data are filtered with a Butterworth 

high-pass filter [Figure 4.4]. To suppress microseismic, noise the records were low-pass 

filtered with a cut-off period of ~7s. 
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Figure 4.4 
Example of data: Seismic event recorded at station MAHO located in the Rat Islands, Aleutian Islands, 
Alaska, operated by the permanent GEOFON network [GE]. a. Z, N, E component of the seismogram 
without filtering and b. Z, N, E component of the seismogram filter, first filtering with a Butterworth 
high-pass filter of 15 s and then with a Butterworth low-pass filter of ~7 s.  

Teleseismic P waves in epicentral distances from 30º to 95º arrive at the recording 

stations with a very narrow range of incidence angles [more details in Chapter 3]. In an 

isotropic medium, the 3 components of the seismogram are sensitive to different phases. 

The tangential component isolates purely SH motion and contains only S body waves. 

The radial and vertical components contain both P and SV components. To better 

observe these phases, the horizontal components [NS and EW] are rotated in radial [R] 

and transverse [T] components [Figure 4.5]. To perform this rotation only the azimuth 

of the incident ray is needed. Therefore, most of the desired SV energy is confined to 

radial component, whereas the vertical [Z] component contains most of the P wave 

energy. A P wave incident on a horizontal boundary due to its particle motion being 

confined in Z-R plane produces no SH waves. However, steeply dipping discontinuities, 

lateral heterogeneities and anisotropy may contribute to the appearance of SH energy on 

the T component. Therefore, to better isolate P, SV and SH energy, the individual 3-

component seismograms are rotated in a ray coordinate system of L [or P], Q [or SV] 

and T. Figure 4.5a illustrates the L, Q, T system, where L component points in the 

direction of the direct P wave, while Q component is perpendicular to L component and 

the T component is perpendicular to both L and Q component [see Chapter 3].  
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a. 

Figure 4.5 
a. Diagram showing the incoming teleseismic P wave on 
medium. The incident P wave is on
and T represent the axes of the ray coordinate system whe
axes in 2-D rotation.b. Individual 3
transverse [T] components and then decomposed into the 

The rotation is performed using 
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Source and path equalization by deconvolution

The success of PRFs analysis requires that source a

seismograms. This is accomplished by deconvol
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Diagram showing the incoming teleseismic P wave on a horizontal boundary from 
incident P wave is on the Z-R plane and therefore no SH motion is expected. Label

represent the axes of the ray coordinate system whereas R and T represent the radial and transverse 
Individual 3-component seismograms [Z, N, E] are rotated in radial [

] components and then decomposed into the L [or P] and Q [or SV] components. 

The rotation is performed using the theoretical angle of azimuth and the apparent a

of incidence that is calculate by the eigenvalues of the covariance matrix over a time 

the first few seconds around the P arrival. Figure 4.5b illustrates the 

to achieve the main goal: P wave energy confined to

component and SV waves confined to the Q component. One of the most important 

issues for the success of this rotation method is the correct estimation of the apparent 

the arriving P wave. Overestimation or underestimation of th

apparent incidence angle can introduce additional peaks in the time at which 

wave is expected. If the apparent incidence angle and azimuth of the incoming P wave 

the first step of isolating the desired SV energy in th

Source and path equalization by deconvolution

The success of PRFs analysis requires that source and path effects are removed from the 

seismograms. This is accomplished by deconvolution [see chapter 3
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[see chapter 3- section 3.2.2]. 
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This deconvolution is performed in the time domain with a proper regularization [e.g. 

Vinnik, 1977; Kosarev et al., 1993; Kind et al., 1995]. The spiking deconvolution 

operator length is marked usually 40−80 seconds following the P onset, the interval that 

contains most of the P wave energy. Deconvolution is done by minimizing the least 

square differences between the observed seismogram and the desired delta−like spike 

function. Then the deconvolution filter is applied to the T and Q component. One 

example of the final result is illustrated in Figure 4.6: 

Figure 4.6 
T and Q component are deconvolved by the L component. Spiking deconvolution in time domain has 
been used as described by Kind et al. [1995]. The L component - is a spike-like waveform, Q component 
- is called the receiver function.  

After the deconvolution process is performed, the deconvolved traces are normalized to 

the maximum amplitude of the spike on the L component. Finally, the Q component 

obtained is the receiver function. We obtained ~2600 individual receiver functions for 

the 19 stations used in this study. 

The spiking deconvolution in time domain transforms the L component of each 

seismogram into a spike peak and the Q component into the PRF. Before stacking, we 

must align all spike peaks of the L component at zero time. The time shift applied to 

align the traces of deconvolved L component is also applied to the corresponded traces 

of deconvolved Q component. Figure 4.7 shows an example of the deconvolved L and 

Q components aligned at zero for back-azimuth from 0º to 90º for station MAHO: 
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Figure 4.7 
Example of L [or P] and Q [or SV] component aligned as function of back-azimuth between 0 and 90 
degrees for station MAHO. 

Stack 

To better detect the Ps phases from the discontinuities, the individual receiver functions 

[Q component] are stacked with moveout time corrections, which depend on the 

assumed depth of conversion and the P wave slowness. The adopted reference slowness 

is 6.4s/º. This reference slowness is adopted in other PRFs studies [e.g. Kind and 

Vinnik, 1988].  

Figure 4.8 shows the stacking PRFs for 182 individual receiver functions from station 

MAHO. Each trace corresponds to different trial conversion depths. In the stack of 

PRFs we can observe the signal converted from the crust-mantle boundary, multiple 

crustal reflection and phases converted from the 410-km and 660-km discontinuities. 

The crustal phases are stronger at the smallest depths, whereas the mantle converted 

phases are have the largest amplitudes at ~400 and ~640 km [Figure 4.8]. This is the 

criterion used to distinguish signal from multiply reflected phase.  
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Converted phases and multiply reflected phase have an opposite dependence of 

traveltime on the slowness. For multiple phases the delay time relative to P grows with 

the increasing epicentral distance [or decreasing slowness]. To distinguish between 

converted phases and multiply reflected phase we can apply a slant stacking [Chevrot et 

al., 1999]. In this method, the moveout corrections for stacking for each event are 

calculated as the product of the trial differential slowness and the differential distance 

[Figure 4.8].  

Differential slowness is defined as the difference between the assumed slowness and the 

P wave slowness, and the differential distance is defined as the difference between the 

epicentral distance of the seismic event and the average or reference distance of the 

group of events. The converted and multiply reflected phase should be detected in the 

negative and positive differential slowness range, respectively. The optimum values of 

slowness for P410s and P660s are ~-0.08 and -0.18 s deg-1, respectively [e.g. Andrews 

and Deuss, 2008]. Due to the fact that this kind of stacking is sensitive to epicentral 

distance, if all events are at the same distance, the detection of Ps converted phase can 

be unclear. 

Figure 4.8 
Example of processes recorded: [Left] depth stacks and [Right] slowness stack. Each trace corresponds to 
trial depth in km and the differential slowness in s deg-1 attached on the left-hand side. The time of the 
converted phase corresponds to the top its bump and is given relative to P at 0s. The arrows for the 
detected mantle Ps phases are placed at their theoretical depth and slowness positions. The labels “Pms”, 
“P410s”and “P660s” are for Moho, 410-km and 660-km discontinuities.  
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4.3  Stacking PRFs to investigate upper mantle 

As we have seen in Chapter 3, the piercing points of PRFs for the TZ boundaries are 

offset to the station and sample a large area. If the topography of the discontinuities 

changes, the PRFs will be consistent and a stack for the back-azimuths is not adequate. 

To evaluate on possible azimuthal effects on the stacks that may result from this 

heterogeneities we divide the set of P receiver functions into two subsets. One subset 

corresponds to the back-azimuth sector from 0º to 90º, termed NE sector and the other 

subset, termed SW sector, corresponds to back-azimuths from 180º to 300º.  

The number of events was not sufficient to perform stacks in the other azimuthal 

sectors. As we can see in the example of the Figure 4.2, in the back-azimuth sector from 

90º to 180º, the number of events is less than 10 and in the other subset that corresponds 

to back-azimuths from 300º to 360º, the events are less then ~20.  

We also stacked individual PRFs in all directions [from 0 to 360 degrees] to enhance the 

P410s and P660s when the arrival time of P410s and P660s phase is similar in both 

sectors or if the P410s cannot be detected reliably in the stack for different sectors. In 

most of the cases we improve the quality of the stack for the P410s and P660s. 

However, stacking the receiver functions irrespectively of the azimuth hides the effect 

of lateral heterogeneity.  

Moreover, in each sector, to obtain the stack with the lowest noise level, if the number 

of recordings at a single station is small we combine the PRFs for a few neighboring 

stations, example in Figure 4.9.  
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Figure 4.9 
Stacked PRFs for the group of station EBAD, EMIN and EGRO. a. 111 individual PRFs for SW sector; 
b. 100 individual PRFs for NE sector and c. 226 individual PRFs for all directions [from 0º to 360º]. 
Labels “P410s” and “P660s” are for “410-km” and “660-km” discontinuities. Each trace corresponds to a 
trial conversion shown in the left. Baz and Dist are average of back-azimuth and epicentral distance. 
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Quality of P410 and P660s 

As we have seen in the above sections, the result of stacking is presented as a set of 

traces for differential trial conversion depths. If we know the velocity model, the depth 

of the discontinuity can be found accurately from the arrival time of the Ps phase, or it 

can be evaluated tentatively as the trial conversion depth corresponding to the largest 

amplitude of this phase. A compatibility of both estimates implies that the arrival is 

identified correctly as the Ps phase. In our analyses, some stacks are severely 

contaminated by crustal multiples with the largest amplitudes at the smallest trial 

depths. Therefore we divided subjectively the dataset into three categories from 1 [high 

quality] to 3 [the low]. To make this division we tried to apply the following criteria:  

1. The high-quality data is obtained when the arrival time of P410s and P660s can 

be evaluated crudely at the right trial depths where the phase amplitude attains 

its maximum. In addition, the Ps phases should be located in the negative 

differential slowness, around the optimum values, example Figure 4.10a.  

2. In medium-quality data the arrival of P410s and P660s are measured on the trial 

conversion depth corresponding to the largest amplitude of this phase. In fact 

this largest amplitude is not observed at the right trial depths. In addition, the Ps 

phases should be observed in the negative differential slowness, around the 

optimum values, example Figure 4.10b. 

3. The low-quality data is obtained when the depth of the discontinuity can be 

found accurately from the arrival time of the Ps converted phase but it not 

corresponds to the largest amplitude. Moreover if the arrival is observed in the 

slowness stacks at the positive and negative differential slowness, example in 

Figure 4.10c, this means that the arrival time is either unconstrained or can be 

seriously distorted by noise that arrives at same time. Therefore the arrival time 

from these data should be interpreted with caution.
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Figure 4.10 
Stacks of PRFs: [left] each trace corresponds to the trial depth in km shown on the left-hand side and 
[right] each trace corresponds to the differential slowness attached on the left-hand side. The detected 
mantle Ps phases are marked by arrows. a. 87 individual PRFs from station EGRO [all azimuths and 
Dist=77º]. P410s and P660s are high quality data; b. 41 individual PRFs from station PAB [SW sector - 
Baz=244º and Dist=76]. The arrival time of P410s and P660s is of medium quality data. c. 30 individual 
PRFs from station ESPR [NE sector - Baz=41º and Dist=80º]. The arrival time of P410s is of low quality 
data and P660s is of medium quality data. 

The traveltimes for the P410s and P660s and their difference dT obtained in our analysis 

are listed in Table 4.1. The standard error of measurements, the time of P410s and 

P660s is usually 0.2-0.4 s, and the standard error of the differential time is 0.3- 0.5 s 

[Chevrot et al., 1999]. 
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Zone Stations  Sector Baz  
(deg) 

D 
(deg) 

N. 
Traces 

P410s 
(s) 

P660s 
(s) 

dT 
(P660s-P410s) 

Quality 
of 410s 

Quality 
of 660s 

IB
E

R
IA

N
 M

A
SS

IF
 

MTE NE 44.9 76.9 126 44.4 68.3 23.9 2 1 
MTE SW 255.0 75.5 125 ----- ---- ---- ---- ---- 
MTE ALL 160.4 77.0 271 44.5 68.3 23.8 2 1 
PAB NE 39.7 87.0 63 ----- ---- ---- ---- ---- 
PAB SW 243.6 76.4 41 43.8 68.1 24.3 2 2 
PAB ALL 146.6 81.8 127 44.5 68.4 23.9 3 2 
EADA NE 46.7 79.5 30 45.2 68.7 23.5 2 1 
EADA SW 246.8 74.7 41 45.5 67.8 22.3 1 1 
EADA* ALL 198.0 78.7 99 45.3 68.0 22.7 2 1 
EBAD NE 49.4 80.7 18 44.9 ---- ---- 1 ---- 
EBAD SW 247.4 75.0 28 ---- 67.9 ---- ---- 2 
EBAD ALL 192.3 77.6 57 44.7 68.0 23.3 2 1 
EMIN NE 56.1 75.8 41 44.8 67.9 23.1 2 1 
EMIN SW 248.0 77.4 45 ----- ---- ---- ---- ---- 
EMIN ALL 167.7 77.6 93 ---- 68.1 23.7 ---- 2 
EGRO NE 46.2 78.0 39 44.1 67.8 23.7 1 1 
EGRO SW 240.0 74.6 40 44.5 ---- ---- 3 ---- 
EGRO ALL 162.9 77.3 87 44.4 67.6 23.2 1 1 
EBAD+EMIN+EGRO NE 50.9 77.6 100 44.6 67.9 23.3 1 1 
EBAD+EMIN+EGRO SW 246.3 75.9 111 44.2 67.9 23.7 1 1 
EBAD+EMIN+EGRO ALL 169.0 79.0 226 44.4 67.7 23.3 1 1 

B
E

T
IC

S
 

SFUC NE 54.9 71.9 27 43.9 69.8 25.9 3 1 
SFUC SW 249.4 81.4 56 ---- 71.5 ---- ---- 1 
SFUC ALL 192.0 78.9 90 ---- 71.5 ---- 3 1 
ESPR NE 41.3 79.8 30 44.0 69.8 25.8 3 2 
ESPR SW 243.6 75.6 65 43.9 70.0. 26.1 2 1 
ESPR ALL 194.8 77.3 105 44.3 69.5 25.2 1 1 
SFUC+ESPR NE 44.7 78.7 55 44.1 70.1 26.0 1 1 
SFUC+ESPR SW 248.5 79.5 70 ---- 70.4 ---- ---- 2 
SFUC+ESPR ALL 203.2 80.1 202 ---- 69.7 ---- ---- 1 
EMIJ NE 25.3 81.9 14 43.7 68.9 25.2 3 3 
EMIJ SW 247.2 76.3 54 43.9 ---- ---- 3 ---- 
EMIJ ALL 195.6 78.4 132 44.3 68.4 24.1 2 2 
EQES NE 42.1 81.3 49 ---- 69.3 ---- ---- 1 
EQES SW 260.8 78.9 27 45.5 70.2 24.7 2 1 
EQES* ALL 162.8 80.5 102 45.6 69.9 24.3 2 1 
EQTA NE 48.0 78.4 21 43.4 67.6 24.2 1 3 
EQTA SW 256.8 74.1 30 ---- ---- ---- ---- ---- 
EQTA ALL 195.4 77.7 63 ---- 67.6 ---- ---- 1 
EBER NE 47.3 82.5 32 ---- 68.6 ---- ---- 1 
EBER SW 247.2 72.9 33 42.5 68.8 26.3 2 1 
EBER ALL 185.7 77.8 92 43.0 68.8 25.8 1 3 
CART NE 51.4 77.0 93 43.8 69.3 25.5 3 1 
CART SW 244.2 77.2 57 ---- 68.0 ---- ---- 1 
����� ALL 160.9 76.8 204 45.4 68.9 23.5 1 1 
ETOB NE 40.7 80.2 34 45.2 69.5 24.3 3 3 
ETOB SW 254.6 75.3 31 46.0 69.5 23.5 3 3 
ETOB* ALL 191.2 78.3 102 45.4 69.7 24.3 1 1 

B
A

L
E

A
R

IC
 

IS
L

A
N

D
S

 

EIBI NE 51.2 79.4 60 45.3 69.3 24.0 1 1 
EIBI SW 256.8 74.2 23 ---- 68.8 ---- ---- 3 
EIBI ALL 136.9 77.4 108 45.7 69.2 23.5 3 2 
ETOS NE 48.6 79.5 61 45.4 69.7 24.3 2 2 
ETOS SW 254.4 73.9 26 43.9 69.7 25.8 2 1 
ETOS* ALL 122.7 78.5 93 45.6 69.4 23.8 2 1 
MAHO NE 54.9 77.6 76 45.4 70.8 25.4 1 1 
MAHO SW 255.9 76.7 59 45.0 70.6 25.6 1 1 
MAHO ALL 170.6 76.5 182 45.4 70.4 25.0 1 1 

�
�
�

�
�
�
�
�
�

MELI NE 66.1 74.9 41 45.6 ---- ---- 3 ---- 
MELI SW 237.8 73.3 37 ---- ---- ---- ---- ---- 
MELI ALL 162.0 75.8 125 ---- ---- ---- ---- ---- 
RTC NE 40.2 79.3 28 45.8 69.1 23.6 3 2 
RTC SW 249.8 69.5 33 ---- 69.6 ---- ---- 2 
RTC ALL 162 74.8 66 45.6 69.3 23.7 2 3 

Table 4.1- List of the data. Baz and D is average of back-azimuth and epicentral distance. dT is 
differential time residual between P660s and P410s. The time residual of P410s is 44.0 s and for P660s is 
67.9 s and the differential time is 23.9 s for the IASP91 model.  
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In the following paragraphs, we show all the PRFs stacks for all the stations. We group 

the stations by their location in the study area [Figure 4.1]. 

Stacks for the Iberian Massif 

MTE, PAB, EBAD, EMIN, EGRO, EADA 

For the five individual stations [MTE, PAB, EBAD, EMIN and EGRO] and for the 

group of stations [EBAD+EMIN+EGRO] located in the Iberian Massif [Figure 4.1], the 

P410s is detected with confidence in nearly every stack and is seen at several traces 

[Figures 4.11 to 4.14]. The average time residual of P410s is 44.6s and 44.2s in the NE 

and SW sectors, respectively. In most of the stacks the P660s phase is clear and with 

good quality. The time residual is close to normal values [~ 67.9 s] for IASP912. 

Moreover, the delay time is identical in both directions in most of the stacks.  

Figure 4.11 shows the PRFs stacks for MTE and PAB. The RMS amplitudes of noise in 

the stacks are ~0.004 and ~0.005 for MTE and PAB stations, respectively. For SW 

sector of MTE, the P410s and P660s are missing, although a signal arriving at ~54 s 

with an amplitude ~0.04 is visible. For the others stacks, the amplitude of P410s [~0.03] 

is larger than the amplitude of P660s [~0.02]. But the signal from P660s has high- 

quality because it is focused at the predicted trial depth. At NE sector of MTE a weak 

signal arriving at ~54s with an amplitude of ~0.02 are visible [Figure 4.11a].  

In station PAB, the signals from P410s and P660s are of medium and poor quality. For 

PAB, the stacked PRFs in all directions [Figure 4.11f] do not improve the quality of the 

signal of P410s and P660s phases. In all stacks of PAB, a downward signal arriving at 

~39 s with amplitude of ~0.02 is observed [for more details see section 4.4]. At NE 

sector [Figure 4.11d] and in all directions [Figure 4.11f] a signal arriving at ~53 s 

[~0.03 in amplitude] is also visible. 

                                                
2 These values are taken from IASP91 Earth model [Kennett and Engdahl, 1991], because they are 

consistent with the seismic observations at the continental stations [Chevrot et al., 1999].   
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Figure 4.11 
Stacked PRFs from MTE [a-c] and PAB [e-f]. Each trace corresponds to the trial depth in km shown on 
the left-hand side. The detected P410s and P600s are marked by arrows and the polarity phases by dashed 
lines. Baz and Dist are average of back-azimuth and epicentral distance. 
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Figure 4.12 illustrates the stacked PRFs for EBAD, EMIN and EGRO. For SW sector 

the signal of P410s is missing at EBAD and EMIN.  For NE sector and in all directions 

the P410s phase is seen in several traces at most of these stacks. The P660s phase in 

most of the stacks is of high-quality and detected at the corrected depth of conversion. 

The time residual of P410s and P660s are constant in all stacks.  

Figure 4.12 
The same as in Figure 4.11: [a-c] EBAD; [d-f] EMIN; [g-i] EGRO.  
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For station EBAD, the RMS amplitudes of noise in the stacks are 0.006, 0.004 and 

0.003, for NE and SW sectors and in all directions, respectively [Figure 4.12a-c]. In the 

stack for the SW sector the P410s is missing [Figure 4.12b]. A positive signal arrives at 

~ 54 s in all directions [Figure 4.12c].  

For EMIN, the RMS amplitudes of noise in the stacks are ~0.003 [Figure 4.12d-f]. In 

the stack in the SW sector and in all directions, the P410s is missing [Figure 4.12e]. In 

the SW sector, a negative signal with amplitude of ~0.03 is observed at ~37 s and in all 

directions the P660s is visible with medium quality.  

For station EGRO, the stack of SW sector has higher noise [~0.007] than the other two 

stacks [~0.004] [Figure 4.12g-i]. The P410s is followed and preceded by a strong 

downward motion at the NE and SW sectors, respectively.  

To improve the signal ratio N/S and to confirm the results, we combined the receiver 

functions from the neighboring station: EBAD+EMIN+EGRO [Figure 4.13]. The P410s 

and P660s are detected with an amplitude of ~0.02 that is larger than the RMS value of 

noise [~0.003]. The P410s is preceded by a downward motion at all stacks and the 

values obtained for the time residual of P410s and P660s are close to the values 

obtained from the stacked individual stations. The slowness stacks [Figure 4.13d-f] 

show that the P410s and P660s are focused at negative slowness demonstrating that they 

are time signals and not multiple. For the three depths stacks a signal arriving at ~28 s is 

visible, but the slowness stack confirms that this signal is a converted phase only in NE 

sector since it is focused at negative slowness. 
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Figure 4.13 
Stacked PRFs from EBAD+EMIN+EGRO. [a-c] each trace corresponds to the trial depth in km shown on 
the left-hand side; [d-f] each trace corresponds to the differential slowness shown on the left-hand side. 
The detected P410s and P600s are marked by arrows and the polarity phases by dashed lines. Baz and 
Dist are average of back-azimuth and epicentral distance. 
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Figure 4.14 shows the stacked PRFs for station EADA. For the group of stations located 

at the Iberian Massif, station EADA is the only one where we found azimuthal effects. 

In station EADA [located near the Betics regions] the results for delay time of P660s are 

different in both quadrants [Table 4.1 and Figure 4.14].  

Figure 4.14 
Stacked PRFs from EADA.[a-b] each trace corresponds to the trial depth in km shown on the left-hand 
side; [c-d] each trace corresponds to the differential slowness attached on the left-hand side. The detected 
P410s and P600s are marked by arrows and the polarity phases by dashed lines. Baz and Dist are average 
of back-azimuth and epicentral distance. 

As we can see in Figure 4.14, the depth stacks contain a signal of P660s arriving at 

68.7s and 67.8 s in NE and SW sector, respectively, which can be an indicative of 

lateral heterogeneity. For this reason we did not performed the stack in all directions. In 

both sectors, the P410s is clear and, arrives ~1.5 s later than the 44.0 s. The RMS 

amplitudes of noise in the depths stacks are ~0.003 and ~0.007 for NE and SW sectors, 

respectively. At the NE sector, the P410s is followed by a downward motion arriving at 



P RECEIVER FUNCTIONS 

119 

~49 s with amplitude ~0.02 [Figure 4.14a]. This signal is also visible in the stack of 

slowness between 0.5 and -0.15 and attains its maximum value at 0.05 [Figure 4.14b]. 

We found a similar signal in the stack of EGRO for NE sector [Figure 4.12g]. At SW 

sector, a strong positive signal with amplitude of ~0.05 arrives at ~34 s [Figure 4.14c]. 

This signal has to be interpreted carefully since it is focused in the positive and negative 

slowness stacks from 0.1 to -0.1 [Figure 4.14d]. This means that this phase can be a 

reverberation and not a converted phase or a combination of both since this phase is also 

observed in another stack [see section 4.4 and Appendix C].

Stacks for the Betics region 

SFUC, ESPR, EMIJ, EQES, EQTA, EBER, CART, ETOB 

Figures 4.15 to 4.19 show the stacked PRFs for SFUC, ESPR, EQES, EQTA, EBER 

and CART and for two neighbouring stations grouped together [SFUC+ESPR]. The 

P410s is not of good quality in most of the stacks of stations located in this region. The 

P660s phase is observed and clear in most stacks and arrives 1 to 2 s later than the 

reference value [Table 4.1].  

Figure 4.15 shows the PRFs stacks for SFUC. The RMS amplitudes of noise in the 

stacks are ~0.004, 0.01 and ~0.008, for NE and SW sectors and in all directions, 

respectively. The depth stack of NE sector contains a clear signal from the 660-km 

discontinuity and a signal that could be interpreted as the P410s [Figure 4.15a]. The 

slowness stack demonstrates that the signal arriving at 69.8 s is, indeed, focused at the 

negative slowness, which indicates that is the P660s [Figure 4.15d]. However, the phase 

arriving at 43.9 s is focused between 0.1 and -0.1 slowness. This means that the P410s 

phase is seriously affected by noise. 
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Figure 4.15 
Stacked PRFs from SFUC: [a-c] each trace corresponds to the trial depth in km shown on the left-hand 
side; [d-e] each trace corresponds to the differential slowness attached on the left-hand side. The detected 
P410s and P600s are marked by arrows and the polarity phases by dashed lines. Baz and Dist are average 
of back-azimuth and epicentral distance. 
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The stacked PRFs for the SW sector, as is shown in Figure 4.15b and Figure 4.15 e, has 

a strong signal arriving at ~33 s [see section 4.4] and the signal of the P660s arriving at 

71.5 s.  

Figure 4.16 shows the stacked PRFs for ESPR station [neighboring station of SFUC]. 

The RMS amplitudes of noise in the stacks are ~0.009. The depth stack of the NE sector 

[Figure 4.16a and 4.16d] also contains also a signal that could be interpreted as P410s. 

However, in the slowness stack, this phase arriving at 43.8 s is focused in both positive 

and negative slowness, which means that this phase is affected by noise. In the depth 

stack of the SW sector [Figure 4.16b], a signal from the 410 and 660-km of 

discontinuities is visible. The P410s arriving at 43.9 s is weak but the slowness stack 

[Figure 4.16e] of this phase is focused in the optimum values of slowness, which 

indicates that it is P410s. The signal amplitude from the P660s arriving at 70.0 s attains 

its maximum at the optimum value of negative slowness.  

We stacked the individual PRFs from stations SFUC and ESPR together, trying to 

improve the quality of the signal from the 410 and 660 km discontinuities. However, as 

we can see from Figure 4.17, the depth stacks and the slowness stacks show the same 

problems revealed in the individual stacks. The RMS value of noise remains very high 

[~0.009]. In the SW sector and in all directions, the P410s is missing [Figure 4.17b] but 

it is possible to observe a negative signal arriving at ~37 s, which is focused between 

0.1 and -0.1 slowness [Figure 4.17e]. This means that this phase is probably a multiple 

or, if not, it is a converted phase that is seriously affected by the noise. In the depth 

stack, in all directions, we see a weak signal arriving at ~26 s that is focused in the 

negative slowness [Figure 4.17c;f]. This phase can be interpreted as a converted phase. 



STRUCTURE OF THE CRUST AND MANTLE BENEATH IBERIA AND WESTERN MEDITERRANEAN

122 

Figure 4.16 
The same as in Figure 4.15 for individual station ESPR.
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Figure 4.17 
The same as in Figure 4.15 for the group of station ESPR+SFUC 
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For station EQES the stacked PRFs are different on both sectors [Figure 4.18a-b], which 

can be an indicative of lateral heterogeneity. For this reason, we did not perform the 

stack in all directions. For both sectors, the signal from P660s is clear and seen at 

several traces. In the SW sector, the signal from P410s has large amplitude [~0.1]. The 

slowness stack demonstrates that the signal arriving at 45.5 s is indeed focused at 

negative slowness [Figure 4.18c]. This indicates that it is P410s. In the NE sector, the 

P410s is missing since the record at that arrival time is seriously affected by noise 

[Figure 4.18a].  

In the stacks of EQTA [Figure 4.18d-f], the P410s is only detected in the NE sector and 

the P660s phase is observed and clear in the NE sector and in all directions. In the NE 

sector of EQTA [Figure 4.18d], the P410s is preceded by a downward motion at ~38.5 

s. For the stacks of these stations, the RMS value of noise is ~0.005. 

Figure 4.19 shows the stacked PRFs for EBER and CART stations. The depth stacks of 

EBER contain a signal from the 660-km discontinuity arriving at ~68.8 s and a signal of 

the P410s [SW sector and all directions] arriving at ~42.8 s. The signal of P410s is of 

medium and high quality in the SW sector and all directions, respectively. In the NE 

sector, a negative signal is observed at ~38s [Figure 4.19a]. The RMS value of noise in 

the depth stacks is ~0.006. 

For CART, the stacked PRFs are different on both sectors [Figure 4.19d-e]. The depth 

stacks contain a strong signal of P660s arriving at 69.3 s and 68.0 s in the NE and SW 

sectors, respectively, which is indicative of lateral heterogeneity. For the NE sector, the 

depth stack contains a strong signal from the 660-km discontinuity that is focused at the 

correct depth and a weak signal, arriving at 43.8 s that can be interpreted as the P410s 

phase [Figure 4.19d]. For the SW sector, the slowness stack indicates that the signal 

arriving at 68.0 s attains its maximum value in negative slowness, confirming that it is a 

P660s phase [Figure 4.19f]. The P410s in this sector is missing [Figure 4.19e-f]. The 

RMS amplitudes of random noise in the stacks of CART are ~0.003. 
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Figure 4.18 
Stacked PRFs from EQES [a-c] and EQTA [e-f]. [a-b; d-f] Each trace corresponds to the trial depth in km 
shown on the left-hand side; [c] each trace corresponds to the differential slowness on the left-hand side. 
The detected P410s and P600s are marked by arrows and the polarity phases by dashed lines. Baz and 
Dist are average of back-azimuth and epicentral distance. 
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Figure 4.19 
Stacked PRFs from EBER and CART. [a-e] each trace corresponds to the trial depth in km shown on the 
left-hand side. [f] each trace corresponds to the differential slowness attached on the left-hand side. The 
detected P410s and P600s are marked by arrows and the polarity phases by dashed lines. Baz and Dist are 
average of back-azimuth and epicentral distance. 
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Stacks for the Balearic Island region 

EIBI, ETOS, MAHO 

Figure 4.20 shows the stacked PRFs for individual PRF in two back-azimuth sectors 

[NE and SW] of stations located in the Balearic Islands – EIBI, ETOS and MAHO. The 

P410s and P660s phases are seen at several traces and in the correct depths of 

conversion. The P410s phase is detected in most of the stacks and the time residual of 

P410s is greater in average than the standard in ~2 s [Table 4.1]. The P660s phase is 

clear in all stacks and a typical time residual is from 1 to 3 s. The RMS amplitudes of 

noise in the stacks are of 0.005, 0.003 and 0.004 for EIBI, ETOS and MAHO stations, 

respectively. 

In the NE sector of EIBI and of ETOS [Figure 4.20a;c], the P410s is followed and 

preceded by a downward motion with a time ~49 s and ~42 s, respectively. At the SW 

sector of MAHO, a positive motion of around 30 s [Figure 4.20f] is visible. 

Stacks for Northwest Africa 

MELI, RTC 

Figure 4.21 illustrates the stacked PRFs for the stations located in Northwest Africa. For 

station MELI the only visible signal is from P410s in the NE sector [Figure 4.21a]. In 

the SW sector of MELI [Figure 4.21b], a signal with positive polarity arrives at ~52 s. 

The signal of P660s is not detected in any stack of MELI [Figure 4.21 a-c and Table 

4.1]. In station RTC the signal form P410s and P660s is detected in NE sector with 

medium and poor quality [Figure 4.21d]. We have performed the stack in all directions 

in both stations to try to improve the S/N ratio, and this was indeed observed for the 

station RTC. The RMS amplitudes of random noise in the stacks are ~0.007 and ~0.005

for MELI and RTC stations, respectively. 
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Figure 4.20 
Stacked PRFs from EIBI [a-b], ETOS [c-d] and MAHO [e-f]. Each trace corresponds to the trial depth in 
km shown on the left-hand side. The detected P410s and P600s are marked by arrows and the polarity 
phases by dashed lines. Baz and Dist are average of back-azimuth and epicentral distance. 
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Figure 4.21 
Stacked PRFs from MELI [a-c] and RTC [d-f].Each trace corresponds to the trial depth in km shown on 
the left-hand side. The detected P410s and P600s are marked by arrows and the polarity phases by dashed 
lines. Baz and Dist are average of back-azimuth and epicentral distance. 
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4.4 Other Observed Upper Mantle Phases 

We have seen in the previous section that, besides the signals from the 410 and 660-km 

discontinuities, many stacked PRFs, show clear arrivals from converted phases in the 

upper mantle. The most significant and consistent are positive polarity arrivals observed  

at 26-34 s and 52-55 s [Appendix C-Table C.1]. The first phase, termed P320s, arrives 

at 26-30 s and at 32-34 s in the NE and SW sectors, respectively. The second phase is 

labeled P520s. In few of the stacks, besides these positive phases, there are two 

additional signals with negative polarity, arriving at a time around 37-42 s and at around 

47-50 s. Some examples follow. 

The depth stack for the NE sector of EGRO contains, besides the signals from 410 and 

660-km discontinuities, another two signals with different polarities [Figure 4.22a]. One 

with positive polarity labeled P320s and arriving at ~28.7 s, and the other with negative 

polarity termed P480s, and arrives at 47.8 s. Both signals have amplitudes of around 

0.03. The slowness stack demonstrates that these signals are focused at the negative 

slowness, which confirms that these phases are mantle converted phases [Figure 4.22b].  

The depth stack for the SW sector of SFUC has two strong signals, one from the 660-

km discontinuity with an amplitude of ~0.07, and another, a phase [P320s] with positive 

polarity arriving at ~33 s and with an amplitude of ~0.05 [Figure 4.22c]. The slowness 

stack indicates that this phase [P320s] is focused at the negative slowness [Figure 

4.22d], which confirms that this is a mantle converted phase. 

The stack for NE sector of PAB displays a negative polarity signal labelled P350s with 

a differential time of ~38.7 s and an amplitude of 0.02 [Figure 4.22e]. In the slowness 

stack, it attains its maximum values in the negative slowness [0.15]. Another positive 

phase, the P520s, is detected in both stacks. It arrives at ~52.5 s in the depth stack and it 

is focused in the negative slowness with a maximum in the -0.05 differential slowness 

[Figure 4.22f]. Both are confirmed to be mantle converted phases. 
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Figure 4.22 
Stacked PRFs from NE sector of EGRO [a-b], SW sector of SFUC [c-d] and NE sector of PAB [e-f]. 
[Left] each trace corresponds to the trial depth in km shown on the left-hand side and [right] each trace 
corresponds to the differential slowness attached on the left-hand side. The detected polarity phases are 
marked by dashed lines and the P410s and P600s by arrows. Baz and Dist are average of back-azimuth 
and epicentral distance. 
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4.4.1 520-km discontinuity  

The existence of a global discontinuity at 520-km depth is still a matter of debate [e.g. 

Shearer 1996] and different propositions exist to its nature [Saikia et al., 2008]. 

However, it is generally accepted that the phase transition from wadsleyite to 

ringwoodite is responsible for this discontinuity [Katsura and Ito, 1989]. The positive 

Clayperon slope is 5.3Mpa/K, which is larger than for 410-km transition phase [4.0 

Mpa/K]. The depth of 520-km discontinuity is also controversial and the estimates vary 

in a range of ~50 km [Chevrot et al., 1999]. The estimated S velocity contrast at the 

520-km discontinuity is a few times smaller than that at the other discontinuities and 

usually, the P520s phase cannot be detected with confidence.  

A phase arriving between the P410s and P660s is seen in a few records: MTE, PAB, 

EBAD and MELI. The P520s phase arriving between 52 s and 55 s can be picked up but 

with less confidence than the P410s and P660s at depth stacks, but in the slowness 

stacks, this phase is focused in the negative slowness between 0.05 and 0.15. This 

means that this phase can be interpreted as a P520s converted phase. However, the 

signal from P520 needs to be detected in other stations to a better study of is behaviour 

beneath this region. This phase has been previously observed in the Iberian Massif 

[station PAB], in the Balearic Islands [station MAHO] and in the Northwest Africa 

[station MELI] [Chevrot et al., 1999; Van der Meijde et al., 2005].  

4.4.2 480-km discontinuity  

Another negative phase arriving between 47 and 50 s is observed at few records of the 

NE sector: EADA, EGRO, EBAD+EMIN+EGRO, EMIJ and EIBI. The P480s is 

attributed to the 480-km discontinuity.  This phase will be discussed in SRFs, since this 

phase has been observed with the SRFs technique in several other regions.  

4.4.3 350-km discontinuity  

A low velocity atop the 410-km discontinuity has been found in some regions of 

subduction and mantle plumes [Revenaugh and Sipkin, 1994; Vinnik and Farra 2007; 

Vinnik et al., 2009; Vinnik et al., 2010]. The existence of this low velocity atop the 410-
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km discontinuity is related with the anomalously high water solubility [1 wt%] in 

wadsleyite in the transition zone, whereas the solubility of water in olivine in the upper 

mantle is less than 0.1-0.2 wt% [Bervcovici and Karato, 2003]. In such case, if the water 

content in TZ is higher than the solubility atop the 410-km, the ambient upwelling 

mantle material across the 410-km discontinuity leads to dehydration and melting of the 

rock on the upper side of the discontinuity [e.g. Bervcovici and Karato, 2003].  

A negative polarity phase arriving between 37 and 42 s is seen at some records: PAB, 

EMIN, EGRO, SFUC+ESPR, EMIJ, EQTA, EBER and ETOS. This phase has been 

observed with SRFs technique in several locations, such as California [Vinnik et al., 

2010] and southern Africa [Vinnik et al., 2009]. This means that we will discuss this 

phase with more detail in the SRFs analysis.  

4.4.4 320-km discontinuity  

A few seismological studies have reported a seismic discontinuity in mid-upper mantle 

depths [250-350 km] [e.g. Revenaugh and Jordan, 1991; Li et al., 2002; Deuss and 

Woodhouse, 2004; Van der Meijde et al., 2005]. The existence of this discontinuity is 

still discussed, and several ideas have been proposed to explain the 320-km 

discontinuity, including chemical heterogeneity related with the phase transition in Ca-

poor pyroxene and the hypotheses of a rheological boundary corresponding to a change 

from anisotropic to isotropic structure [e.g. Deuss and Woodhouse, 2002; Li et al., 

2002]. 

In our study, a positive phase arriving between 26-34 s with an amplitude ~0.03 is 

detected in a few records: EADA, EGRO, EBAD+EMIN+EGRO, SFUC, SFUC+ESPR, 

ETOB and MAHO. This phase is also visible in the slowness stack and is focused at a 

negative slowness. Moreover, this phase arrives at 26-30 s and at 32-34 s in the NE and 

SW sectors, respectively. At the SW sector of SFUC, this signal has a larger amplitude 

[~0.05] and P401s are missing. This means that both observations can be related. In 

PRFs the Ps converted phases from discontinuities in the mantle arrive in the time 

interval dominated by multiples reflections and scattering from crustal discontinuities. 
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The problem is solved with S receiver functions where the mantle Sp phases arrive 

much earlier than crustal reverberations. Observations of a similar Sp converted phases 

will be important to make a careful interpretation of this discontinuity. 

4.5  Results and interpretation of PRFs 

We have calculated more than 2600 P receiver functions from seismograms collected at 

about 19 stations in Iberia and Northwest Africa [Figure 4.23 and Table 4.1]. The region 

where the P is converted to S is represented by the surface projection of the piercing 

point. The Ps converted region [piercing points] is a function of the incidence angle of 

the incoming wave that depends on the epicentral distance and on the velocity structure 

along the propagation path. For the teleseismic distance from 30º to 95º, the piercing 

points sample a region between 87 to 163 km and a region from 175 to 300 km 

horizontally away from the stations, for P410s and P660s. The piercing points of P410s 

and P660s from the PRFs investigated in this study are shown in Figure 4.23: 

Figure 4.23  
Surface projections of piercing points: [Left] of P410s and [Right] of P660s. 

The analysis of PRFs reveals that in some of the depth stacks the P410s phase was not 

detected with confidence or was missing [Table 4.1]. This is observed particularly in the 
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Betics region. For the P660s phase, the signal was detected with confidence in most of 

the stations. Figure 4.24 presents the relationship between the arrival times of the Ps 

converted phases and their differential time. The dependence of P410s on the 

differential time is a much weaker than that of P660s. This correlation means that the 

thickness of the TZ is controlled by topography on the 660-km. This is in line with what 

is seen on the global scale, Figure 2.4 [Chapter 2]. 

Figure 4.24 
Relationship between the arrival times of the Ps phases and their differential time. The straight lines are 
obtained by linear regression. The dependence of P410s on the differential time is much weaker than for 
the P660s. 

The absence of an observation of weak P410s signals in the presence of strong P660s 

signals [like we found in SFUC] has been observed in other regions [e.g. Vinnik et al., 

1996a and Chevrot at al., 1999]. There are two reasons why P410s cannot be detected 

reliably: i) a strong topography of the 410-km discontinuity as a consequence of the low 

temperatures in the subducted slab or; ii) hydration of the mantle, since water has a 

larger influence on the width of the mantle discontinuity than temperature. In a hydrous 

mantle the 410-km discontinuity can broaden to as much as 40 km [Smyth and Frost, 

2002; Helffrich and Wood, 1996; Wood, 1995]. Another possible effect of hydration of 

the mantle can be a low velocity layer atop of the 410-km discontinuity, as we have 

already seen in section 4.4.3. 

In the following sections we make an interpretation of the results obtained, dividing the 

study area in 4 regions:
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Results and interpretation for stations in the Iberian Massif 

Receiver functions in the Iberian Massif have been analysed at station PAB by Chevrot 

et al. [1999] and by Van der Meijde et al. [2005]. In the first study, the authors detected 

only the signal from P660s, the P410s was missing. In the second study, the authors 

published that, underneath station PAB, 410 and 660-km, discontinuities are observed at 

411 ±14 km and 668 ±14 km depths, respectively, resulting in an undisturbed mantle 

transition zone thickness of 257 ±9 km. In our study, we investigated six stations of the 

Iberian Massif. As we can see from Figure 4.25, the piercing points of these stations 

cover very different deep structures in the Iberian Massif, but we did not find possible 

azimuthal effects, only station EADA presented different results for P660s in NE and 

SW sectors. Nevertheless, we divided the results of differential time from these stations 

into subsets to make a better judgement of the results. In the first subset we calculated 

the average differential time residual [dTps] between P660s and P410s from station 

MTE, PAB and EADA [NE sector] and the dTps found is similar to normal 23.9 s for 

IASP91 [Table 4.1]. The second subset is the average of differential times from station 

EBAD, EMIN, EGRO and EADA [SW sector], which is also close [23.3 s] to the 

IASP91 normal values but smaller 0.6 s.  

Figure 4.25 
Surface projections of piercing points of P410s and P660s for stations locate on the Iberian Massif. 
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The small difference observed in the differential time from the second subset is the 

result of a difference in the time residual of P410s, since the time residual of P660s has 

the standard value. The time residual of P410s in most stacks is slightly greater than the 

44.0 s reference from IASP91. This can be an effect of velocity anomalies that may be 

localized between the 410-km discontinuity and the top of the upper mantle. Beneath 

the Iberian Massif, a low S-velocity layer between 75-km and 300-km was imaged in 

tomographic models [e.g. Marone et al., 2004]. Therefore, we interpreted the results of 

PRFs in the Iberian Massif as indicating a normal transition zone [thickness of 250 km]. 

The small increase in the P410s time residual is attributed to a reduced low-velocity in 

the upper mantle.  

Results and interpretation for stations in the Betics region 

For the Betics region, there are no previous studies of receiver functions, which 

investigated the mantle transition zone. The piercing points of P410s and P660s from 

the stations in the Betics cover a large area, as we can see by Figure 4.26: 

Figure 4.26 
Surface projections of piercing points of P410s and P660s locate at the Betics region. 
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For this region, we have two different results. Our results for stations located on the 

coastal region of Betics [SFUC, ESPR, EMIJ, EBER and CART] show that the 

differences in time between P660s and P410s in most stacks are larger than standard 

values of IASP91 in a range of 1 to 2 s [Table 4.1]. This anomalous differential time 

observed at these stations results essentially from the time residual of P660s that is in 

most of the stacks, and is greater than the 67.9 s from IASP91. The strong depression of 

the 660-km discontinuity and the transition zone thickness by 10 to 20 km,  relative to 

the standard 250 km in the both direction, suggest us that the variable depth of the 660-

km discontinuity is caused by a subducted slab [see Chapter 2 for further details].  

Beneath this region, the Alboran Sea and the Betic, several tomographic studies have 

imaged a high velocity body [e.g. Blanco and Spakman, 1993; Piromallo and Morelli, 

2003], which can be identified down to 500-600 km., attributed to a subduction [see 

Chapter 1 for more details]. 

For the stations located at the External Betic [EQES, EQTA and ETOB], the average of 

differential time between the P660s and P410s is similar to normal 23.9 s for IASP91. 

However, the time residual of P410s and P660s are larger than the normal values of 

44.0s and 67.9 s, in stations EQES and ETOB. We interpreted this as a zone of low 

velocity in the upper mantle over the normal TZ.  

Results and interpretation for stations in the Balearic Islands 

Our results for the stations located at the Balearic Islands show a variation in the 

difference in time between P660s and P410s time residuals from the SW to the NE 

sector [Table 4.1] in a range that goes from normal values to more than 1 s. The depth 

interval between the 410-km and 660-km discontinuities indicates that the thickness of 

the TZ is by ~15 km larger than the standard 250 km beneath station MAHO.  For the 

region where the piercing points are located [Figure 4.27], a deep high velocity anomaly 

has been imaged between the 500 and 600-km depths [e.g. Spakman and Wortel, 2004]. 

Underneath station MAHO, a thick mantle transition zone [>270 km] was already found 
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[Van der Meijde et al., 2005].  We suspect that topography on the 660-km discontinuty, 

related to some cold temperatures, high-velocity body, may be responsible for the 

thickness of TZ. Over the anomalous TZ our analysis of traveltime residuals [Table 4.1] 

reveals a zone of reduced velocity in the upper mantle.  

Figure 4.27 
Surface projections of piercing points of P410s and P660s locate at the Balearic Islands 

Results and interpretation for stations in the Northwest Africa 

Previous work by Van der Meijde et al. [2005] on PRFs at MELI station has shown that 

the observed signal from the P660s was not robust. Furthermore, these authors found a 

thick TZ with other stations located in the region that they related to a subducted slab 

under northern Morocco and Algeria. Figure 4.28 illustrates the piercing points for the 

PRFs computed for stations locate at Northwest of Africa used in this study. The 

difference in time between P660s and P410s for the NE sector of RTC is 23.6 s, which 

is close to the normal value for IASP91. This implies a normal transition zone in this 

region. The P660s is found missing at MELI station as in the previous study. The time 

residual of P410s for NE sector of MELI and RTC is similar to the values obtained for 

the P410s at stations of the Balearic Islands, larger 1 to 2 s than the IASP91 reference 
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values. We interpreted these results for the P410s time residuals as the evidence for an 

anomalous low velocity upper mantle above the TZ. We find no evidence of a 

subducted slab in RTC station.  

Figure 4.28 
Surface projections of piercing points of P410s and P660s locate at Northwest of Africa.  

4.6  Discussion 

We have conducted an analysis of P receiver functions for 19 stations, most of which 

are located on the Iberian Peninsula, 3 stations on the Balearic Islands in the 

Mediterranean and 2 stations near the northern coast of Africa. In total, we constructed 

~2600 PRFs.  Figure 4.29 shows the tomographic map at 440-km and 628-km depths 

and our results of the time residual of P410s and of P660s. The differential time 

between P660s-P410s is also illustrated in that Figure.  
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Figure 4.29 
Tomographic map images of the Western Mediterranean [modified from Spakman and Wortel, 2004] at: 
a. 440 km and b. 628 km depths. For two azimuthal sectors - 0 to 90 deg and 180 to 270 deg: c. Time 
residual of P410s; d. Time residual of P660s and e. Differential time between P660s-P410s. Seismograph 
stations are shown by filled triangles. The diamonds, squares and circles are for the data of high, medium 
and low quality, respectively. The average back-azimuth is indicated by the position of the symbol 
relative to the station. The time residual relative to the standard time of 44.0 s, 67.9 s and 23.9 s is shown 
by color code. The largest residuals [of ~+1.5 s] are observed in the coastal region of Spain and at the 
Balearic islands. Accordingly the thickness of the TZ is by ~15 km larger than the standard 250 km. At 
most stations the residuals are close top 0 s.  
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At most stations located in the Iberian Massif and the Gibraltar arc region, the residuals 

of P410s are close to standard value  [44.0 s] of IASP91, excluding the P410s residual 

of station EBER [Figure 4.29 c]. For this particularly station, the traveltime residual 

arrives ~1 s earlier than the standard value of 44.0s of IASP91. We suspect that this 

value on the time residual of P410s is related to a high-velocity beneath this sation, 

imaged in several tomographic studies for the upper 600-km depth [e.g. Spakman and 

Wortel, 2004]. The largest P410s residuals [~1.5 s] are observed in a few stations of the 

Betics [EQES and ETOB] and in the stations located in the Balearic Islands. We 

interpreted these results as indicating a decrease of velocity in the upper mantle of this 

region.  

The residual of P660s is around 67.9 s in the stations located at the Iberian Massif. The 

largest P660s residuals [from 1 to 2 s] are observed in a band that corresponds to the 

Gibraltar arc, the Betics region and the Balearic Islands. We suspected that these 

residuals are related with the low temperatures in the 660-km discontinuity, attributed to 

a subducted slab.  

For the thickness of the transition zone, our analysis of PRFs reveals a normal thickness 

of 250 km for the Iberian Massif. For stations locate at the Iberian Massif in all stacks, 

the differential time residual between P660s and P410s is close to normal values of 23.9 

s for IASP91. The largest residuals [of ~+1.5 s] are observed in the coastal region of 

Spain and at the Balearic Islands [Figure 4.29e]. Accordingly, the thickness of the TZ is 

by 10-20 km larger than the standard 250 km. The variations of thickness of the TZ are 

strongly correlated with the times of the P660s in PRFs. This correlation implies that the 

TZ thickness is controlled by topography on the 660-km [Figure 4.29d]. This is in line 

with what is seen on a global scale [further details see Figure 2.4 -Chapter 2].The 

influence of topography on the 410-km discontinuity is a few times less. The lack of 

topography on the 410-km discontinuity [Figure 4.29a] implies an absence of significant 

hydration. This increased thickness is consistent with the results found under the 

Mediterranean by Van der Meijde et al. [2005]. These authors found thickening of the 

mantle transition zone with 10-30 km in regions affected by ongoing or past subduction. 

Recently, D�ndar et al., 2011, found that the topography of the 410 km and the 660 km 



P RECEIVER FUNCTIONS 

143 

is located at a normal depth under southwestern of Iberia and North Africa. These 

authors do not indicate any upper mantle anomaly beneath the entire region, and related 

the deep earthquakes in the region in the eastern side of Gibraltar probably caused by 

small amounts of downward transported materials from the lithosphere. Nevertheless, 

an anomaly of the lithosphere, when it reaches this deep, it influences discontinuities 

bordering the mantle transition zone. Up- or down warp of these discontinuities can be 

indicative of the presence of an anomalous structure. In our analysis, we interpret the 

variable depth of the 660-km discontinuity as an effect of subduction and over the 

anomalous TZ, our study reveals a zone of reduced velocity in the upper mantle. Our 

results are in agreement with the several tomographic studies, which found a complex 

and heterogeneous pattern of seismic wave-speed anomalies across the entire upper 

mantle beneath the Western Mediterranean, particularly, they found a high-velocity slab 

corresponding to the Gibraltar Arc and deepening steeply in a depth range from 500 to 

600 km [e.g. Calvert et al., 2000; Piromallo and Morelli, 2003; Spakman and Wortel, 

2004]. The calculation of SFRs and the joint inversion of P and S receiver function will 

allow us to discuss this with more detail in the next chapters. 
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CHAPTER 5

S Receiver Functions 

In this chapter, we present the results from S receiver functions [SRFs] for 19 stations 

located in the Iberian Peninsula and western Mediterranean. The seismic Sp phases in 

SRFs are sensitive to upper mantle discontinuities, mainly to the 410-km discontinuity. 

This technique, developed by Farra and Vinnik [2000], is complementary to the PRFs 

discussed in the previous chapter. Multiple scattering, which is the major problem for 

PRFs, is practically absent in SRFs, because Sp converted phases from deep interfaces 

arrive much earlier than the scattered phases from strong shallow discontinuities. Our 

main goal is to understand the deep structure beneath Iberia and western Mediterranean, 

down to the 410-km discontinuity that defines the top of the mantle Transition Zone. 
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5.1 Data

We have calculated more than 2200 SRFs at 19 stations in Iberia and NW Africa [Table 

5.1, Figure 4.1 for locations and Appendix A for details about the stations parameters]. 

The data was selected according to the following criteria: distance range from 65º to 90º 

and mb>5.5 [example in Figure 5.1]. Only events with a good signal-to-noise-ratio and a 

clear S-onset were analysed [example in Figure 5.2].

Figure 5.1
Distribution of the selected events for station MAHO. Epicentral distances from 65º to 90º and mb > 5.5.

Figure 5.2
Seismogram recorded at MAHO for an earthquake that occurred at 00:16:44, July 31, 2002, located in 
South of Panama and with mb= 6.5 and showing a good S/N ratio for the S wave
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5.2 Data processing regarding calculations of SRFs 

The methodology used for the calculation of SRFs is the one explained in chapter 3 

[section 3.3]. There, we also discuss the limitations inherent to this technique. 

Therefore, a special signal processing is required to detect the Sp converted phase. To 

calculate the individual SRFs the following steps were taken: i) rotation; ii) source and 

path equalization by deconvolution; iii) stack.

Rotation

To improve the S/N ratio for the S-wave, we applied a high-pass filter at 30 s and a low-

pass filter. The cut-off period of the low-pass filter was chosen according to the spectra 

of signal and noise [on average it was ~8 s]. Figure 5.3 illustrates an example of the 

filtering process.

Figure 5.3
Example of data filtering: Seismic event recorded in station MAHO from an event in the Ecuador. This 
station is operated by the permanent GEOFON network [GE]. a) Z, N, E component of a seismogram 
without filtering and b) Z, N, E component of a seismogram filter, first filtering with a high-pass filter of 
30 s and then with a low-pass filter of 8 s. 
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In order to optimize the P, SV and SH energy, the seismograms are decomposed into 

SV, P, T and M components. The rotation is performed in three steps:

o Firstly, the horizontal components [NS and EW] are rotated in R and transverse 

T components. To perform this rotation only the theoretical angle of azimuth of 

the incident ray is needed. 

o Secondly, the vertical and radial components [Z and R] are rotated into the ray 

coordinate system of L [or P], Q [or SV] [see Figure 5.4 for an example]. The Q

[or SV] axis corresponds to the principal S particle motion direction in the wave 

propagation plane. The L [or P] axis is normal to Q [or SV] in the same plane. 

The angle between the Q [or SV] axis and the radial direction is determined 

from the covariance matrix of the vertical and radial components over a time 

window spanning the first few seconds of the S arrival. In an isotropic and 

vertical heterogeneous earth, the S wave is not recorded on the L component, 

and this makes the L component optimal for detecting Sp phases [Figure 5.4] 

[see also Chapter 3 for further details]. 

o Finally, horizontal components [NS and EW] are rotated in the principal S

particle motion component [M axis] and in direction O, which is perpendicular 

to M in the same plane. The O [or Smin] axis is normal to the wave propagation 

plane, and M [or Smax] is the principal S particle motion component in the plane 

containing the Q [or SV] and O [or Smin] components. The angle between the 

axes Q [or SV] and M [or Smax] is determined from the covariance matrix of the 

horizontal components over a time window spanning the first few seconds of the 

S arrival and is controlled by the focal mechanism of the earthquake.
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Figure 5.4
Individual 3-component seismograms [Z, N, E] are decomposed into SV, P, T and M components. The 
rotation into the coordinate system of Z, R and T is performed using the theoretical angle of azimuth.
The rotation into the ray coordinate system of L [or P], Q [or SV] is determined from the covariance 
matrix of the vertical and radial components over a time window spanning the first few seconds of the S 
arrival. The horizontal components [NS and EW] are rotated in principal S particle motion component 
[M axis] and in direction O, which is normal to M component. The angle between the axes Q [or SV] and 
M [or Smax] is determined from the covariance matrix of the horizontal components over a time window 
spanning the first few seconds of the S arrival and is controlled by the focal mechanism of the earthquake.

Source and path equalization by deconvolution

The deconvolution process is identical to the deconvolution process performed for PRFs 

[see chapter 3- section 3.3.2]. For the SRFs, the L and O components are deconvolved 

by the M component. The spiking deconvolution is also performed in the time domain 

[e.g. Vinnik, 1977; Kosarev et al., 1993; Kind et al., 1995]. The spiking filter is marked 

in the M component between 40-80 seconds following the S-onset, and is obtained by

minimizing the least square differences between the observed seismogram and the 

desired delta , the deconvolution filter is applied to the L [or 

P] and O components. Figure 5.5 gives an example of the result after deconvolution:
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Figure 5.5
L and O components after deconvolution by the M component [same waveforms as in Figure 5.4]. The M
component - is approximately a spike-like waveform. The L component - is called the receiver function.

After the deconvolution, the deconvolved traces are normalized to the maximum

amplitude of the spike-like waveform on the M component. Finally, the P [or L]

component obtained is the receiver function. We computed ~2200 individual receiver 

functions for the 19 stations used in this study.

As we can see in Figure 5.6, the next step is to align all the spike-like waveform on the 

M component at zero time. The same time shift is applied on the L component.

Figure 5.6
Example of the M component aligned at zero time and the L component aligned with the same time shift 
for station MAHO. 
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The Sp corrected phases have small amplitudes and so, in order to improve the S/N ratio

the deconvolved P [or L] components of a number of seismic events must be slant 

stacked with weights [see Chapter 3 for further details]. The optimum number of the 

stacked receiver functions [L component] for a station should be in a range of several 

tens and the RMS value of noise should be less than 0.01. Every stack contains two 

main phases: the crustal phase [from the Moho] detected as a negative pulse at a time 

near -3.5 s and with the largest amplitude at 0 s/º differential slowness [Figure 5.6b]. 

The other phase detected, also with negative pulse, is the S410p [Sp phase converted at 

the 410-km discontinuity].

In practice, the S410p phase is observed in several traces corresponding to different 

values of differential slowness, and its arrival time changes from trace to trace [Figure 

5.6]. This effect introduces some uncertainties in the measurement results, and should 

be minimized. The dependence of the arrival time on differential slowness means that 

the average signal amplitude will differ between the negative and positive differential 

distances [Vinnik et al., 2010]. To minimize this dependence, an appropriate optimum 

reference distance [the distance at which the moveout corrections change their sign] 

should be selected. This reference distance is found by trial and error and may differ 

from the average epicentral distance by a few degrees [Figure 5.6]. 

In Figure 5.6, the average distance is ~ 83 º and the optimum value for the reference 

distance is 85º. At this distance, the residual time for the S410p is almost independent of 

slowness. The reference distance is larger since there are no amplitudes at distances 

shorter than the critical distance of ~80º.
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Figure 5.6 
Example of stacked of SRFs from station MAHO for three reference epicentral distance (a) 80º, (b) 85º, 
and (c) 90º. The average epicentral distance is 82.6º. The optimum reference distance is 85º. Each trace 
corresponds to the differential slowness shown on the left. The labels “Smp” and “S410p” are for the 
converted phases at the Moho and 410-km discontinuities. Baz is average of back-azimuth.

As we see in chapter 3 [section 3.3.1], in the epicentral distance range between 75º and 

90º the SKS and the S seismic phase arrive within the same time window. This means 

that it is important to distinguish the possible types of interference between these phases 

to detect the S410p with confidence, since the main principle of the SRFs technique is 

that the incoming wave is either S or SKS but not an overlap of them. There are three 

possible types of interaction between the S and SKS [Vinnik et al., 2009]:

o The main contribution to the wave train used for the deconvolution process is 

from the S phase and the contribution from SKS is smaller than the S phase. In 

this case it is the signal from the S410p that is detected;

o The main contribution is from SKS phase and the S has a smaller contribution. 

This means that it is the signal from the SKS410p which has been detected;

o The contributions of S and SKS phases are similar and no signal can be detected. 

However, the signal from the S410p and SKS410p should be easily differentiable, since 

they arrive with an interval of 10 s [Vinnik et al., 2010]. In our analyses of SRFs is the 

S410p that has been detected. 
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5.3 Stacking SRFs to investigate upper mantle

To check for consistency and detect possible azimuthal effects caused by topography of 

interfaces, the individual S functions are stacked for two azimuthal sectors. One sector 

corresponds to the back azimuth from 0º to 90º, termed the NE sector and the other one, 

termed the SW sector, corresponds to back azimuths from 180º to 300º. 

As we have already seen for the PRFs, the distribution of selected events is also small 

for the SRFs, in the back-azimuths from 90º t0 180º and from 300º to 360º. For this 

reason, we did not perform stacks for these azimuthal sectors.

In each selected sector, the receiver functions are stacked for single stations or, if the 

number of recordings at a single station is small, for a few neighbouring stations. The 

observed delay times of converted phases from the discontinuities of the 410-km at 

single stations and in some case in a group of stations are listed in Table 5.1. 

The optimum number of the stacked functions for a station is in a range of several tens 

and the RMS value of noise is less than 0.01. The arrival from the S410p is regarded as 

a signal when the amplitudes are ±3 the RMS amplitude of noise. However, in a few 

stacks, the S410p is seen as a signal with values under this amplitude of noise [±3 ], 

when the largest amplitude of the S410p is focused in or close to the theoretical 

differential slowness for the IASP91 model. The standard error of measurements for the 

times of the S410p is more or less 0.5 s [Vinnik et al., 2010].
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Table 5.1- List of data. Columns labeled Baz, D and Ref D are for the average of back-azimuth and 
average and reference epicentral distances. RMS value of noise is and amplitude of the Sp phase from 
the 410-km discontinuity is regarded as signal. The S410p residual is the time residual of the S410p 
relative to IASP91.

Zone Stations Sector Baz 
(deg)

D
(deg)

Ref D
(deg)

N. 
Traces

S410p
Time (s)

S410p 
Residual

Signal Ratio 
Signal/

IB
E

R
IA

N
 M

A
SS

IF

MTE NE 35.7 80.1 84 76 -52.2 -0.9 0.008 0.018 2.2
MTE SW 251.6 80.0 82 48 -53.5 -1.2 0.009 0.030 3.3
PAB NE 34.2 86.5 85 62 -53.3 -2.4 0.007 0.023 3.3
PAB SW 255.8 84.7 84 134 -53.2 -1.9 0.005 0.026 5.2
EADA NE 52.7 80.2 --- 29 --- --- 0.013 ---- ---
EADA SW 255.2 82.4 82 37 -53.6 -1.3 0.008 0.018 2.3
EBAD NE 67.3 81.0 --- 18 --- --- 0.020 --- ---
EBAD SW 253.7 80.0 82 34 -53.3 -1.0 0.012 0.040 3.4
EMIN NE 60.7 78.0 --- 33 --- --- 0.014 --- ---
EMIN SW 242.5 80.1 82 63 -53.9 -1.6 0.009 0.024 2.7
EGRO NE 46.8 76.6 --- 18 --- --- 0.019 --- ---
EGRO SW 241.9 79.5 82 36 -54.9 -2.6 0.009 0.019 2.1
EBAD+EMIN+EGRO NE 58.8 78.5 82 69 -54.7 -2.4 0.009 0.019 2.1
EBAD+EMIN+EGRO SW 245.3 79.9 82 133 -54.0 -1.7 0.006 0.022 3.7

B
E

T
IC

S

SFUC NE 44.7 76.6 --- 29 --- --- 0.013 --- ---
SFUC SW 251.0 81.6 82 89 -54.3 -2.0 0.005 0.019 3.8
ESPR NE 49.8 79.3 --- 23 --- --- 0.018 --- ---
ESPR SW 250.4 80.6 80 51 -55.3 -1.8 0.007 0.016 2.3
SFUC+ESPR NE 39.6 82.0 --- 71 --- --- 0.008 --- ---
SFUC+ESPR SW 252.4 81.2 81 139 -55.1 -2.2 0.004 0.015 3.8
EMIJ NE 61.4 78.2 --- 19 --- --- 0.018 --- ---
EMIJ SW 248.6 81.2 84 47 -52.7 -1.4 0.006 0.021 3.5
SFUC+ESPR+EMIJ NE 44.2 81.2 85 78 -50.7 0.2 0.007 0.022 3.1
SFUC+ESPR+EMIJ SW 252.2 81.2 81 186 -54.8 -1.9 0.003 0.015 5.0
EQES NE 56.8 83.0 82 36 -52.3 0.0 0.008 0.017 2.1
EQES SW 262.6 81.0 82 52 -51.3 1.0 0.008 0.028 3.5
EQTA NE 62.5 78.2 --- 15 --- --- 0.025 --- ---
EQTA SW 257.8 82.6 84 42 -50.8 0.5 0.011 0.035 3.2
EQES+EQTA NE 56.1 83.7 84 39 -50.6 0.7 0.008 0.015 1.9
EQES+EQTA SW 260.5 81.7 83 94 -51.0 0.8 0.006 0.022 3.6
EBER NE 55.1 80.6 --- 18 --- --- 0.012 --- ---
EBER SW 248.3 83.5 85 28 -49.4 1.5 0.010 0.040 4.0
EQES+EQTA+EBER NE 55.8 82.5 83 57 -51.2 0.5 0.006 0.014 2.3
EQES+EQTA+EBER SW 257.6 82.2 83 122 -50.5 1.2 0.005 0.030 6.0
CART NE 50.1 81.2 --- 53 --- --- 0.013 --- ---
CART SW 257.8 82.7 84 73 -49.9 1.4 0.007 0.019 2.7
EQES+EQTA+EBER+
CART

NE 53.1 81.9 82 110 -52.2 0.1 0.006 0.012 2.0

EQES+EQTA+EBER+
CART

SW 257.7 82.3 82 195 -51.2 1.1 0.004 0.028 7.0

ETOB NE 49.4 79.7 --- 48 --- --- 0.014 --- ---
ETOB SW 260.8 82.2 82 47 -52.9 -0.6 0.006 0.012 2.0

B
A

L
E

A
R

IC
 I

SL
A

N
D

S EIBI NE 43.2 81.1 --- 40 --- --- 0.013 --- ---
EIBI SW 259.8 84.4 85 45 -51.7 -0.8 0.007 0.025 3.6
ETOS NE 45.7 80.6 --- 48 --- --- 0.009 --- ---
ETOS SW 259.6 86.7 85 40 -51.2 -0.3 0.005 0.013 2.6
MAHO NE 41.5 82.4 84 99 -52.3 -1.0 0.006 0.022 3.7
MAHO SW 268.3 82.6 85 55 -52.1 -1.2 0.008 0.025 3.1
EIBI+ETOS+MAHO NE 42.9 81.6 84 187 -53.1 -1.7 0.005 0.020 4.0
EIBI+ETOS+MAHO SW 263.3 84.3 85 142 -52.1 -1.2 0.004 0.014 3.5

N
W

A
F

R
IC

A

MELI NE 51.8 79.1 --- --- --- 0.019 --- ---
MELI SW 254.7 81.5 82 51 -52.4 -0.1 0.008                            0.040 5.0
RTC NE 40.5 82.5 84 40 -53.1 -1.8 0.007 0.015 2.1
RTC SW 254.6 79.7 78 54 -55.4 -0.1 0.008 0.016 2.0
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In the following paragraphs we show all the SRFs stacks for all the stations. We group 

the stations by their location in the study area [Figure 4.1].

Stacks for the Iberian Massif

MTE, PAB, EBAD, EMIN, EGRO, EADA

For five stations [MTE, PAB, EBAD, EMIN and EGRO] and for the group of stations 

[EBAD+EMIN+EGRO] at the Iberian Massif, the S410p is detected with confidence in 

the stacks and it is seen at several traces at the SW sector [Figures 5.7 to 5.10]. All 

S410p residuals are negative with an average near 2 s [Table 5.1].

All SRFs in Figure 5.7 contain the crustal phase [Smp] with the largest amplitude at the 

0s/º differential slowness and a clear S410p phase with the largest amplitude mainly at 

the 6.0s/º differential slowness, close to the theoretical value. A phase with positive 

polarity arriving at a time around -10.0 s is also visible, in Figure 5.7 [a-d] and Figure 

5.7[f]. The RMS value of noise is between 0.005 and ~0.01 [Table 5.1]. The arrivals 

of the S410p are ~1–2 s early with respect to the IASP91 model.

For MTE, the amplitudes of the S410p vary in both sectors [Table 5.1 and Figure 5.7a-

b]. In the SW sector the amplitude [0.03] of the S410p is ~3 times the RMS amplitude 

of noise [0.009]. Another phase is detected, with positive polarity, arriving at a time 

around -48 s, labeled S350p. 
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Figure 5.7
Stacked SRFs from station MTE [a-b], PAB [c-d] and EADA [e-f]. Each trace corresponds to the 
differential slowness shown on the left-hand side. The arrivals of distinct phases are marked by arrows on 
the traces with the largest amplitudes. Baz is for the average of back-azimuth and Dist is for the reference 
epicentral distance.
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The SRFs in Figure 5.7 [c-d] contain two main phases: a crustal phase arriving at ~-3.5 

s and a clear S410p.  In the stack for the NE sector of the PAB, the amplitude of the 

S410p [0.02] is 3 times the RMS amplitude of noise [0.007]. In this stack, besides the 

Smp and the S410p phases, a signal with positive polarity arriving at a time around -

60.0 s is also visible, labeled S480p. In the stack for the SW sector at PAB [Figure 5.7d] 

the amplitude of the S410p [0.026] is 5 times the RMS amplitude of noise [0.005]. The 

signal of the S410p is clear and seen on several traces. The maximum amplitude is 

observed at a differential slowness of 0.6 s/°. The stacks at PAB are a good example of 

high quality data. 

The stack for the SW sector at EADA [Figure 5.7f] contains three phases: a crustal 

phase, the S410p phase [seen on several traces] and the S350p phase arriving at ~-48.0 

s. The arrival from the S410p is regarded as a signal, however its amplitude is only 2 

times the RMS amplitude of noise. On the NE stack for EADA no phases are detected 

[Figure 5.7e] since the RMS value of noise is very high [0.013].

In the stacks at EBAD, EMIN and EGRO, Figure 5.8, the signal from the S410p is only 

detected for the SW sector. The RMS value of noise is between 0.008 and ~0.01 [Table 

5.1]. The arrivals of the S410p are earlier than the reference values, almost 1.5 s [Table 

5.1]. In the SW sector of EBAD a positive polarity around ~-48.0 s is detected.
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Figure 5.8
The same as in Figure 5.7: [a-b] EBAD; [c-d] EMIN; [e-f] EGRO.
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To improve the S/N ratio and confirm the results, we combine the receiver functions 

from the neighboring stations: EBAD+EMIN+EGRO [Figure 5.9]. The SRFs in Figure 

5.9 [a] [SW sector] are obtained from 133 individual SRFs with the average epicentral 

distance of 79.9° and the reference distance of 82°. The stack contains two main phases,

the Smp phase arriving at time near ~-3.5 s and a clear S410p with an amplitude [0.02] 

which is 3 times the RMS amplitude of noise [0.006]. Another visible phase in this 

stack is the signal with positive polarity that arrives at a time around -48.0 s.  In the 

stack for the NE sector [Figure 5.9b] the amplitude of the S410p [0.019] is 2 times the 

RMS amplitude of noise [0.009]. The maximum amplitude is observed at a differential 

slowness of 0.6 s/°. The S410p time is close to the arrival time values obtained for the 

individual stations [Table 5.1]. 

Figure 5.9
Stacked SRFs from EBAD+EMIN+EGRO. Each trace corresponds to the differential slowness shown on 
the left. The arrivals of distinct phases are marked by arrows on the traces with the largest amplitudes. 
Baz is for the average of back-azimuth and Dist is for the reference epicentral distance.



STRUCTURE OF THE CRUST AND MANTLE BENEATH IBERIA AND WESTERN MEDITERRANEAN

160

Stacks for the Betics region

SFUC, ESPR, EMIJ, EQES, EQTA, EBER, CART, ETOB

For the eight individual stations [SFUC, ESPR, EMIJ, EQES, EQTA, EBER, CART 

and ETOB] and for five different groups of stations in the Betics region [Table 5.1], the 

S410p is detected with confidence in the stacks and is seen on several traces of the SW 

sector [Figures 5.10-5.14]. For most of the stacks of the NE sector, the signal from the 

S410p is not detected.

Every stack from the SW sector, in Figure 5.10 and Figure 5.11, contains a crustal phase 

and a clear S410p phase. The RMS value of noise is from 0.003 to 0.007. Most the 

S410p residuals, excluding one [Figure 5.11- NE sector – Baz=44º], are negative with 

the average near 2 s [Table 5.1].

In the stack for the SW sector at SFUC [Figure 5.10 b], the amplitude of the S410p

[0.018] is almost 4 times the RMS amplitude of noise [0.005]. The signal of the S410p

is clear and seen at several traces. The maximum amplitude is observed at a differential 

slowness of 0.6s/º.

The stack for the SW sector of ESPR contains besides the main phases [crustal phase 

and S410p phase] another phase with negative polarity arriving at a time around -37.0 s, 

labelled S320p [Figure 5.10d].  

To improve the signal-to-noise ratio, particularly for the NE sector where the S410p is 

not seen, the records were stacked for two neighboring stations [SFUC and ESPR]. The 

stack for the SW sector at SFUC+ESPR [Figure 5.10f] is obtained from 139 individual 

SRFs with the average epicentral distance of 81.2° and the reference distance of 81°. 

There are three visible phases in the stack. The crustal phase, the S320p phase and the 

S410p phase which arrive at a residual time 4.0 s, -36.9 s and -55.1 s respectively. The 

amplitude of the S410p [0.015] is ~4 times the RMS value of noise [0.004] and the 

maximum amplitude is observed at a differential slowness of 0.6 s/°. In the stack for the 

NE sector, obtained from 71 individual SRFs with the average epicentral distance of 

82°, only the crustal phase is detect at a time around -4.0 s.
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Figure 5.10
The same as in Figure 5.7: [a-b] SFUC; [c-d] ESPR; [e-f] SFUC+ESPR ; [g-h] EMIJ. 
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Since the signal from the S410p is missing for all stacks of the NE sector [Figure 5.10], 

the individual receiver functions from SFUC, ESPR and EMIJ were stacked together to 

try to detect this phase. In the stack for the SW sector [Figure 5.11a], obtained from 186 

individual SRFs with the average epicentral distance of 81.2° and a reference distance 

of 81º, the Smp arrives at ~4.0s and the S410p arrives at -54.8 s, almost 2 s earlier than 

predicted by the IASP91. The amplitude of the S410p [0.015] is ~5 times the RMS 

value of noise [0.003]. 

The stack for the NE sector at SFUC+ESPR+EMIJ is performed with 78 individual 

SRFs [Figure 5.11b]. The average epicentral distance is 81.2º and the reference distance 

is 85º. The RMS value of noise is 0.007 [Table 5.1]. A signal from S410p with an

amplitude [0.022] ~3 times the value of noise, arriving at a time close to the predicted 

by the IASP91, is detected at a differential slowness of 0.6 s/°. 

Figure 5.11
The same as in Figure 5.9 but for the group of stations: SFUC+ESPR+EMIJ. 
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Most SRFs in Figure 5.12, for stations EQES, EQTA and EQES+EQTA, contain a 

crustal phase and an S410p phase. Most of the S410p residuals are positive with the 

average near 0.8s [Table 5.1]. The RMS value of noise ranges from 0.006 to ~0.01. 

These stacks have a high noise level, and to improve the quality of the stacks, we 

stacked the individual receiver functions from EQES and EQTA together. However, we 

improved only the signal-to-noise ratio in the SW sector [Table 5.1 and Figure 5.12e 

and f]. 

Figure 5.12
The same as in Figure 5.7: [a-b] EQES; [c-d] EQTA; [e-f] EQES+EQTA.
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The stack for the SW sector at EQES+EQTA [Figure 5.12f] is obtained from 94 

individual SRFs with an average epicentral distance of 81.7° and a reference distance of 

83°. The main phases in the stack are the crustal phase at a time 4.5 s and the S410p 

phase at a time of -51.0 s. The amplitude of the S410p [0.022] is ~4 times the RMS 

value of noise [0.006].

In Figure 5.13, the SRFs stacks for EBER, EQES+EQTA+EBER and CART are shown.

Here, it is possible to see that all stacks of the SW sector have a positive polarity ~-46 s, 

respectively [Figure 5.13b, d and f]. Another phase with negative polarity arriving at a 

time near -30 s at a slowness 0.6 s/° is detected in the NE sector of EQES. This phase, 

labeled SLp, can be tentatively interpreted as the Sp phase from the Lehmann 

discontinuity at a depth of about 200 km, although the deviation of slowness of this 

phase [0.6 s/°] from the standard value [0.1 s/°] is large. However, for the SW sector of 

EQES+EQTA, this phase is detected at a slowness 0.2 s/°. 

The stack of EBER for the NE sector contains a very high level of noise, which means 

that it is impossible to identify any converted phase. At the SW sector the S410p is 

detected at a time of ~-49.4 s [Figure 5.13a-b]. The amplitude of the S410p is ~4 the 

RMS amplitude of noise, and the maximum amplitude is observed at a differential 

slowness of 0.6 s/°. A positive polarity is detected at a time near ~-45.0 s, labeled 

S350p. 

The stacks for EQES+EQTA+EBER [Figure 5.13c-d] contain the main phases, the 

crustal phase [at a time near -4.5 s] and the S410p phase, in both sectors. The stack of 

the NE sector is performed with 57 individual SRFs for the reference distance of 83º 

[the average distance is 82.5º]. The amplitude of the S410p [0.014] is ~2 times the RMS 

value of noise [0.006]. Despite the lower signal-to-noise ratio, the arrival from the 

S410p is regarded as a signal, since the maximum amplitude is seen and focused in 

values close to the theoretical differential slowness for the IASP91 model [Figure 

5.13c]. The S410p arrives 0.5 s later than predicted by IASP91 [Table 5.1]. At a time of 

about 30 s there is a negative polarity, the SLp phase, at a slowness 0.6 s/°. On the SW 

sector the S/N ratio was improved in relation to the individual stacks. The stack was 

calculated from 122 individual receiver functions with the average distance of 82.2º and 
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the reference distance of 83º. The Smp phase arrives at time ~-4.5 s and the S410p 

arrives 1.2 s later than the predicted by the IASP91. The amplitude of the S410p [0.03] 

is ~6 times the value of noise and it is detected at a differential slowness of 0.6 s/° 

[Figure 5.13d]. This stack contains two more phases, one with negative polarity,

arriving at a time of ~-27.0 s at a slowness of 02 s/º, labeled SLp, and another phase 

with positive polarity arriving at a time of ~-45.5 s, labeled S350p.

Figure 5.13
The same as in Figure 5.7: [a-b] EBER; [c-d] EQES+EQTA+EBER; [e-f] CART. 
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The SRFs in Figure 5.13f [SW sector of CART] were obtained from 73 individual SRFs 

with the average epicentral distance of 82.7° and the reference distance of 84°. The 

stack contains two main phases, the crustal phase phase arriving at -3.0 s and the S410p 

arriving 1.4 s later than the predicted IASP91 [Table 5.1]. The signal from the S410p

has an amplitude [~0.02] ~3 times the RMS amplitude of noise [0.007] and is detected 

at a differential slowness of 0.6 s/°. For the NE sector, the stack is detected only at the 

crustal phase at -3.0 s.

To improve the S/N ratio, and since the S410p residual is similar for stations EQES, 

EQTA, EBER and CART, we processed the data from all 4 stations jointly. The stack 

for the SW sector at EQES+EQTA+EBER+CART [Figure 5.14a] was obtained from 

195 individual SRFs with the average epicentral distance of 82.3° and the reference

distance of 82°. This stack contains two phases: the crustal phase [arriving at a time 

~4.0 s] and the S410p phase. The signal from the S410p with an amplitude [0.028] ~7 

times the RMS value of noise [0.004] is observed at a differential slowness of 0.6 s/°.

The S410p arrives 1.1 s later than the predicted by the IASP91. 

The stack for the NE sector [Figure 5.14b] was performed with 110 individual SRFs for 

a reference distance of 82º. The amplitude of the S410p [0.012] is 2 times the RMS 

value of noise. Nevertheless the arrival from the S410p is regarded as a signal since the 

maximum amplitude is found at a differential slowness of 0.8 s/°, which is close to the 

theoretical value. The S410p arrives at a time close to the standard IASP91. This stack

contains one more arrival with negative polarity at a time of about -27.0 s at a slowness 

of 0.6 s/º, despite the deviation of slowness of this phase from the standard value [0.1 

s/º], this phase is labeled SLp.
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Figure 5.14
The same as in Figure 5.9 but for the group of stations: EQES+EQTA+EBER+CART.

Stacks for the Balearic Island

EIBI, ETOS, MAHO

Figure 5.15 shows the stacked SRFs in two back-azimuth sectors [NE and SW] for the 

stations located in the Balearic Islands – EIBI, ETOS and MAHO. All the S410p 

residuals are negative with the average near 1 s [Table 5.1]. The RMS value of noise 

varies between 0.004 and 0.01.
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Figure 5.15
The same as in Figure 5.7: [a-b] EIBI; [c-d] ETOS; [e-f] MAHO. 

The SRFs stacks for stations EIBI and ETOS in Figure 5.15 [a-c] contain a crustal phase 

and a clear S410p phase only for the SW sector. The crustal phase arrives at ~-3.0 s and 

the S410p arrives earlier than the predicted by IASP91 model [Table 5.1]. 
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The stacked SRFs in Figure 5.15 [e] [NE sector of MAHO] were obtained from 99 

individual SRFs with an average epicentral distance of 82.4° and a reference distance of 

84°. The stack contains two main phases, the crustal phase arriving at time ~-3.0 s and 

the S410p arriving 1.0 s earlier than the predicted IASP91 [Table 5.1]. The signal from 

the S410p has an amplitude [~0.02] ~3 times the RMS amplitude of noise [0.006] and it 

is detected at a differential slowness of 0.4 s/°. 

For the SW sector of station MAHO [Figure 5.15f], the stack was performed from 44 

individual receiver functions with the average distance of 82.6º and the reference 

distance of 85º. In this stack, there are two phases: the Smp arrive at a time near -3.0 s 

and a clear S410p observed on several traces [Figure 5.15f]. The amplitude of the S410p

[0.025] is ~3 times the RMS value of noise [0.008]. The maximum amplitude of the 

S410p is observed at a differential slowness of 0.6 s/°. The S410p arrives -1.2 s earlier 

than the IASP91 model [Table 5.1]. 

To improve the S/N ratio and to confirm the results, we combined the receiver functions 

from the neighboring stations: EIBI+ETOS+MAHO [Figure 5.16]. The S410p time 

residuals are negative with the average near 1 s [Table 5.1]. The SRFs in Figure 5.16 [a] 

[SW sector] were obtained from 142 individual SRFs with an average epicentral 

distance of 84.3° and a reference distance of 85°. The stack contains two main phases,

the Smp phase arriving at a time of near -3.0 s and a clear S410p with an amplitude 

[0.014] which is 3.5 times the RMS amplitude of noise [0.004] and detected at a 

differential slowness of 0.6 s/°. The stack for the NE sector [Figure 5.16b] was 

performed from 187 individual receiver functions for a reference distance of 84º [the 

average epicentral distance is 81.6º]. The amplitude of the S410p [0.020] is 4 times the 

RMS amplitude of noise [0.005]. The maximum amplitude is observed at a differential 

slowness of 0.4 s/°. From this joint analysis, we obtained a clear improvement in the 

results, particularly for the NE sector.
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Figure 5.16
The same as in Figure 5.9 but for the group of stations: EIBI+ETOS+MAHO.

Stacks for Northwest Africa

MELI, RTC

Figure 5.17 illustrates the stacked SRFs obtained for the stations located in Northwest 

Africa. The stack at the SW sector of MELI was obtained from 51 individual SRFs for 

an average distance of 81.5º and for a reference distance of 82º [Figure 5.17b]. The

stack contains three phases: the crustal phase that arrives at ~-3.5s, the S410p phase 

[seen at several traces] and the S350p phase arriving at ~-48.0 s. The S410p arrives at a 

time close to the predicted by IASP91. The amplitude of the S410p [0.04] is ~5 times 

the RMS amplitude of noise [0.008]. At the NE sector of MELI no phases are detected 

[Figure 5.17a] since the RMS value of noise is very high [~0.02].
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Figure 5.17
The same as in Figure 5.7: [a-b] MELI; [c-d] RTC. 

The stacks for RTC were performed with 40 and 50 individual SRFs for the NE sector

and for the SW sector, respectively [Figure 5.17]. The arrival time of the crustal phase is 

~-4.0 s and the arrival of the S410p is different in both sectors [Table 5.1]. At the NE 

sector, the signal from the S410p arrives ~2 s earlier than predicted by the IASP91.  At 

the SW sector, the S410p phase arrives at a time close to predicted values. The 

amplitude of the S410p is only 2 times the RMS value of noise in both stacks. However,

the signal is focused around the theoretical differential slowness, which means that the 

negative polarity signal can be interpreted as the S410p phase. 
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5.4 Observed Upper Mantle Phases

As we saw in the previous section, the resulting stacks for some stations contain, 

besides the signal from Moho and the 410-km discontinuity, other mantle phases: an 

arrival with a positive polarity at a time around 10.0 s [Sp]; two arrivals with negative

polarity at a time around -27.0 s [SLp] and -37.0 s [S320p] and two arrivals with 

positive polarity at a time around -47.0 s [S350p] and -60.0 s [S480p].

In the stack for the SW sector of SFUC the negative polarity in the Smp from the Moho 

is preceded by a phase with positive polarity at a time around -10 s [Figure 5.18a]. This 

phase is interpreted as a combination of the sidelobe of Smp and an Sp phase converted 

at the boundary between the high-velocity mantle lid and the underlying low S velocity 

zone [Vinnik et al., 2010]. It will not be analyzed further.

The stack for the SW sector of EQES+EQTA contains, besides the signal from Moho 

and the 410-km discontinuity, two more arrivals [Figure 5.18b]. The first signal with 

negative polarity arriving at a time around -30.0 s, should be cautiously interpreted as 

the Sp phase from the positive Lehmann discontinuity at a depth around 200 km. The 

amplitude of SLp [0.025] is ~4 times the RMS value of noise [0.006]. The differential 

slowness of 0.2 s/° is close to the theoretical differential slowness of 0.1 s deg-1s

[Vinnik and Farra, 2007]. The second signal with positive polarity arrives at a time -

46.0 s, labelled S350p. This phase may correspond to the 350-km. This discontinuity 

may not be a sharp discontinuity and is located precisely at a depth of 350 km, but it is 

within the range from 320 to 380 km [Vinnik et al., 2010]. Its amplitude [0.023] is ~4 

times the RMS value of noise [0.006]. The maximum amplitude is observed at the 

predicted value of 0.6 s/°.

The resulting stack for the SW sector of ESPR contains the main phases [crustal phase 

and the S410p phase] and a signal with negative polarity at a time around -37.0 s 

[Figure 5.18c]. This arrival may correspond to a positive discontinuity, located at a 

depth around 280-km [Vinnik and Farra, 2007]. The amplitude of S320p [0.02] is ~3 
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times the RMS value of noise [0.007]. The maximum amplitude is observed at the 

differential slowness of 1.0 s/°.

In the stack for the NE sector of PAB, besides the signals from Moho and the 410-km 

discontinuity, there is another arrival with a positive polarity at a time around -60.0 s, 

termed S480p [Figure 5.18d]. This term does not imply that the discontinuity is located 

precisely at a depth of 480-km [Vinnik et al., 2010]. Its amplitude [0.024] is ~3.5 times 

the RMS value of noise [0.007]. The maximum amplitude is observed at the differential 

slowness of 0.8 s/°. 

Figure 5.18
Stacked SRFs from sector: [a] SW of SFUC; [b] SW of EQES+EQTA; [c] SW of ESPR and [d] NE of 
PAB. Each trace corresponds to the differential slowness shown on the left-hand side. 
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5.4.1 480-km discontinuity

A few seismological studies have reported a low S velocity in the transition zone at the 

480-km discontinuity [Vinnik and Farra, 2006; Vinnik et al., 2009; Vinnik et al., 2010]. 

However, the term “480-km” does not means that the discontinuity is located precisely 

at a depth of 480-km [Vinnik et al., 2010]. The origin of this layer is associated with 

hot spots and low-velocity anomalies in the transition zone. 

In the stack for the NE sector of PAB, a positive polarity at a time around -60.0 s is 

seen, which is consistent with the evidence phase for the P480s in the PRFs. In the

PRFs, this phase is also observed in the stacks for the NE sector of EADA, EGRO, 

EBAD+EMIN+EGRO, EMIJ and EIBI [See Chapter 4 – section 4.4.2 and Appendix C]. 

However, this phase requires further research. 

5.4.2 350-km discontinuity

Observations of S350p in the SRFs from MTE, EADA, EBAD, EQES, EQTA, EBER 

and MELI for the SW sector are consistent with the evidence of P350s from PAB, 

EMIN, EGRO, SFUC+ESPR, EMIJ, EQTA, EBER and ETOS [see Chapter 4–section 

4.4.3 and Appendix C]. The origin of this low velocity atop the 410-km discontinuity 

has been found in several locations and was related either to dehydration of subducted 

slabs [Revenaugh and Sipkin, 1994] or mantle plumes [Vinnik et al., 2010]. Our 

observations reveal that it is likely that the 410-km discontinuity is overlaid by a low-S-

velocity material, however, observations of more similar Sp converted phases will be 

important to make a careful interpretation of this discontinuity in Iberia and the western 

Mediterranean. 
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5.4.3 320-km discontinuity 

Our analysis of SRFs reveals a negative phase arriving at -37.0 s [S320p] in the SW 

sector of ESPR. This arrival may correspond to a positive discontinuity located at a 

depth of around 280-km [Vinnik and Farra, 2007]. Moreover, observations of P320s in

the PRFs from the NE sector of stations EGRO, EBAD+EMIN+EGRO, ETOB and 

from the SW sector of stations EADA, SFUC, SFUC+ESPR and MAHO reveal a 

seismic discontinuity in the mid-upper mantle that corresponds to a depth from 250 to 

350 km. This phase arrives at 26-30 s and at 32-34 s in the NE sector and the SW sector, 

respectively [see Chapter 4- section 4.4.4 and Appendix C]. It has been found in hotter 

oceanic regions, in South Pacific Superswell [Deuss and Woodhouse, 2002] and in 

Indonesian subduction zone, in the Northwest Pacific and China [Revenaugh and 

Jordan, 1991; Revenaugh and Sipkin, 1994]. However, the origin of this phase requires 

further research since different explanations have been advanced, including chemical 

heterogeneity and the hypotheses of a rheological boundary corresponding to a change 

from anisotropic to isotropic structure.

5.4.4 Lehmann discontinuity

The seismic discontinuity located at a depth between 200 and 250-km is termed the

Lehmann discontinuity [or L]. Originally, this discontinuity was interpreted by 

Lehmann as the base of the low S velocity layer. However, the origin of this 

discontinuity is still a matter of debate and it is often interpreted as a boundary 

separating anisotropic and isotropic media, although there are numerous hypothesis that 

could explain this discontinuity [e.g. Deuss and Woodhouse, 2004; Vinnik et al., 2005].

Our analysis of SRFs reveals a signal with negative polarity arriving at a time around -

30.0 s in stations EQES and EQTA [located at the Betics region] in both directions. This 

phase should be cautiously interpreted as the SLp phase from the positive Lehmann 

discontinuity at a depth around 200-km. In the stacks of PRFs this phase is difficult to 

observe since the crustal multiples can mask conversions from the Lehmann 

discontinuity. 
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5.5 Results and interpretation of SRFs

We have calculated more than 2200 S receiver functions for 19 stations in Iberia and 

northwest Africa [Figure 5.19 and Table 5.1]. The region where the S is converted to P 

at the 410-km discontinuity is shown by the surface projection of the piercing points

[Figure 5.19]. For the teleseismic distances used in this work, between 65º and 90º, the 

distance between the station and the surface projection of the piercing point can change 

from 450km, for an epicentral distance of 90 º, to 800-km for epicentral distances less 

than 80º. As we can see from Figure 5.19, we have a concentration of the piercing 

points on the SW sector, since the number of recordings is in a narrow epicentral 

distance of around 80º, while the piercing points from the NE sector represent a very 

large and different region because the number of recordings is in a broad epicentral 

distance. This can explain the high RMS amplitude of noise in resulting stacks for the 

NE sector.

Figure 5.19
Surface projections of piercing points of the S410p.
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In our analyses most S410p residuals are negative, with an average of near 1.5 s [Table 

5.1] and the interval of values measured range from –2.5 to 0 s [Figure 5.20]. Only a

few measurements are larger than 0 s. 

Figure 5.20
Histogram of the S410p residual.

The negative S410p residuals have already been observed in California [Vinnik et al., 

2010] and a few explanations were advanced to explain these negative residuals. First, 

the negative residuals can be explained by an effect of lateral heterogeneities. If, for 

example, the converting interface is tilted, it affects the differential slowness of the Sp 

phase [a tilt of 2º changes the differential slowness by 0.1º/s]. However, there are few 

observations of a differential slowness of the S410p that deviate significantly from the 

standard 0.6 s/° in our data. Moreover, if the S wave propagation is mostly in a low 

velocity upper mantle, while the P wave propagation of the S410p is in a high-velocity 

mantle, the arrival time should produce negative and positive residuals in the same area 

for the opposite back-azimuth. Our resulting stacks for the nearly opposite back-

azimuths of the NE and SW sectors do not show evidence of this effect [Table 5.1]. 

Second, the earlier arrivals can be caused by a high Vp/Vs ratio in the crust and upper 

mantle or by a depression on the 410-km discontinuity, or both, but with smaller 
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magnitudes. Vinnik et al., [2010] showed that the relation between the S410p travel 

time relative to the S travel time [dT] and the perturbation of the interface depth [dH] is:

dT= 0.13 dH

[5.1] 

This means that, for our results of the S410p residuals, an average of ~-1.5 s should 

result in a depression on the 410-km discontinuity by 11.5-km. However, a depressed 

410-km discontinuity is unlikely in a cold or a normal transition zone.

Our early arrivals may have one reason: an anomalously high Vp/Vs ratio above the 

410-km interface. In Figure 5.21 we can see that the model with high Vp/Vs [0.05 

higher than the normal in a layer of 115 km thick] is the one where the arrivals are ~2 s 

earlier than the predicted by the IASP91. 

Figure 5.21
Arrival time of the S410p as function of epicentral distance for the IASP91 and for different S velocity 
profiles. A residual of ~-2 s can be explained by the YF model with the Vp/Vs ratio=1.9 in the depth 
interval from 85 to 200 km and the IASP91 ratio outside this interval. IASP91 [Kennet and Engdahl, 
1991], TNA [Grand and Helmberger, 1984], and YF [Yang and Forsyth, 2006] are the S velocity profiles 
used for modeling the time residuals of the S410p. [After Vinnik et al., 2010].

Since our analyses of SRFs cover a very large region, to facilitate the interpretation, we 

divide the region in 4 areas: the Iberian Massif, the Betics region, the Balearic Islands 

and the Northwest of Africa. We will considerer the results obtained for the stations 

located in each area, as we did in the previous sections and also for the PRFs analysis in 

Chapter 4. 
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Results and interpretation for stations in the Iberian Massif

In our study, we investigated six stations located in the Iberian Massif. As we can see 

from Figure 5.22 the raypaths of the S410p, after crossing the 410-km discontinuity,

traverse very different deep structures. We begin by dividing the results obtained in both 

directions [NE sector and SW sector] for 2 individual stations [MTE and PAB] and for 

the group of stations [EBAD+EMIN+EGRO]. This allows us to investigate possible 

effects of lateral heterogeneities. The residual of time of the S410p is negative with an 

average near 2.0 s and 1.5 s for the NE sector and SW sectors, respectively [Table 5.1]. 

The S410p residuals are identical in both directions and the differential slowness does 

not change significantly in our stacks [Figure 5.7 and Figure 5.9]. Therefore the 

explanation for the negative residual is either the high Vp/Vs ratio in the crust and upper 

mantle or a depression on the 410-km discontinuity or both. We discard the possibility 

of lateral heterogeneities.

Figure 5.22
Surface projection of piercing points of the S410p from stations located in the Iberian Massif.



STRUCTURE OF THE CRUST AND MANTLE BENEATH IBERIA AND WESTERN MEDITERRANEAN

180

Results and interpretation for stations in the Betics region

Figure 5.23 shows the surface projection of the piercing points for stations located in the 

Betics region. This set of stations has peculiar results. The stacks for the SW sector of 

the stations located close to the Gibraltar arc [SFUC, ESPR and EMIJ] show that the 

S410p residuals are negative, with an average near to 2 s at the SW sector. Instead, for 

the NE sector the resulting stacks on the same group of stations in the S410p residuals 

are close to the predicted by the IASP91. These results can be related with lateral 

heterogeneities, since we are sampling two distinct regions: the SW sector, which is 

sampling the deep structure of the western side of Gibraltar Arc [Atlantic ocean] and  

the NE sector, which is sampling the region of NE-SE of Iberia. 

Furthermore, the reason for the negative values, in the SW sector, can also be either a 

high Vp/Vs ratio in the crust and upper mantle or a depression on the 410-km 

discontinuity. We discard the possibility of a depression on the 410-km discontinuity, 

since our analysis of PRFs for Gibraltar arc reveals a cold transition zone.  In the NE 

sector, the residuals close to normal values [~0.2] can be related with an anomalously 

low Vp/Vs ratio. 

For most of the other stations located in the Betics [EQES, EQTA, EBER and CART], 

excluding ETOB, the S410p residuals are positive with an average near to 1 s and close 

to the predicted by the IASP91 for the SW and NE sectors, respectively. The reasons for 

these residuals are either an elevation on the 410-km or an anomalously low Vp/Vs ratio 

in the uppermost mantle, or both. We discard lateral heterogeneities since the residuals 

are similar in both sectors and we do not observe a differential slowness of the S410p

that deviates significantly from the standard 0.6 s/º in our data.

Figure 5.23 allows us to suggest that the different results of the arrivals from the stations

in the Betics region are related with the deep structure of the crust and uppermost 

mantle in the vicinity of the stations, indicating that the structure in the western side of 

the Gibraltar arc is different from the structure in the eastern side of Gibraltar arc. 
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Figure 5.23
Surface projection of piercing points of the S410p for stations located in the Betics region. Yellow 
diamonds are piercing points of stations SFUC, ESPR, EMIJ and ETOB. Blue diamonds are piercing 
points of stations EQES, EQTA, EBER and CART.

Results and interpretation for the stations in the Balearic Islands

The surface projection of the piercing points for stations located in the Balearic Islands 

sample very different structures [Figure 5.24]: the SW sector is sampling the Iberian 

Massif and the Betics and the NE sector is sampling the eastern side of the Balearic

Islands. However, the resulting stacks from both sectors have negative S410p residuals 

with an average of near -1 s. Our early arrivals may have one explanation: anomalously 

high Vp/Vs ratio in crust or in upper mantle. We discard a simultaneous depression in 

both domains, since our analysis of PRFs indicate a thick mantle transition zone in this 

region.
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Figure 5.24
Surface projection of piercing points of the S410p for stations located in the Balearic Islands.

Results and interpretation for stations in Northwest Africa

Figure 5.25 displays the surface projection of the S410p piercing points, for stations 

located in Northwest Africa. The S410p residuals are close to the predicted by the 

IASP91 [NE sector] and are negative with a value near 2 s, for the SW sector. The early 

arrivals for the SW sector of RTC is similar with the values obtained from other stations 

[for example the SW sector of SFUC and ESPR] for the same region. This means that 

this value may have one reason: a high Vp/Vs ratio in the crust and upper mantle.

We should not discard the hypothesis of lateral heterogeneities since the surface 

projection of the piercing points for stations located in Northwest Africa sample very 

different structures, the eastern side and the western side of Gibraltar arc. Moreover, the 

arrivals from both directions are close to the predicted by the IASP91 for the NE sector

and are negative for the SW sector, and these results are in agreement with positive and 

negative S410p residuals obtained for the stations in the Betics region and for the 

stations in the Gibraltar zone. 
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Figure 5.25
Surface projection of piercing points of the S410p for stations located in the Northwest Africa.

5.6 Discussion

Our analysis of the SFR, sampling distinct structures in Iberia and western 

Mediterranean. Most of the residual times of the S410p, excluding a few data points, are 

negative, with an average near 1.5 s [Figure 5.26]. The reasons are either the high 

Vp/Vs ratio in the crust and upper mantle [0.05 higher than the norm in a layer of 115 

km] or a depression on the 410-km discontinuity of ~11.5 km or both, but with smaller 

magnitudes. However, we should discard a depression on the 410-km, since our analysis 

of the PRFs reveals a cold mantle transition zone that corresponds to the band of 

Gibraltar arc, the Betics Cordillera and the Balearic Islands. Instead, we should consider 

that over the anomalous TZ our analysis reveals a zone of reduced velocity in the upper 

mantle. 



STRUCTURE OF THE CRUST AND MANTLE BENEATH IBERIA AND WESTERN MEDITERRANEAN

184

Figure 5.26
[a-b] Tomographic map images at 53 and 200 km depths of the western Mediterranean [modified from 
Spakman and Wortel, 2004]; Time residual of the S410p relative to the IASP91 attributed to piercing 
points at smaller depths [~150 km] for: [c] average of back-azimuth for the NE and SW sectors [d] for 
two azimuthal sectors - 0 to 90 deg and 180 to 300 deg. Seismograph stations are shown by filled 
triangles. The time residual relative to the standard time of the IASP91 is shown by color code. Note that 
most of the data points, excluding a few [that belong to stations with green filled triangles], are negative 
with the average near 1.5 s. The reason is the elevated Vp/Vs ratio in the crust and upper mantle [0.05 
higher than the norm in a layer 115 km thick]. 
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The few data points with positive values [an average of 1 s] correspond to the Betics

and Gibraltar Arc [Figure 5.26]. There are two main reasons for these values: an 

elevation on the 410-km or an  anomalously low Vp/Vs ratio in the uppermost mantle, 

or both. 

In Figure 5.26, we can see the S410p residuals attributed to piercing points at a smaller 

depth [~150 km] because the negative/positive residuals are explained by an effect in 

Vp/Vs in the crust and upper mantle.

Our analysis of SFR in the region of Betics reveals distinct features in deep structure of 

the crust and uppermost mantle in the vicinity of the stations, indicating that the 

structure in the western side of the Gibraltar arc is different from that in the eastern side. 

At a few stations [RTC and EQES], we have arrivals of the S410p with 

negative/positive values in NE/SW and with values close to those predicted by the 

IASP91 in the opposite direction [Figure 5.26]. The reason for this can be lateral 

heterogeneities, since this residual corresponds to opposite direction of wave 

propagation. 

These results are in agreement with several tomographic studies, which were found 

beneath the Betics region, a seismically slow material at shallow depth that is underlain 

by a single coherent fast body [Figure 5.26], apparently continuous from 250 down to 

600 km depth [e.g. e.g. Calvert et al., 2000; Piromallo and Morelli, 2003; Spakman and 

Wortel, 2004]. The joint inversion of the PRFs and SRFs will allow us to discuss these 

results with more detail in our conclusions. 
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CHAPTER 6

Joint inversion of PRFs and SRFs 

In this chapter, we determine the first isotropic structure of the crust and upper mantle 

by joint inversion of the PRFs and the SRFs in the Iberia and the western 

Mediterranean. We apply the joint inversion to the P and S receiver functions computed 

for 19 stations presented in Chapter 4 and Chapter 5. The non-uniqueness of inversion 

can be further reduced by the joint inversion of the receiver functions and the absolute 

[determined with respect to the known velocity model] teleseismic P and S travel-time 

residuals [Vinnik et al., 2006]. The inversion is conducted with a simulated annealing 

technique. This method operates in a depth range of long-period surface waves but 

differs by much higher lateral and radial resolution [for more details, see Chapter 3]. 

This technique has been successfully applied in several regions to study the deep 

structure of the Tien Shan, Indian Shield, Himalaya, Ladakh, Tibet, southern Africa and 

the Azores [e.g. Kiselev et al., 2008, Vinnik et al., 2009, Silveira et al., 2010]. 



STRUCTURE OF THE CRUST AND MANTLE BENEATH IBERIA AND WESTERN MEDITERRANEAN

188

6.1 Data

The methodology used for the joint inversion of the PRFs and SRFs is the one explained

in Chapter 3 [section 3.4]. The compilation of a dataset of nearly 2600 P receiver 

functions and nearly 2200 S receiver functions from the 19 stations yields a reliable and 

stable image of the deep structure of Iberia and the western Mediterranean. We 

determine the isotropic structure by the joint inversion of the P and S receiver functions 

already computed and presented in Chapter 4 and Chapter 5. An example of the 

distribution earthquakes used in this part of the study is illustrated in Figure 6.1 for 

station MAHO. 

Figure 6.1
Example of the distributions of the earthquakes we used at station MAHO [left] to calculate P receiver 
functions and [right] to calculate S receiver functions.

As we explained in Chapter 3, the joint inversion is done using the 0 km trace of the 

stack of PRFs and the sum of all the individual L traces of PRFs [Figure 6.2 a]. The 

0.0s/º trace of the stack of SRFs and the sum of all the individual M traces of SRFs are 

also used [Figure 6.2 b]. The time windows used for the inversion of the PRFs and 

SRFs are shown in Figure 6.2 c-d: 
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Figure 6.2
Example of the data used for the joint invesion of the PRF and SRF for station MAHO. [a] Stacked Q 
component and L component of PRFs from 0 to 90 degrees in back-azimuth. The last trace of the 
individual L component is the sum of all traces and the back-azimuth of the sum L is an average of all 
back-azimuths. [b] The stacked L component and M component of SRFs from 0 to 90 degrees in back-
azimuth. The last trace of the individual M component is the sum of all traces and the back-azimuth, of 
this trace, is an average of the back-azimuths of all traces. [c-d] The 0 km trace of the stack and the sum L 
of the PRFs and the 0.0s/deg trace stack and the sum M of SRFs are used to perform the joint inversion. 
The time windows of the PRFs and SRFs used should be a few tens of seconds long.

To test the robustness of the models and to detect possible azimuthal effects we 

conducted several rounds of inversions for the 19 VBB stations used in this study. First,

the receiver functions are inverted without the residuals for three back-azimuth sectors:

the NE sector [0 to 90 degrees]; the SW sector [180 to 300 degrees] and all azimuths [0 

to 360 degrees]. Two other sets of models were obtained with time residuals using the 

first version and the last version of the joint inversion technique. The last version is 

applied only when the inferred residuals are accurately found and also the main features 

of the models are determined with confidence. Moreover, the last version is applied 

mostly to the “all azimuths” selection in back-azimuth since the models resulting from

each sector [NE and SW sector] are similar in most of the stations investigated.
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6.2 Joint inversion of PRFs and SRFs without residuals

We inverted the PRFs and SRFs from 14 stations without residuals, 10 of them are 

inverted for all sectors [NE and SW and all directions] and 4 are only inverted for all 

directions, since we do no have enough individual receiver functions for the individual 

NE and SW sectors. We started to perform the joint inversion to the stations that have a 

larger number of individual PRFs and SRFs. The initial stations are: CART, MELI, 

MAHO, MTE, PAB, RTC and SFUC. Then we inverted 7 more stations without the 

residuals to confirm the previous results. We show some of the results for these stations 

from Figures 6.3 to 6.5. The other models are presented in Appendix D and they reveal 

similar results. For each inversion, we show the histogram of P and S velocities and the 

Vp/Vs ratio obtained without the residuals. The final models that we obtain without 

residuals give us a first approximation of the main layers exiting beneath each station. 

The results of the inversion demonstrate that velocity model can be divided into four 

major layers: the crust, the high-S-velocity mantle lid, the low-S-velocity zone [LVZ] 

and the underlying upper mantle layer.

In general, the joint inversion produces a velocity model that is better constrained for 

the S-waves than for the P-waves. The goodness of fit is evaluated by the comparison of 

the histogram of P and S receiver functions from the best models and the observations 

[Figures 6.5 to 6.5 and Appendix D].

The joint inversion of PRFs and SRFs without residuals reveals that the models derived 

for the stations CART and MELI are significantly different for the NE and SW sectors. 

The stations in the coastal region [CART and MELI] have a thin crust [~20 km] and 

rather different structures in the upper mantle for the NE and SW sectors [Figure 6.3]. 

The other models derived for the stations RTC, PAB and MTE are identical in both the

NE and the SW sector and have a thick crust [~35 km] [Figure 6.4]. The most 

interesting station is MAHO [Figure 6.3], because it occupies an intermediate position:

Its crust is thin [~ 20 km] for the SW sector [sea direction] and rather thick [about 25 

km] for the NE sector [continent direction]. 
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Figure 6.3
Results from the joint inversion without the travel time residuals of the PRFs and SRFs for 3 stations 
[CART, MELI and MAHO] in 3 back azimuths sectors: “station90” is the NE sector from 0º to 90º, 
“station270” is the SW sector from 180º to 300º[sector SW] and “station” represents the all directions 
sector. The histograms of P and S velocities and Vp/Vs ratio are shown by color code. Dash lines are for 
the medians; solid lines are for the IASP91 velocities and their ratios. The red lines indicate the maximum 
and minimum search velocities and Vp/Vs values at each depth. The histogram of synthetic Q
components of PRFs and L component of SRFs are shown in the lower panels, using the same color code 
as in the above panels. In the lower panels the observed components are shown with dashed lines. 



STRUCTURE OF THE CRUST AND MANTLE BENEATH IBERIA AND WESTERN MEDITERRANEAN

192

Figure 6.4
The same as in Figure 6.3 for stations: MTE, PAB and RTC.
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Figure 6.5
Results from the joint inversion without the travel time residuals of PRFs and SRFs for 3 stations [SFUC, 
EBER and EQTA] for all directions. The histograms of P and S velocities and Vp/Vs ratio are shown by 
color code. Dash lines are for the medians; solid lines are for the IASP91 velocities and their ratios. The 
red lines indicate the maximum and minimum search velocities and Vp/Vs values at each depth. The 
histogram of synthetic Q components of PRFs and L component of SRFs are shown in the lower panels, 
using the same color code as in the above panels. In the lower panels the observed components are shown 
with dashed lines. 

Beneath most stations, a high-velocity mantle lid and the underlying LVZ. The lid is 

unexpectedly thin: the boundary between the lid and the LVZ is found at a depth of ~70 

km [Figure 6.3, 6.4 and 6.5]. In two stations [EBER and EQTA], we observe evidence 

of destruction of the lid [Figure 6.5].
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6.3 Joint inversion of PRFs and SRFs with teleseismic time 
residuals 

To further constrain the velocity models we inverted the PRFs and SRFs with the 

teleseismic traveltime residuals. The residuals are inferred from the times of the P410s 

[Chapter 4 - Table 4.1] on the assumption that the topography of the 410-km 

discontinuity can be neglected [Chapter 3.4]. The residual of the Ps phase [dTPs] is the 

difference between the absolute teleseismic S and P residuals, dTS and dTP,

respectively: dTPs=dTS dTP. For the residual of the P410s, we adopted dTS/dTP=3.0. 

This value was obtained by Du et al. [2006] for the peripheral regions of Iceland where 

the differential time between the P660s and the P410s are close to the standard global 

model IASP91 [23.9 s]. 

This methodology is quite new and we applied two versions of the joint inversion of the 

PRFs and SRFs. One is called “first” [Vs and Vp/Vs are allowed to change] and the 

other is called “last” [Vp and Vs are allowed to change]. For more details, see Chapter 

3.4. To test the robustness of the traveltime residual, we conducted several runs with 

different initial assumptions [Figure 6.6 and figure 6.7]. For example, for station EBER 

we conducted two inversions with different traveltime residuals. In all directions, the

residual of the P410s compared to the IASP91 is positive [~ -1.0 s]. Therefore,

assuming the relationship dTS = 3.0 dTP, we obtain dTP = -0.5 s and dTS = -1.5 s [Figure 

6.6 b]. We also tested the P410s residual equal to the standard model [0.0 s], which 

gave us a dTP and dTS equal to 0.0 s [Figure 6.6 c]. For comparison, we also show in 

Figure 6.6 the inversion without residuals.

The results of the inversion for station EBER show that in most of the velocity models 

we find a high-velocity from a depth of 150 km downwards [Figure 6.6a, b and d]. This 

velocity anomaly is also found in the tomographic studies at similar depth [e.g. 

Spakman and Wortel, 2004]. The only velocity model without this high velocity is the 

one that results from the inversion with time residuals equal to 0 s. 
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We then investigated 3 other stations and one pair of stations in the same area using the 

“first” version of the joint inversion technique. In these stations, the time residual of the 

P410s is close to the normal values of IASP91 [44.0 s] where it was computed. We also

see in Table 4.1 [Chapter 4], that the arrival of the P410s is missing for some sectors for 

these stations. For these reasons, we performed a few tests of joint inversion of the

PRFs and SRFs with different traveltime residuals [Figure 6.6]. Assuming the 

relationship dTS = 3.0dTP, we adopted the traveltime residuals of dTP=0.5 s; dTS=1.5 s 

for SFUC, dTP=0.0 s; dTS=0.0s for station ESPR and dTP= 0.3 s; dTS=0.9 s for station 

EMIJ. The joint inversion [first version] was performed only in all directions since we 

do not have enough PRFs and SFR to divide by sectors. To conduct the joint inversion 

for the 3 azimuths we put together the PRFs and SRFs of the stations SFUC and ESPR.

Again we tested different traveltime residuals to gain sensibility with the traveltime 

residuals in the different sectors and to see the result on the velocity models. The 

adopted traveltime residuals are: dTP= 0.0 s; dTS= 0.0s for the NE sector, dTP= 0.3 s, 

dTS= 0.9s for the SW sector and in all directions, assuming the relationship dTS = 3.0 

dTP. We chose to test larger traveltime residuals in the SW sector than in sector NE 

since in most of the stations the P410s residual is larger in the SW sector.

The typical results of the inversion demonstrate that the most of the velocity models 

have a high-velocity below 200 km depth [Figure 6.7]. In these stations, we observe as 

well the evidence of a lithospheric lid with the depth of the boundary between the lid 

and the LVZ around 75 km. The group of stations SEP [SFUC+ESPR] reveals that the 

LVZ is more pronounced for the sector SW.
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Figure 6.6
Results from the joint inversion of the PRFs and SRFs for EBER in all directions. The histograms of P 
and S velocities and Vp/Vs ratio are shown by color code. Dash lines are for the medians; solid lines are 
for the IASP91 velocities and their ratios. The red lines indicate the maximum and minimum search 
velocities and Vp/Vs values at each depth. The related synthetic Q components of PRFs and L component 
of SRFs are shown in the lower panels, using the same color code as in the above panels; in the lower 
panels the actual components are shown with dashed lines. a. Inversion without the traveltime residuals; b
to d. Inversion with the traveltime residuals: dTS = -1.5 s, dTP = -0.5 s [first version]; dTS = 0.0 s, dTP =
0.0 s and dTS = -1.5 s, dTP = -0.5 s [last version], respectively. [Top] Tomographic map images at 145 
and 220 km depth of the Western Mediterranean [modified from Spakman and Wortel, 2004]. The results 
of the inversion for station EBER show that in most of the velocity models we find a high-velocity from a 
depth of 150 km downwards. This velocity anomaly is also found in the tomographic studies at similar 
depth. 



JOINT INVERSION OF PRFs AND SRFs

197

Figure 6.7
Results from the joint inversion of the PRFs and the SRFs with the traveltime residuals [first version] 
from 3 stations [SFUC, ESPR and EMIJ], and for a group of stations [SFUC+ESPR]. SFUC, ESPR and 
EMIJ are the inversion from the back-azimuth in all directions. SEP [SFUC+ESPR] is the inversion from 
3 the back-azimuths sectors. The histograms of Vp and Vs and Vp/Vs ratio are shown by color code. 
Dash lines are for the medians; solid lines are for the IASP91 velocities and their ratios. The red lines 
indicate the maximum and minimum search velocities and Vp/Vs values at each depth. The related 
synthetic Q components of the PRFs and the L component of the SRFs are shown in the lower panels, 
using the same color code as in the above panels; in the lower panels, the actual components are shown 
with dashed lines. SFUC= dTS = 1.5 s, dTP = 0.5 s; ESPR and EMIJ: dTS = 0.0 s, dTP = 0.0 s, 
respectively. SEP90: dTS = 0.0s, dTP = 0.0 s. SEP270 and SEP dTS = 0.9 s, dTP = 0.3 s. Note that the 
group of stations SEP reveals that the LVZ is more pronounced for the sector SW.

The different tests of joint inversions performed for the station EBER, SFUC, ESPR, 

EMIJ and SEP demonstrated to us that we should use plausible values of the absolute P

and S traveltime residuals according to the residual times of the P410s [Table 4.1-

section 4.6]. Moreover, since the arrival of P410s is missing from several stations of the 

NE and SW sector, in such cases, we decide to use similar traveltime residuals values 

according to the residuals obtained in neighboring stations, which have the piercing 

points in the same regions. 
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For the residual of P410s for all azimuths, we chose to do an average of the values, to 

perform the joint inversion for the missing stations. As we have already seen in Chapter 

4, we have two main regions with different values of P410s time residuals: one in the

Iberian Massif and in the area of the Gibraltar arc, where the time residual of the P410s 

is close to normal values or negative and the other at the Betics and at the Balearic 

Islands, where we found the largest residuals [~1.5 s]. Therefore, assuming the 

relationship dTS = 3.0 dTP, we adopted the dTP=0.3 s and dTS=0.9 s for most stations 

located in the Iberian Massif. For one station located in the Iberian Massif [station 

EADA] and for three stations locate at the Betics and at the Balearic Islands, we 

adopted the dTP=0.7 s and dTS=2.1 s. Figure 6.8 shows the traveltime residuals of P410 

for all azimuths [from 0 to 360 deg], adopted for each zone. More details about adopted 

traveltime residuals are given in Appendix D.

Figure 6.8
The average traveltime residuals of the P410s for all azimuths [from 0 to 360 degrees] adopted for each 
zone to perform the joint inversion of the PRFs and SFRs, with the time residuals. The time residual of 
the P410s relative to the standard time of 44.0 s is shown by color code. The largest residuals [of ~+1.5 s] 
are observed in the Betics region and at the Balearic Islands. For these residuals of the P410s we 
assumed: dTp= ~0.7 s; dTs=~2.1 s. At most stations at the Iberia Massif and the Gibraltar arc the 
residuals are close to 0 s. For these residuals of the P410s we assumed: dTp=0.3 s; dTs=0.9 s. For station 
EBER and RTC we used: dTp=-0.5 s; dTs=-1.5 s and dTp=0.7 s; dTs=2.1 s, respectively.
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The results obtained from the joint inversion with time residual [“first” version] [Figure 

6.9 and Figure 6.10] show that the histogram for Vs is more constrained than the one 

obtained without residuals. The resulting S velocity histogram has more details in a 

depth range from the surface to around the 300 km. Moreover, the depth of the 

discontinuities, such as the boundary of the low S velocity layer is more visible [e.g. 

Figure 6.6b and Figure 6.9 - station CART]. Our inversion with residuals also reveals 

that the final models for stations CART and MAHO are different for both sectors 

investigated [Figure 6.9]. This difference is more pronounced for station MAHO. 

Figure 6.9
Results from the joint inversion of PRFs and SRFs with the traveltime residuals [first version] from 2 
stations [CART and MAHO]. CART and MAHO for 3 back-azimuths sectors: “station90” is the NE 
sector from 0º to 90º, “station270” is the SW sector from 180º to 300º and “station” represents all 
directions. The histograms of Vp and Vs and Vp/Vs ratio are shown by color code. Dash lines are for the 
medians; solid lines are for the IASP91 velocities and their ratios. The red lines indicate the maximum 
and minimum search velocities and Vp/Vs values at each depth. The related synthetic Q components of
the PRFs and the L component of the SRFs are shown in the lower panels, using the same color code as in 
the above panels; in the lower panels, the actual components are shown with dashed lines. CART: dTS =
0.0 s, dTP = 0.0 s; dTS = 1.5 s, dTP = 0.5 s and dTS = 2.1 s, dTP = 0.7 s, respectively. MAHO: dTS = 2.1 s, 
dTP = 0.7 s; dTS = 1.5 s, dTP = 0.5 s and dTS = 2.1 s, dTP = 0.7 s, respectively. 
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As we can see in Figure 6.10, the final models, derived by joint inversion with the 

traveltime residuals for stations MTE, PAB and EADA, are very similar. However,

station PAB shows a low S velocity layer that is more pronounced in the SW sector than 

in the NE sector. Most of the derived velocity models contain a high velocity mantle lid 

down to 75±5 km of depth.

Figure 6.10
The same as in Figure 6.9 for stations: MTE, PAB and EADA.MTE: dTS = 0.9 s, dTP = 0.3 s; dTS = 0.0 
s, dTP = 0.0 s and dTS = 0.9 s, dTP = 0.3 s, respectively. PAB: dTS = 1.8 s, dTP = 0.6 s; dTS = 0.0 s, dTP =
0.0 s and dTS = 0.9 s, dTP = 0.3 s, respectively. EADA: dTS = 1.8s s, dTP = 0.6 s; dTS = 2.25 s, dTP = 0. s 
and dTS = 1.95 s, dTP = 0.65 s, respectively. 
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6.4 Results and Interpretation 

After the inversion tests were performed, shown in the previous sections, we selected 

for the synthesis of the investigation, the results obtained from the “last” version of the 

inversion technique, applied to all azimuths for each individual station. The traveltime 

residuals used are the ones showing in Figure 6.8. This method provided a Vp/Vs 

profile better constrained and with a better vertical resolution. As we will see, most of 

the velocity models derived show four main layers: the crust, the high-S velocity mantle 

lid, the low-S velocity zone [LVZ] and the underlying upper mantle layer. However, the 

depth of these discontinuities varies from region to region.

Iberian Massif

The refraction profiles in the Iberian Massif show a crustal thickness of 29-30 km in 

Portugal [Mendes-Victor et al., 1993, Matias, 1996] and a thickness of 30- 31 km for 

the central Iberian Massif, with a Vp/Vs ratio of 1.75 [Banda et al., 1981, synthesis in 

Diaz et al., 2009 and the references therein]. The receiver functions from the Iberian 

Massif were also analysed at station PAB by Sandvol et al. [1998] [34 km for depth of 

the Moho] and by Van der Meijde et al. [2003] [32 km for the crustal thickness]. 

Paulssen and Visser [1993] inferred the structure in the Iberian Massif from P-wave 

coda and reported the depth of the Moho at 27 and 29 Km beneath stations N21 [MTE] 

and N17 [~PAB], respectively. Recently, Juliá and Mejía [2004], with receiver 

functions, reported the crustal thickness of 29 and 31 km, with Vp/Vs ratios of 1.76 and 

1.74 beneath MTE and PAB, respectively. 

The results for the S-wave model from surface wave analysis show that the lithospheric 

thickness in the Iberia is about 80 km of depth [Raykova and Panza 2010], whereas the 

results obtained with numerical models [gravity and thermal] for the structure of the 

lithosphere show 100-110 km under Iberia [e.g. Torné et al., 1995; Fernandez et al., 

1998]. The velocity models of our six stations located in the Iberian Massif [MTE, 
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PAB, EBAD, EMIN, EADA and EGRO] show the depth of the Moho at ~30 km. The S 

velocity in the lower crust varies between 3.5 km/s and 3.8 km/s. The Vp/Vs ratio of the 

crust [1.71-1.78] of stations MTE, PAB, EBAD a EMIN are in felsic to intermediate 

range; mafic Vp/Vs ratio [~1.82] is found only in the lower crust under PAB and EMIN 

[Figure 6.11]. The stations EADA and EGRO reveal different results. Beneath EADA 

and EGRO the Vp/Vs ratio [~1.8] of the crust is in mafic composition, with a very high 

Vp/Vs ratio [~1.9] in the lower crust [Figure 6.11].

Figure 6.11
Results from the joint inversion of the PRFs and the SRFs with traveltime residuals [“last” version] from 
6 stations of Iberian Massif for all directions. Histograms [color code] of Vp, Vs and Vp/Vs ratio. Dash 
lines correspond to the medians; solid lines are for the IASP91 velocities and their ratios. Red lines are 
bounds of the search. Histograms of the synthetic PRFs and SRFs are shown by the same color code as 
the models; dash lines are for the real receiver functions. Inversion with the travel time residuals: MTE;
PAB; EBAD; EMIN and EGRO: dTS = 0.9 s, dTP = 0.3 s; EADA=1.95 s; dTP = 0.65 s. The depth of the 
boundary between the lid and the LVZ is 65±5 km.
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The velocity models derived for this set of six stations [MTE, PAB, EADA, EBAD, 

EMIN and EGRO] for all azimuths show that the mantle lid is unexpectedly thin: the 

boundary between the lid and the LVZ is found at 65±5 km [Figure 6.11]. For most of 

the stations located at the Iberian Massif, the lid [~4.4 km/s], with a Vp/Vs ratio ~1.65 

that is reduced relative to the standard value of 1.8, is underlined by a low-S velocity 

zone [~4.2 km/s] which terminates at a depth of 160 -180 km. Others studies published 

in this zone also reported a similar lithospheric thickness [e.g. Cavazza et al., 2004;

D ] and a LVZ in a range of 80-180 km [e.g. Badal et al., 1996]. 

Betics Region and North of Africa

The seismic profiles exploring the Betics Chain have evidenced the differences between 

the Iberian Massif and the external and internal Betic domains. In the transition zone to 

the internal Betics, the crust thins first to 32 km and then thickens to 37–38 km [e.g.

Díaz and Gallart, 2009]. The absence of differentiated lower crust beneath the external 

Betics has been related with the Mesozoic rifting episode of the South-Iberian passive 

margin [Banda et al., 1993]. The receiver functions in the Betics region were analysed 

at station CART by Julià et al. [2005]. The authors found 25 km for the crustal 

thickness and reported that the crust is different for different azimuths. They also 

reported, in two other stations located near CART, that there is an intracrustal LVZ 

[8~20 km depth] coinciding with high Vp/Vs ratios [~1.9] and the crust is thicker [~30 

km] than in CART.

In Northern Africa, Van der Meijde et al. [2003] analysed the PRFs at station MELI and 

found a crustal thickness of 22 km. Further south, in the geological structure along 

Transmed I [Frizon de Lamotte et al., 2004] the Moho is almost flat at about 35 km 

beneath the Moroccan Meseta. The data on the lithosphere-asthenosphere system is very 

controversial for this area. The depth of the lithosphere/asthenosphere boundary at the 

same location may vary in depth from almost 200 km to several tens of kilometers [see 

Fullea et al, 2010 and references therein]. Fullea et al. [2010] using joint geophysical 
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modeling found lithospheric thickness varies between 170 – 240 km beneath the Gulf of 

Cadiz, the Betics an Rif, whereas Raykova and Panza [2010] found a lid at ~120 km 

beneath the Guadalquivir domain, to ~80 km beneath the Betics and the Africa coastline 

[Rif]. Also D [2011] with S receiver functions observed the LAB between 

90-100 km beneath the Betics, south of Portugal and Morocco and a shallow LAB 

beneath the Alboran sea.

Eight of the stations investigated in our study sample the Betics region [SFUC, ESPR1,

EMIJ, EQES, EQTA, ETOB, CART and EBER] and two sample the North of Africa 

[RTC and MELI]. As we can see in Figure 6.12, beneath SFUC, EMIJ, RTC, EQES, 

EQTA and ETOB the depth of the Moho is found at around 30-35 km. The S velocity in 

the lower crust varies between 3.7 km/s and 4.1 km/s. Beneath stations EBER, CART 

and MELI the depth of the Moho is found at ~20 km, with a S velocity in the lower 

crust of 3.8 km/s [EBER] and 3.4 km/s [CART and MELI] [Figure 6.13]. Very high 

Vp/Vs ratio, ~2.0 and ~1.9,under station SFUC, ESPR, EMIJ, EQES, EQTA and EBER 

is found for the upper and lower crust, respectively, suggesting the existence of mafic 

and ultramafic rocks in the upper and lower levels of the crust; contrary to the felsic to 

intermediate composition found in the middle crust for these stations [excluding station 

EBER] and in whole crust for stations ETOB [eastern side of Betics] and MELI [coastal 

region of North of Africa]. Beneath station RTC [North of Africa], the velocity models 

reveal an intermediate to mafic composition. 

As we can see in Figure 6.13, station CART shows different velocity models for the NE 

and SW sectors: but the thickness of the crust is similar in both. The S velocity in the 

lower crust is higher in sector SW [~3.7 km/s] than in sector NE [3.5 km/s], with a 

Vp/Vs ratio around 1.82 and 1.96, respectively, suggesting a more mafic to ultramafic 

composition of the lower crust for NE sector. The S velocity in the lower crust for all 

azimuths is around 3.5 km/s, with a Vp/Vs ratio around 1.9. 

1 The results of the inversion from station ESPR and the group of stations SFUC+ESPR are in Appendix 
D.
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Most of our velocity models contain a high velocity mantle lid, which is underlain by a 

low S velocity layer [Figure 6.12 and Figure 6.13]. Beneath the region of the Gibraltar 

arc and Morocco, three stations [SFUC, EMIJ and RTC] show the boundary between 

the lid and the LVZ at 100 ± 5 km, with a high-S velocity mantle lid of ~4.5 km/s 

[SFUC and EMIJ] and 4.4 km/s [RTC]. Our values are in agreement with the results for 

S-wave model performed with the surface-waves [e.g. Raykova and Panza, 2010]. Our 

models also reveal a low velocity layer [~4.2 km/s-SFUC and EMIJ and ~4.0 km/s -

RTC] extending to ~180-210 km depth. Several tomographic studies also reported the 

same feature in this region [e.g. Piromallo and Morelli, 2003].

The Vp/Vs ratio [~1.63] in the lid beneath the Betics and Morocco [SFUC, EMIJ, 

EQES, EQTA, ETOB and RTC] is strongly reduced in relation to the standard value of 

1.8 [Figure 6.12]. This suggests that the mantle lithosphere is strongly depleted by 

removal of the basaltic component. On the other hand, as we can see in Figure 6.13, in 

stations EBER, CART and MELI we observe evidence of destruction of the lid, where it 

is either not observed [solution of NE sector of station CART and station EBER] or its 

lower boundary is at a depth of ~30 km [solutions of SW sector and all azimuths of 

station CART and station MELI]. The velocity in the mantle lid is around 4.3 km/s, 

with a Vp/Vs ratio of ~1.61. The lid is poorly expressed under these stations, with 

implication that it is destroyed by rifting. The lid, where it exists, is underlying a low-S

velocity zone [~4.0 km/s] that extends to a depth of 140 -160 km.
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Figure 6.12
The same as in Figure 6.11 for stations: SFUC, EMIJ, RTC, EQES, EQTA and ETOB. Inversion with the 
travel time residuals: SFUC:  dTs = 1.5 s, dTp = 0.5 s; EMIJ: dTs = 0.0 s, dTp = 0.0 s and RTC: dTs = 
2.1 s, dTp = 0.7 s. EQES and ETOB:  dTs = 2.1 s, dTp = 0.75 s; EQTA: dTs = 1.05 s, dTp = 0.35 s. Note 
that beneath SFUC, EMIJ and RTC the depth of the boundary between the lid and the LVZ is ~100 km.  
The Vp/Vs ratio in the lid beneath these stations is strongly reduced in relation to the standard value of 
1.8.
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Figure 6.13
Results from the joint inversion of the PRFs and the SRFs from two stations of the Betics region [coastal 
region of Spain] and one from the North of Africa. Histograms [color code] of Vp, Vs and Vp/Vs ratio. 
Dash lines correspond to the medians; solid lines are for the IASP91 velocities and their ratios. Red lines 
are bounds of the search. Histograms of the synthetic PRFs and SRFs are shown by the same color code 
as the models; dash lines are for the real receiver functions. Label “CART90” is for sector NE, label 
“CART270” is for sector SW and label “CART”, “EBER” and “MELI” is for all azimuths. Inversion with 
the travel time residuals: CART90 - dTs = 0.0 s, dTp = 0.5 s; CART270 - dTs = 1.5 s s, dTp= 0.5 s; 
CART- dTs = 2.1 s, dTp =0.7 s; EBER: dTs = -1.5 s, dTp = -0.5 s and MELI: dTs = 2.1 s, dTp = 0.7 s. 
In these inversions we observe evidence of destruction of the lid, where is either not observed [CART90 
and EBER] or its lower boundary is at a depth of ~30 km [CART270, CART, MELI].  

Balearic Islands

Previous investigations in the Balearic Promontory show that the crustal thickness 

increases from approximately 24 km beneath the Island located in the SW sector [Ibiza] 

to about 28 km below the Island located in the middle [Mallorca], and decreases again 

towards the Island located in the NE [Menorca], where a thickness of 22 km is found.
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Ayala et al. [2003], using joint gravity and geoid modeling, found the depth of the 

lithosphere-asthenosphere boundary around 60-70 km. The receiver functions in the 

Balearic Islands were previously analysed at station MAHO by Van der Meijde et al. 

[2003] that derived a crustal thickness of 25 km and by Julià and Mejía [2004] that 

obtained a [crustal thickness and Vp/Vs ratio of 24 km and 1.7.

Our velocity models for the stations MAHO, EIBI and ETOS in the Baleraic Islands 

show the Moho around 20-25 km [Figure 6.14]. The velocity in the lower crust varies 

between 3.5 km/s and 3.8 km/s, increasing from EIBI to MAHO. The Vp/Vs velocity 

ratio [~1.7-1.75] is characteristic of felsic crustal rocks: although for station ETOS we 

found the thickness of the crust close to that of MAHO for all azimuths, but the lower 

crust shows more a mafic composition, with a Vp/Vs of ~1.9 similar to the one found 

for NE sector of MAHO.

As we can see from Figure 6.14, the inversion for station MAHO shows different 

velocity structures for the crust and upper mantle for both sectors investigated. 

Although the crustal thickness is similar, 19 for the SW sector and 22 km for the NE 

sector, the S velocity in the lower crust is slightly higher in the SW sector [~3.9 km/s] 

than in NE sector [3.8 km/s], but the Vp/Vs ratio is different, around 1.6 and 1.83 for 

the SW and the NE sectors, respectively. This suggests a mafic composition of the 

lower crust for the NE sector [Figure 6.14]. These observations in the station MAHO 

are consistent with the fast-S velocity and a thin crust which characterize the western 

Mediterranean, and the eastern Mediterranean by slow-S velocity and a thicker crust,

deduced by Martínez et al. [2000], with shear-velocity tomographic images and with 

shear-wave velocity structure from Rayleigh-wave analysis obtained by Corchete and 

Chourak [2010]. 

In the NE sector of station MAHO the depth of the lid is found at  ~30 km, which is in 

accordance with the results found for the depth of lid beneath CART270, CART, MELI. 

The final model for station MAHO from SW sector is roughly similar to the models 

obtained for all azimuths for station MAHO and ETOS. The lid beneath EIBI, ETOS, 

MAHO and MAHO270 is found at around 65±5 km [~4.25 km/s], with a Vp/Vs ratio of 
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~1.72. The lid is underlie by a low-S velocity zone [~4.0 km/s] that extents to a depth of 

170 -180 km. These values are in accordance with earlier studies [e.g. Ayala et al., 

2003].

Figure 6.14
The same as in Figure 6.13 for stations: MAHO, EIBi and ETOS. Inversion with the travel time residuals:
ETOS, EIBI and MAHO - dTS = 2.1 s, dTP = 0.7 s, MAHO90 - dTS = 2.1 s, dTP = 0.7 s; MAHO270 -
dTS = 1.5 s, dTP = 0.5 s. The depth of the boundary between the lid and the LVZ is 65±5 km beneath 
EIBI, ETOS, MAHO and MAHO270. Beneath MAHO90 lower boundary of the lid is observed at a depth 
of ~30 km.  
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6.5 Discussion

In this chapter, we determine the isotropic velocity structure beneath Iberia and the 

western Mediterranean by joint inversion of the P and S receiver functions, and 

traveltime residuals. We apply the joint inversion technique to the P and S receiver 

functions for the 19 stations presented in Chapters 4 and 5. The inversion was 

performed by simulated annealing technique that results in the profiles of the P and S 

velocity and Vp/Vs velocity ratio. The teleseismic traveltime residuals are inferred from 

the times of the P410s on the assumption that the topography of the 410-km 

discontinuity can be neglected locally. The first models that we obtained without 

traveltimne residuals gave us a first approximation of the major layers beneath each 

station. So, those are: the crust, the high-S-velocity mantle lid, low-S-velocity zone 

[LVZ] and the underlying upper mantle layer. The final models with residuals [“first” 

version] demonstrated that the histogram of Vs is more constrained than the Vs profile 

without residuals, yields to S velocity histogram with more details in a depth range from 

the surface to around the 300 km. Moreover, the depth of the discontinuities, such as the 

low-S velocity layer is more visible. On the other hand, the resulting inversions with 

last improvements [“last” version] demonstrate that the histogram of Vp/Vs is more 

constrained and that the Vp/Vs profile is seen with more detail at each layer. To 

evaluate on possible azimuthal effects on the final profiles of the P and S and their ratio,

we performed the inversions for two subsets: the NE sector [from 0 to 90 degrees] and 

the SW sector [from 180 to 300 degrees]. Generally, our inversion reveals that the final 

models of SEP, CART and MAHO have different results for the different azimuths and 

the others models from stations RTC, PAB and MTE are identical in both directions 

[NE and SW sector]. This is in agreement with other receiver functions studies that also 

reported that the crust is different for different azimuths under CART [Julià et al. 2005]. 

The absence of heterogeneities for the Iberian Massif [Moroccan Meseta is similar to 

Iberian Massif] can be related to the fact that this unit is viewed as a relatively 

unaffected Paleozoic core. Julià and Mejía [2004] with PRFs have found similar results. 

Nevertheless, the final profiles of the P and S and their ratio from these stations show 

that the LVZ [low-S-velocity] is more pronounced for the SW sector.



JOINT INVERSION OF PRFs AND SRFs

211

Our velocity models suggest that the Moho is found at ~30 km, under the Iberian 

Massif, to 30-35 km under the Betics and reaching shallower depths of ~20-25 km 

under coastal region of Spain [eastern side of Arc of Gibraltar] and the Balearic Island. 

Under North Africa the Moho depth changes from ~20 km beneath the easternmost part 

of the Rif region in the coastline to ~35 km beneath the Moroccan Meseta. As we can 

see in Figure 6.15, our models are in a good correspondence with the digital model 

[EuCRUST-07] for the crust of Iberia and surrounding regions [Tesauro et al. 2008]. 

The S-velocity in the lower crust varies between 3.5-3.8 km/s under the Iberian Massif, 

to 3.7-4.1 km/s under the Betics. The slower S-velocities [3.4-3.8 km/s] are found from 

the region of Cartagena and Melilla to the Balearic Islands. The velocity models for 

both sectors of CART and MAHO are in agreement with the results that we found for 

the whole Iberian Peninsula: higher velocities from the SW sector and slower velocities 

from the NE sector. 

Figure 6.15
Moho depth [km]. Data from the EuCRUST-07 [Tesauro et al, 2008]. Red crosses and the numbers in the 
white boxes, respectively, location and values found with our crustal models for the depth of the Moho. 
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The seismic velocities derived from our inversions of Iberia and western Mediterranean 

give us the opportunity to make the connection to the composition and nature of the 

rocks that build up this continental crust. Possible interpretation of the profiles of P and 

S velocities and their ratio determined in terms of rock types [felsic, intermediate and 

mafic] can be done by comparing the final results obtained with the velocities measured 

in laboratory at high temperature and confining pressures [e.g. Christensen and 

Mooney, 1995 Rudnick and Fountain, 1995]. 

The depth we found for the Moho below MTE [28 km] and PAB [32 km] is consistent 

with depth estimates in previous studies of P receiver functions [Van der Meijde et al., 

2003; Julià and Mejía, 2004]. Our velocity models for these stations [Central-Iberian 

Zone] show a Vp/Vs velocity ratio in a felsic to intermediate range, indicating a crust of 

felsic composition; mafic Vp/Vs velocity ratio [~1.83] are found only near the Moho 

boundary in PAB. The Iberian Massif contains a relatively abundant mantle-derived 

from mafic, volcanic, sub-volcanic, and plutonic rocks [Gutiérrez-Alonso]. Villaseca et 

al. [1999] suggested a felsic composition of the lower crust in central Spain. The 

continental crust grows primarily by an igneous flux from the mantle, which in most 

cases should be with a mafic composition. However, some Paleozoic orogens [e.g. 

Europe] show relatively slow lower-crustal velocities with a thin crust [~30 km] and 

may contain felsic and intermediate granulites [e.g. Wittenberg et al., 2000; Rudnick 

and Fountain, 1995]. Wittenberg et al. [2000] suggested that the lost of the mafic rocks 

for the lower crust by orogenic root delamination after collision, during the Variscan 

orogeny. Another possibility is that the crust has been modified involving some heating 

and differentiation of the lower crust [Meissner and Weber, 1986]. Quesada et al. [1991] 

studied the accretionary nature of the Iberian Massif, proposing that the amalgamation 

of several of exotic terranes to the Paleozoic Iberian Autochthon during the Variscan 

orogeny origin the Iberian Massif. Recently, Gutiérrez-Alonso et al. [2011] suggested 

for the Iberian Massif a delamination of the continental root, suggesting that the 

magmatic activity in Iberian Massif, as well the granulitization of the lower crust is 

coeval with the mantle replacement. The above hypothesis is addresses to explain both

the penecontemporaneous nature of oroclinal development, widespread mafic and felsic 

magmatism, and the changes in characteristics of mantle-derived mafic rocks across the 
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Iberian Massif. The origin of this thin and evolved Paleozoic orogens of Iberian Massif 

is still controverse. Our analysis reveals both compositions of the lower crust: a felsic to 

intermediate composition in the northwest of the Iberian Massif [MTE] and a more 

mafic composition in the central Iberian Massif [PAB].

Towards to southwest and south of the Iberian Massif, the Vp/Vs velocity ratios

indicate significant difference between the lower crust of the station EBAD [Ossa 

Morena Zone] and the lower crust of the stations EGRO [South Portuguese Zone] and 

EADA [south of Central Iberia Zone]. Beneath station EBAD the Vp/Vs velocity ratios

of the crust are in a felsic range; mafic Vp/Vs ratio is found in the upper and lower 

levels of the crust beneath stations EGRO [relatively high velocities in the lower crust 

are found in this station] and EADA. The velocity models of the station EMIN [north of 

station EGRO] are intermediate between station EBAD and EGRO/EADA: mafic 

Vp/Vs ratio is found only near the Moho boundary in EMIN. These results are in 

agreement with the deep seismic reflection image [e.g. González et al., 1998; Simancas 

et al., 2003; Palomeras et al., 2009]. Palomeras et al. [2009] suggested that the high 

velocities found in the lower crust for this region do not need to be explained only by a 

single lithology, but can be more the average of a mixture between rocks of granitic to 

intermediate composition interlayered with mafic to ultramafic rocks. 

At most stations in the coastal region of Spain and the Betics region [SFUC, ESPR, 

EMIJ, EQES, EQTA and EBER], we found a very high Vp/Vs ratio [~1.95] for the 

whole crust, suggesting the existence of mafic and ultramafic rocks in the upper levels 

of the crust. At station CART, the crustal models reveal different results: a thin crust 

[~20 km] with very high Vp/Vs [~1.94] only in the lower crust, suggesting a mafic to 

ultramafic composition of the crust in the lower level; contrary to the felsic composition 

found in station ETOB [north of CART]. The value found for the thickness of the crust 

under CART is consistent with depth estimates in previous studies of P receiver 

functions [e.g. Julià et al., 2005]. These authors published that the crust beneath north 

and east of Cartagena has an intracrustal LVZ coinciding with high Vp/Vs [1.9], 

suggesting that this intracrustal LVZs consist of partially molten material that rapidly 

ascend as diapirs from the uppermost mantle LVZ and ponded at intracrustal depths. In 
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our crustal models of EQES and EQTA [east of CART] and ETOB [north of CART], 

this intracrustal LVZ is not visible, however, in these stations, the high Vp/Vs ratios are 

found in the upper levels of the crust. 

All velocity models of the stations of the Balearic Islands contain a thin crust [20-25

km] with a Vp/Vs ratio with characteristic of felsic rocks. Exceptions are the lower crust 

of ETOS [Mallorca Island] and MAHO90 where a high Vp/Vs [~1.9] is found,

suggesting a mafic composition. In general, fast S-wave velocities and a thin crust 

characterize the western side of the Mediterranean, and the eastern side is characterized

by slow S-wave velocities and a thicker crust. These results are in accordance with 

previous studies in this region [e.g. Martínez et al., 2000; Chorchete and Chourak, 

2009]. The values found for the thickness and the Vp/Vs of the crust beneath MAHO 

are in agreement with the P receiver functions calculated by Van der Meijde et al. 

[2003] and by Julià and Mejía [2004]. 

Towards the coastal region of North of Africa, our crustal models of MELI reveal a thin 

crust [~20 km] with a Vp/Vs with characteristic of felsic rocks; contrary to the thick 

crust [~35 km] with characteristics of intermediate to mafic rocks found under RTC 

[Moroccan Meseta]. The crustal thickness observed in MELI is in agreement with the 

values calculated with P receiver functions by Van der Meijde et al. [2003]. 

The relationship and interaction between the crust and its underlying lithospheric mantle 

is one of the key elements to understand the lithsopheric-scale processes. There are 

several studies about the Vs structure of the lithosphere-asthenosphere system of Iberian 

Peninsula, from the pioneering studies of Payo [1965; 1967; 1969] to the tomographic 

studies of Badal et al. [1996]. The deployment during 1988–1989 of the broadband 

NARS array as part of the ILIHA project [Paulssen, 1990] provided a significant 

knowledge of the Iberia lithosphere and upper mantle structure. The LAB in Iberia and 

western Mediterranean has also been the subject of numerous investigations integrating 

different geophysical data, such as thermal and gravity [e.g. Fullea et al. 2010; Ayala et 

al., 2003]. All the results obtained with these several methods are controversial, because 

the depth of the lithosphere/asthenosphere boundary at the same location may vary in 
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depth from almost 200 km to several tens of kilometers [e.g. Badal et al., 1996; 

Raykova and Panza, 2010; Fullea et al. 2010; Ayala et al., 2003].  For instance, the 

results for S-wave model show that the lithospheric thickness in the Iberian Massif, 

Betics and the Africa coastline [rif] is about 80 km of depth, to ~120 km under the 

Guadalquivir domain [Raykova and Panza 2010], whereas the results obtained with 

numerical models [gravity and thermal] show a lithospheric thickness around 100-110 

km under Iberia [e.g. Torné et al., 1995; Fernandez et al., 1998], to 170 – 240 km 

beneath the Gulf of Cadiz and Betics [Fullea et al., 2010].

Figure 6.16
Depth of the high-S velocity mantle lid [km]. Red crosses and the numbers in the white boxes, 
respectively, location and values found with our crustal models for the depth of the lid. 

All our velocity models contain a high-S velocity mantle lid, which is underlain by a 

low-S velocity layer. The S velocity in the lid is around 4.25- 4.5 km/s and the reduction 

of S velocity is generally less than 10%. The depth of the boundary between the lid and 
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the LVZ, which is sometimes interpreted as the lithosphere/asthenosphere boundary, at 

most stations locate in the Iberian Massif and in the Baleric Islands is around 65±5 km, 

but at few models [EBER, CART90, CART270, CART, MAHO90, MELI] sampling 

the upper mantle of the Mediterranean we observe evidence of destruction of the lid, 

where it is either not observed [EBER and CART90] or its lower boundary is at a depth 

of ~30 km [CART270, CART, MAHO90 and MELI] [Figure 6.16]. We explain this 

destruction by rifting. 

At several stations [SFUC, ESPR, EMIJ, EQTA and RTC] sampling the region of 

Gibraltar and North Africa, the depth of this boundary is around 100 km [Figure 6.16]. 

Our analysis reveals that the Vp/Vs ratio in the lid beneath stations in the Betic region 

[SFUC, EMIJ, EQTA, EQES, CART and ETOB], south of Iberian Massif [EADA] and 

North of Africa [RTC and MELI] is strongly reduced relative to the standard value of 

1.8. This reduction implies that the mantle lithosphere is strongly depleted by removal 

of the basaltic component. The lid is underlying a low-S velocity zone [4.0-4.2 km/s]

that terminated in a depth of 160-180 km in stations located in the Iberian Massif and in 

the Balearic Islands, but at the stations which sampled the Gibraltar region, this LVZ 

lies at depths between 180 and 210 km. At a few stations [CART and MELI] the LVZ 

terminated in a depth of 140-160 km.  Our velocity models are well correlated with the 

S-velocity model obtained with Rayleigh waves analysis for the Iberia and surroundings 

[e.g. Badal et al., 1996; Raykova and Panza, 2010].
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CHAPTER 7

Joint inversion of PRFs and SKS waveforms

In this chapter, we describe an attempt to constrain the distribution of the anisotropy as 

a function of depth. This technique involves azimuthal filtering of the receiver functions 

and provides a criterion to discriminate between the effects of azimuthal anisotropy and 

lateral heterogeneity of isotropic models. This is achieved by the joint inversion of 

PRFs and SKS/SKKS waveforms recorded at the same station. The methodology, 

developed by Vinnik et al. [2002], has already been described in Chapter 3 [section 3.6]. 

The analysis of azimuthal anisotropy is initially performed at 7 stations and then

conducted at a few groups of stations.

7.1 Data

Anisotropic models are obtained for 19 stations [Figure I.1, Appendix B].  To assure 

good azimuthal distribution of the receiver functions and of the SKS splitting 

observations, we used, initially, data recorded on seismic stations operated by GE, GSN 

and MN networks which have been in operation for at least 5 years.
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For the data recorded in the IGN network, and whenever possible, stations have been 

grouped to attain a better azimuthal coverage and also to increase signal/noise ratio.

The input for the joint inversion comes from the PRF obtained and presented in Chapter 

4 and from the best SKS data used for splitting measurements that will be presented in 

the next section. An example of the azimuthal coverage achieved is illustrated in Figure 

7.1.

Figure 7.1
Distributions of the events at station MAHO used to calculate P receiver functions [left] and for 
SKS/SKKS splitting analysis [right]

To perform the joint inversion of P receiver functions and SKS/SKKS data we have 

performed:

Shear wave splitting observations;

P receiver functions preprocessing.
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7.2 Shear Wave Splitting Observations

For the SKS/SKKS splitting observations at 19 stations in Iberia and NW Africa, the 

seismic events used observed the following criteria: 

distance range from 85º to 140º 

mb > 5.5 

Only records with a good signal-to-noise-ratio and a clear SKS/SKKS phase were

analysed [Figure 7.2]. For selection and further analysis, SKS and SKKS phases have 

been filtered in a similar way as RF. 

Figure 7.2
Example of a SKS observed at station MAHO for an event at 93º epicentral distance. The Z, N, E 
components of the seismogram have been filtered, initially with a high-pass filter of 30 s and then with a 
low-pass filter of ~10 s.

For the shear wave splitting measurements, we followed the methodology explained in 

Chapter 3 [section 3.5.2]. To isolate the SKS and SKKS arrivals, the horizontal 

components [NS and EW] have been rotated into the radial [R] and transverse [T] 
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components [Figure 7.3 a]. As for P and S receiver functions, to perform this rotation,

we used the theoretical angle of azimuth of the incident ray. 

If the medium is isotropic, there is no SKS phase in the T component. For an 

anisotropic medium, the SKS phase will show up in the T component, shifted by 

approximately a quarter periods with respect to the R component. Also, the SKS phase 

exhibits an elliptical particle motion, as can be seen in Figure 7.3.

For all individual recordings, we estimated the splitting parameters, namely the 

direction of polarization of the fast split-wave, , and the delay time of the slow wave 

relative to the fast, dt. We present in Figure 7.3 c, as an example, the results obtained for 

station MAHO. The solution is the pair of parameters that correspond to the minimum 

rms. 

Figure 7.3
SKS/SKKS splitting observations, at station MAHO for an event at 93º epicentral distance. a) Horizontal 
recordings [T and R] of the SKS phase; b) particle motion plot given with respect to the orientation for 
the T and R axes obtained for the time window between the red bars; the circle represents the starting 

time c) Plot of contours of residuals as a function of [fast direction] and delay time t. The red star 
shows the optimum pair of splitting parameters that correspond to the minimum of E [ , t].
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The list of events, used in this study, is presented in Table E.1, Appendix E. We will 

present below the results obtained for three datasets, namely, the Iberian Massif, the 

Betic Cordillera and Baleares together with Morocco. For each one, we will show a

representative example of the recorded SKS phases in the R and T components, as well 

as the final estimates of the anisotropic parameters described above, with reference of 

the number of individual events used.

Iberian Massif

We present below the results from splitting analysis in the stations located in the Iberian 

Massif. Figure 7.4 shows representative examples of SKS splitting observations and the 

SKS data used by inversion at stations MTE and PAB. The transverse component of 

SKS is clearly visible and much stronger than the preceding noise. 

Figure 7.4
SKS splitting observed at stations MTE and PAB. The dashed and solid lines are, respectively, the radial 
and the transverse components. The number to the left of each plot is the back-azimuth of each event. 
Black bars indicate the time window used to perform joint inversion [see section 7.5].
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Figure 7.5 displays the plot of E[ , t] for the whole set of records of MTE, PAB and for 

other four stations located in the Iberian Massif. As it has already been noticed by 

Morais [2005], for MTE, the accuracy of the combined processing of several records is 

higher than for the individual record of the same quality. Furthermore, the errors in the 

final estimates for that station are around 10º for the fast direction [ ] and around 0.2 s 

for the delay time [dt]. The estimate of for MTE is 90±10º and of dt is 0.8±0.2 sec 

[Figure 7.5]. The values of these errors increase, in the individual records, when the 

back-azimuth of the event is close to the azimuth of the fast direction or when it differs 

from it by approximately 90º [for more details see for e.g. Vinnik et al., 1989]. We will 

assume similar errors for all stations analyzed in this study. However, the estimate of dt

is highly uncertain for most of the stations. 

In PAB we have 31 recordings of SKS/SKKS and 7 null records.  Null records occur 

whenever the seismograms do not show a SKS/SKKS phase split. Two reasons that can 

explain this are: (a) the medium is isotropic; (b) the back-azimuth of the incoming SKS 

is parallel to either the fast or the slow directions [slow directions differ from the fast 

direction by 90º]. For PAB the estimate of is 80±10º and of dt is 1.2±0.2 sec [Figure 

7.5]. Those estimates are in agreement with other results published for the same station 

[Schmid et al., 2004] and for station TOL [the former station in that region, after 

replaced by PAB] [Vinnik et al., 1989; 1992; Silver and Chan, 1988].

For the others stations, EADA, EGRO, EBAD and EMIN, the estimates had been 

obtained using less data records than for PAB and a few determinations have been rated 

as less reliable. Moreover, we had a poor azimuthal coverage, with most of the back-

azimuths near the direction of polarization , or differing from it by approximately 90º. 

Even so, individual results are consistent within approximately 10-30º for [see Table 

E.1, Appendix E]. For both EADA and EGRO the best estimate of is 70±10º, and dt is 

0.8 ±0.2 sec, whereas stations EBAD and EMIN present a of 50±10º and a dt of 

1.0±0.2 sec. 
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Figure 7.5
Plots of E[ ,dt] corresponding to some stations in the Iberian Massif. The inversion is performed 
simultaneously for several events distributed in azimuth. The minimum residual and the number of data 
records used are indicated in brackets. The minimum residual [star] defines the solution kept. 

Betics cordillera

Figure 7.6 displays an example of SKS splitting observations at stations SFUC and 

CART, located in southern Spain, in the Betics. In both cases the signal/noise ratio is 

high and we could clearly identify the SKS phases in the different back-azimuths.
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Figure 7.6
Same as in Figure 7.4, but for stations SFUC and CART. 

Figure 7.7 shows the plot of E[ ,dt] for whole set of records of SFUC, CART and of 

others six stations located in the Betics region. For SFUC we have 10 recording of SKS 

and a null record. The estimates of the parameters for the individual events are highly 

uncertain. In spite of this, both SFUC and another closer station, ESPR, present a of 

30±10º and a dt in the range of 1.4±0.2 sec [Figure 7.7].

SKS splitting beneath CART has been measured after SKS splitting analysis of 30 

records with a signal to noise ratio similar to the one presented in Figure 7.6. The 

estimates of the parameters for the individual events [Table E.1- Appendix E] are quite 

consistent, with a final of 80±10º and a dt of 1.6±0.2 sec. 

In what concerns stations EQES, EQTA, ETOB, EMIJ and EBER we had fewer records 

than for CART.  Measurements of the direction of polarization of the fast split-wave, ,

and of the delay time from individual seismograms present a slightly higher dispersion,

as it can be seen in Table E.1- Appendix E.  For stations EQES, EQTA and ETOB, the 

estimates of is 80±10º and dt is 1.6±0.2 sec. EMIJ has been rated less reliable because 
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it is obtained only from three records, two of them from the same azimuthal sector. The 

similarity of the back azimuths does not guarantee a correct azimuthal coverage, 

suggesting the possibility of identical bias in both records. For EBER we have 12

recording of SKS. The estimate of t is highly uncertain. The estimate of is 50±10º 

and of dt is 2.0±0.2 sec [Figure 7.7].

Figure 7.7
Same as in Figure 7.5 but for a set of stations located in the Betics region. 
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Balearic Island and Northwest Africa

In Figure 7.8 we have a representative example of SKS splitting observations and the 

SKS data used by inversion at stations MAHO, in the Balearic Island and MELI, RTC 

in Northwest Africa.  The T component of SKS is clearly visible and stronger than the 

noise.

Figure 7.8
Same as in Figure 7.4, but for stations MAHO, MELI and RTC. 

Figure 7.9 shows the plot of E[ , t] for whole set of records of MAHO, MELI and RTC

as well as for two others stations locate at the Balearic Islands, namely EIBI and ETOS.

In MAHO, the final estimate of is 90±10º and dt is 0.8±0.2 sec. These values are 

similar to the ones obtained at EIBI and ETOS, 90±10º for  and a dt of 1.0±0.2 sec. 
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In Northwest Africa, at station MELI, we obtained a direction of polarization of the fast 

split-wave of 70±10º, with a delay time of 1.0±0.2 s, as it can be seen in figure 7.9. At

RTC, final estimate is 140±10º for and 1.2±0.2 sec for dt. 

Figure 7.9
Same as in Figure 7.5 but for a set of stations located in the Balearic Islands [ EIBI, ETOS and MAHO] 
and Northwest Africa [MELI, RTC].

In 2004, Schmid et al [2004] measured SKS splitting on some of the above referred 

stations, namely PAB and MTE in the Iberian Massif, CART in the Betics, MAHO in 

the Balearic Island and MELI in the North of Africa. The results are coherent with the 

ones obtained in this study. Later on, similar results of SKS splitting have been reported 

for the Iberian Massif as well as for the Betics cordillera by Buontempo et al. [2008] 

and by Diaz et al. [2010].
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Betics and Balearic clusters 

As referred above, in some stations, mainly for the most recently deployed, the dataset 

used for analysis was rather sparse and suffered from a deficient azimuthal coverage. 

For that reason, we have decided to build two small clusters of stations in the area of the 

Betics cordillera and in the Balearic islands.

Figure 7.10
Same as in Figure 7.4, but for clusters EATQ and EITM. The number of individual phases sued in each 
stack is written in front of the station name.

Figure 7.10 illustrates a representative example of SKS splitting data after stacking 

individual SKS phases for the clusters: EADA+ETOB+EQES+EQTA [EATQ] and 

EIBI+ETOS+MAHO [EITM]. Only data with high signal/noise ratio has been 

considered.  
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In Figure 7.11 we plotted E[ , t] for the two  clusters. EATQ, has a of 70±10º and a 

dt of 1.0±0.2 sec. In EITM, we measured a of 70±10º and dt is 0.6±0.2 sec. These 

estimates are coherent with the results obtained in the individual stations.

Figure 7.11
Same as in Figure 7.5 but for the clusters EATQ and EITM

7.3 P receiver functions preprocessing

For the joint inversion we used the PRFs already presented in Chapter 4. As we pointed 

out, if several teleseismic waves arrive at a given seismic station within the same 

azimuthal range, they will sample a similar region beneath the receiver. To enhance the 

signal to noise ratio, individual receiver functions with similar back-azimuths have been

stacked into 30º wide azimuthal bins [see Figure 7.12 as example]. We visually 

inspected all individual receiver functions to select only those which are similar to each 

other for stack.

After the stacking, both Q and T components of receiver functions have been

decomposed into Fourier series, in the back-azimuth domain. The second harmonics,

QF (t, ) and TF(t, ) [with a period of 180º], have been used for the analysis of 
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anisotropy [for more details about methodology, see chapter 3-section 3.6]. We used the 

second harmonic, since the main effects of azimuthal anisotropy have the same 

periodicity. If the medium is anisotropic, the signals of the QF (t, ) and TF(t, ), should 

be similar in shape and this similarity is a criterion to detect azimuthal anisotropy 

[Figure 7.13 a-d]. The second harmonics of QF (t, ) and TF(t, ) has been summed, and 

in the process of inversion, this sum was compared to a theoretical sum calculated for 

the plane-layer anisotropic model. The optimum model provides similar observed and 

theoretical sums for the receiver functions and, simultaneously, similar observed and 

theoretical T components of waveforms of SKS.

Figure 7.12
[Left] Example of MAHO Q and T components having back-azimuths between 0 and 30 degrees, station 
MAHO. [Right] Stack of the Q components and of the T components for the sector 0º to 30º. The stacked 
signal, as already mentioned, has a better S/N ratio.

The process described above has been exhaustively applied to all stations that fill the 

requirements described in the beginning. For those stations with fewer data and 

suffering from sparse azimuthal coverage, the results are not acceptable, several 

azimuthal sectors are missing and in the existing ones, we hardly obtain coherence 

between Q and T components. Data processing in stations in operation for a longer time 

and having a better azimuthal coverage lead to quite promising results.
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We will present below results from PAB, MTE, CART and MAHO pre-processing 

analysis. Although SFUC has been in operation for more than 10 years, the data is noisy 

and the SKS splitting analysis was rather uncertain. 

For PAB [Figure 7.13a-b] both Q and T components have been organized into 11 bins, 

with a missing sector between 150 and 180 degrees. The different stacks have been 

filtered with a low pass of 8 s. Then we obtained the signals QF(t, ) and T(t, ) by 

azimuthal filtering of the observed Q and T components. When the coherence between 

the resulting signals QF(t, ) and T(t, ) was well in the first seconds [~15 s] [Figure 

7.13c] we took the average of QF and TF and windowed the fraction which will be used 

for joint inversion [Figure 7.13 d]. We proceed in the same way with MTE, CART and 

MAHO [Figure 7.14]. As we may see, some sectors are missing due to the absence of 

sources or extremely noisy data on those back-azimuths.

Figure 7.13
Stacks of PRFs for station PAB [a] Stacks of the Q components Q(t, ) and [b] stacks of the T 
components T(t, ). Both Q and T are stacked in azimuthal bins of 30º. The number of individual RF in 
each stack is indicated on the right side of the corresponding plots. [c] QF(t, ) and TF(t, ) obtained by 
azimuthal filtering of the observed Q and T components, respectively. The vertical lines indicate the time 
window where the coherence between QF and TF is better. and are, respectively, the back-azimuth of 
the stacked and of the filtered traces.  Finally, on [d] we present the average of QF and TF. Only the time 
window between dashed lines was considered for inversion
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Figure 7.14
Similar to Figure 7.13, but for stations MTE, CART and MAHO. 
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7.3.1 P receiver functions preprocessing for groups of stations

Observations of splitting in the SKS phase [section 7.2] revealed a few sub-groups of 

stations with relatively homogeneous fast direction within the sub-groups. At the group 

[EADA+EQES+EQTA+ETOB] near or in Betics has a fast direction of ~70º. At the 

group of station located in Balearic Islands [EIBI+ETOS+MAHO] displays a fast 

direction of ~90º.  

Considering these similarities within each those groups, we have decided to perform 

azimuthal anisotropy filtering using the referred clusters, and this data will presented in 

detail.

The individual receiver functions for station EADA, EQTA, EQES and ETOB 

[presented in Chapter 4] have been stacked for eleven mean back azimuths: 17º, 44º, 

72º, 105º, 138º, 198º, 234º, 254º, 280º, 321º and 351º. For azimuths 105º and 138º, we 

have had fewer traces than for the other ones. The individual receiver functions for 

station EIBI, ETOS and MAHO [presented in Chapter 4] have been stacked for twelve 

mean back azimuths: 15º, 42º, 77º, 106º, 140º, 160º, 204º, 232º, 255º, 281º, 323º and 

348º. Azimuthal sectors labeled 140º, 160º and 323º have been obtained by stacking 

PRFs only a few events. The Q and T components of the PRFs for both clusters have 

been filtered with a low-pass filter of 7 s.

For some events, the T component of the PRF thus obtained contained a peak at 0 s 

time, corresponding to the main peak in the L component but with the amplitude of a 

few percent of the L component. This arrival is an effect of side refraction of the P 

wave, and it is eliminated by rotation of the horizontal axes [R and T components] to a 

different back azimuth. The angle of rotation is, typically, ~ 6°. This rotation is 

necessary in order to remove the peak at 0 s time, but practically does not affect other 

arrivals in the T component.
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The T components of the PRFs are shown in Figure 7.16. TF (t, -cut 

wave-train [Figure 7.16c and g-black trace] with the maximum amplitude of less than 

0.03. This amplitude is well above the noise arriving before or after the signal. 

Figure 7.16
[a,e] Stacks of PRFs for two groups of stations: EADA+ETOB+EQES+EQTA and EIBI+ETOS+MAHO. 
[b,f] Stacks of the T components T(t, ) and stacks of the Q components Q(t, ). Q and T are stacked in 
azimuthal bins of 30º. The number of individual RF in each stack is indicated on the right side of the 
corresponding plots. [c,g] signals QF(t, ) and T(t, ) obtained by azimuthal filtering of the observed Q 
and T components, respectively. Note the coherence between QF and TF in the interval from 0 to 22 s and 
from 0 to 12 s for first and second group, respectively [marked by vertical dashed lines. [d,h] Average of 
the signals QF(t, ) and T(t, ) obtained by azimuthal filtering of the observed Q and T components, 
respectively. and represented the back-azimuth. The vertical dashed line is part of the signal used for 
the inversion [first 12 s and 22 s after the direct P, for first and second group, respectively]. All stacks 
bins are low-pass filtered near 7 s.  

The Q component of the PRFs contains large isotropic amplitude, around ~0.1 [Figure 

7.16a and e

, the resulting signals QF(t, ) and T(t, ) obtained by azimuthal 

filtering are well correlated [Figure 7.16 c and f]. In both groups, the coherence between 
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the resulting signals QF (t, ) and T (t, ) is very good, in the first 22 and 12 s, 

respectively. This is a good criterion of anisotropy. To perform the joint inversion, we 

used the first 20 s and 12 s of the average signals [Figure 7.16 d and h]. 

In summary, at 5 stations [MTE, PAB, SFUC, CART and MAHO] and at two groups of 

stations [EADA+ETOB+EQES+EQTA] and [EIBI+ETOS+MAHO], we found that the 

signals of the QF (t, ) and T(t, ) are similar in shape and this similarity is the criterion 

of anisotropy. We invert the PRFs and SKS/SKKS waveforms for these stations or 

group of stations, where the resulting signal of the QF and TF are well correlated. To 

perform the joint inversion, we only need to use two or three SKS/SKKS data from each 

station [see section 7.2]. Therefore we choose the best SKS waveforms splitting for the 

inversion. To calculate the parameters of anisotropy as a function of depth, we follow 

the same method as in [e.g. Vinnik et al., 2007]. 

7.4 Joint inversion of RF and SKS/SKKS waveforms

To perform the joint inversion, synthetic receiver functions and also SKS/SKKS 

synthetic waves are calculated and fitted to the observed RF [section 7.3] and to the 

SKS/SKKS waveforms [section 7.2], with methodology explain in Chapter 3 [section 

3.6]. For each trial model we calculate the synthetics Q and T components of receiver 

functions by using the related P [Lobs] component as input. The theoretical transfer 

functions are calculated with the Thomson-Haskell-Crampin algorithm [Kosarev et al., 

1979]. The theoretical T components of SKS are computed with the same algorithm 

from the related radial components [Robs]. We conduct a search for the optimum models 

by using an iterative algorithm, similar to simulated annealing [Mosegaard and 

Vestergaard, 1991], from 4 randomly selected starting points. The number of trial 

models for each starting point is 104. The last 2000 models from each of the 4 starting 

models are used to evaluate a statistical distribution of the model parameters near the 

misfit minimum. The adopted isotropic velocities correspond to shield models, 

smoothed and modified by the Earth’s flattening transformation [Biswas, 1972]. The 
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unknown parameters in each layer are dVs/Vs, the fast directions and the depths of the 

boundaries between the layers. The upper limit of dVs/Vs was set at 9%. The parameter 

is fixed at 1.0. This parameter controls velocity along the directions intermediate 

between the fast and slow directions. The ratio between percentage of anisotropy is 

( Vp/Vp)/( Vs/Vs)=1.5  [more details about these values see e.g. Obrebski et al., 2010].

The search for the fast direction was in the range from 0 to 180°.  The optimum model 

includes 5 anisotropic layers, and these results will be presented in detail in the next

section.

7.4.1 Results

At 5 stations and 2 groups of stations, the good similarity of the Q and T components 

after azimuthal filtering is indicative of the anisotropy [section 7.3]. In addition, the 

SKS splitting observations of our data [section 7.2] is indicative of at least one layer of 

anisotropy beneath all the stations used in this study. The final models obtained are 

described in Table 7.1 and shown in Figure 7.17 to Figure 7.20. The parameters found 

show uncertainties in a wide range of values. Following the classification proposed by 

the authors of this method [e.g. Obrebski et al., 2010], we attributed a quality factor to our 

measurements as follows: high-quality [A] when the individual layers with uncertainties 

on the orientation of fast and on the thickness are lower than 15º and ~15 km, 

respectively; lower-quality [B] for the individual layers with uncertainties on the 

orientation of fast between 15º and 35º or larger than 15 km in thickness. Individual 

layers having uncertainties on fast larger than 35º are not discussed.
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Layer Thickness
(km)

Depth 
(km)

VS VS/VS

[%]
fast

[deg]
Q *

fast

[deg]
dt*

[sec]

MTE

1 25.5 [1.8] 25.5 [1.8] 3.5 1.7 [1.1] 114 [36.3] -

90±10 0.8±0.2

2 38.4 [9.1] 63.8 [8.6] 4.5 3.8 [2.2] 60 [28.42] -

3 30.5 [15.8] 94.4 [11.1] 4.5 3.8 [2.1] 93 [29.88] -

4 53.2 [18.7] 147.6[14.3] 4.5 2.7 [1.4] 87 [29.94] -

5 61.0 [26.1] 208.6[20.0] 4.5 3.6 [2.0] 116[32.81] -

PAB

1 26.3 [3.5] 26.3 [3.5] 3.5 0.9[0.7] 108[47.67] -

80±10 1.2±0.2

2 26.2 [9.5] 52.6 [8.7] 4.5 1.7[1.3] 81 [34.96] B

3 39.1 [13.7] 91.6 [8.2] 4.5 5.3[2.0] 67 [9.94] A

4 63.9 [16.2] 155.5[11.9] 4.5 4.5[1.9] 126[13.15] A

5 46.2 [21.6] 201.7[18.6] 4.5 3.8[2.3] 86 [45.48] -

SFUC
1 29.6 [3.9] 29.6 [3.9] 3.5 4.2 [2.3] 54 [21.88] -

30±10 1.4±0.2

2 34.6[6.2] 64.2 [7.5] 4.5 6.0 [2.4] 98 [24.94] -

3 40.9[12.0] 105.2[10.5] 4.5 7.0 [2.3] 35 [38.72] -

4 46.3[17.7] 151.5[13.6] 4.5 3.5 [2.8] 124[36.93] -

5 55.6[20.2] 207.1[17.8] 4.5 5.0 [2.4] 108[35.34] -

CART

1 31.4[1.4] 31.4[1.4] 3.5 4.9[1.7] 66 [14.42] -

80±10 1.6±0.2

2 35.3[7.3] 66.7[6.9] 4.5 5.1[2.2] 104[17.32] -

3 27.4[15.5] 94.1[15.0] 4.5 5.6[2.2] 62 [33.93] -

4 47.8[16.3] 141.9[11.1] 4.5 4.4[2.3] 61 [44.75] -

5 70.6[20.5] 212.5[17.19 4.5 2.1[1.6] 112[40.65]

EADA+ETOB+EQES+EQTA

1 30.9[3.3] 30.9[3.3] 3.5 2.2[1.0] 40 [40.18] -

70±10 1.0±0.2

2 13.9[8.0] 44.9[8.4] 4.4 3.0[2.3] 130[46.63] C

3 69.6[15.4] 114.5[11.1] 4.5 4.8[1.8] 86[12.50] A

4 42.8[17.9] 157.3[12.6] 4.5 2.8[2.4] 117[35.1] C

5 57.2[18.1] 214.5[17.9] 4.5 1.3[1.5] 75[34.7] -

Table 7.1-Description of the anisotropic models. VS is the shear velocity, VS/VS is the percentage 
of anisotropy, and fast is the azimuth of the fast axis measured clockwise from north degrees; for 
each individual layer. *

fast and dt is fast direction and delay time of SKS/SKKS splitting 
observations. For each parameter of the final models, the uncertainty is indicated in parentheses. Q
is the quality range for each layer.
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MAHO

1 28.2 [3.9] 28.2 [3.9] 3.5 2.2 [0.9] 47 [31.42] -

90±10 0.8±0.2

2 31.8 [6.3] 60.0 [4.9] 4.4 3.7 [1.9] 149[29.01] B

3 31.2 [14.4] 91.2 [10.9] 4.5 5.3 [2.2] 85 [10.27] A

4 52.7 [15.6] 143.9[11.9] 4.5 3.0 [2.3] 66 [26.35] B

5 67.2 [18.1] 211.1[17.9] 4.5 1.5 [1.4] 96 [30.32] -

EIBI+ETOS+MAHO

1 29.1 [3.2] 29.1 [3.2] 3.5 3.6  [1.6] 37  [38.7] -

70±10 0.6±0.2

2 26.5 [9.1] 55.6  [8.6] 4.4 3.8  [1.8] 124  [28.3] B

3 51.9 [11.9] 107.6  [8.7] 4.5 3.5  [2.3] 86  [26.2] B

4 41.3 [17.8] 148.8  [14.2] 4.5 4.2  [2.1] 63  [22.2] B

5 71.0 [19.8] 219.8  [14.2] 4.5 3.5  [2.0] 74  [20.9] -

continuation of the Table 7.1

The Figure 7.17 shows the final model obtained at MTE and PAB. The model of MTE 

will be not discussed [Figure 7.17]. Despite the fact that this station has been operating 

for a longer time, having had a good azimuthally coverage, the result of the inversion is 

very unclear. We attribute this result to the bad misfit of the synthetic and the observed 

T components of SKS waves. We should improve the quality of the SKS waveforms to 

perform a new inversion. 

The model of PAB reveals three main anisotropic layers located in the upper mantle 

[Figure 7.17]. The fast direction fast is oriented W-E from 26 to 53 km [layer 2], ENE-

WSW from 53 to 92 km [layer 3] and SE-NW from 92 to 155 km [layer 4]. The fast 

direction in both layers, layer 2 and layer 3, is coherent from that of SKS [around 80º]. 

We verify that the resulting synthetics for PAB are indeed very well correlated with the 

input SF(t, ) and TSKS(t, ) [Figure 7.17]. 
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Figure 7.17
Depth-depend anisotropic model for station MTE and PAB. The final S velocity profile, the histograms of 
the percentage of anisotropy and direction of the fast axis are shown by color code in the above panels. 
The red solid lines indicate the maximum and minimum search percentage of anisotropy and direction of 
the fast axis values at each depth. The dashed line represents the final model. The related synthetic 
function of PRFs, SF(t, )=(QF(t, )+TF(t, ))/2,  and the synthetic T components of SKS waves are 
shown in the lower panels, using the same color code as in the above panels; in the lower panels, the 
observed function and the observed T components of SKS waves are shown with dashed lines.

Figure 7.18 shows the anisotropic model for station CART and MAHO. The final model 

of CART will not be discussed since we obtained a large anisotropy in the first layer. 

Moreover, it is possible that the noise of PRFs is mistaken for effects of anisotropy. 
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The model for MAHO reveals three main anisotropic layers located in the upper mantle 

[Figure 7.21]. The fast direction fast is oriented SSE-NNW from 28 to 60 km [layer 2], 

W-E from 60 to 91 km [layer 3] and ENE-WSW from 91 to 144 km [layer 4]. The fast 

direction in the layer 3 [asthenosphere] is identical from that of SKS [around 90º]. For 

MAHO the coherence between the resulting synthetics and input, the SF(t, ) and 

TSKS(t, ) is very good.

Figure 7.18
Similar to Figure 7.17, but for station CART and MAHO.
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Figure 7.19 shows the anisotropic model for station SFUC. The model of SFUC is 

representative of a poor final result. We verify that the resulting synthetics are indeed 

not very well correlated with the input SF (t, ) and TSKS(t, ) [Figure 7.19]. In fact this 

is a consequence of noisy receiver function and SKS waveforms at station SFUC.  

Figure 7.19
Similar to Figure 7.17, but for station SFUC.

Figure 7.20 shows the anisotropic model for two group of stations: 

EADA+ETOB+EQES+EQTA [EATQ] and EIBI+ETOS+MAHO [EITM]. The 

resulting synthetics and the input SF (t, ) and TSKS (t, ) are well correlated. The model 

for EATQ exhibits two main anisotropic layers located at the upper mantle [Figure 

7.20]. The fast is oriented SE-NW from around 31 to 45 km depth [layer 2, Table 7.1], 

W-E from around 45 to 115 km [layer 3]. The fast in the layer 3 [asthenosphere] is 

similar from that of SKS [around 70º]. The model of EITM reveals three main 

anisotropic layers located in the upper mantle [Figure 7.24]. The fast is oriented SE-NW 

from 30 to 56 km [layer 2], W-E from 56 to 108 km [layer 3] and ENE-WSW from 108 

to 150 km [layer 4]. The fast in the layer 3 [asthenosphere] is close from that of SKS 

[around 70º].
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Figure 7.20
Similar to Figure 7.17, but for the group of stations: EADA+ETOB+EQES+EQTA [EAQT] and 
EIBI+ETOS+MAHO [EITM]. 

7.5 Discussion

7.5.1 Possible sources of Anisotropy

Seismic anisotropy in the upper mantle is widely accepted to arise mainly from the 

preferred orientation of intrinsically anisotropic crystals, although the lack of vertical 

resolution in the teleseismic shear wave splitting measurements lets open a debate about 

the asthenospheric and/or lithospheric origin of the splitting. Anisotropy at different 
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depths can be interpreted as frozen within the mantle lithosphere and may be induced by 

present-day flow within the asthenosphere.  Fossil olivine lattice preferred orientation 

[LPO] left on the lithosphere during a main tectonic episode has been invoked to 

explain anisotropy that correlates with the trend of major geological structures [Silver 

and Chan, 1988]. Seismic anisotropy within the asthenosphere is induced by present-

day or recent large-scale mantle flow, yielding the fast direction of propagation parallel 

to the direction of flow [e.g. Vinnik et al., 1994]. At convergent margins, a significant 

part of anisotropy may be caused by mantle flow of the descending slab and the pattern 

shown by seismic anisotropy is more complex [e.g. Vinnik and Kind, 1993]. This 

complex pattern observed at subducting regions is not very well understood. In the 

vicinity of subducting slabs, fast direction is either parallel or perpendicular to the 

trench. In the first case, the most likely cause of the trench parallel was thought to be

caused by mantle deformation above the slab [e.g. Savage, 1999], but a few recent 

studies published show that the source of trench parallel anisotropy can be both within 

and below the slab [e.g. Long and Silver, 2008]. In the second case, trench 

perpendicular anisotropy is mainly related with the hot backarc region [Levin et al., 

2004]. 

Our observations of shear wave splitting of SKS phase show the fast velocity direction 

is close to W-E in the central Iberian Massif [Manteigas, Toledo and Córdoba], in 

external Betics, in the Balearic Islands and in the coastline of north Africa 

[Melilla][Figure 7.21]. A fast velocity trending to NNE-SSW is observed in the region 

of the Gibraltar arc and in southwestern of Iberia Massif [Ossa Morena and South 

Portuguese Zone], and a fast velocity trending to ESE-WNE is founded in Morocco 

[Rabat]. In this study, we address the controversial issue of depth-localized shear-wave 

splitting beneath Iberia and western Mediterranean. We found that the Iberian 

lithosphere is about 65±5 km. About 30 km of them is crust. So, the mantle where we 

can have a preferred orientation of olivine is around 30 - 40 km thick. There is a relation 

where a rough estimate of the anisotropic layer thickness can be obtained from the 

following considerations. The delay dt can be written as, 

dt/t=dv/v [7.1]
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where dv is the difference between fast and slow velocities, v is isotropic velocity, and t

is time of propagation in the anisotropic layer. In a composite material containing 30% 

of transversely isotropic olivine and 70% of anisotropic upper mantle rocks, dv/v is 

~0.02 [e.g. Crampin and King, 1977]. Then, for a dt=1 s, this implies t 1 s, which

corresponds to a layer 250 km thick [more details see Vinnik et al., 1989]. So, in our 

study if the layer is around 40 km thick, t in this layer is ~9 s. If dt is 1 s, dv/v 0.11 or 

~11%. This is a very large value, and in our results of joint inversion of PRFs and SKS 

waveforms, this value is not found in the depth range that corresponds to the 

lithosphere. Therefore, the fast direction of anisotropy observed by SKS splitting cannot 

be an effect of the lithosphere. This means that the effect of the asthenosphere in the 

SKS splitting is much larger than the effect of the subcrustal lithosphere.

Figure 7.21
Splitting SKS/SKKS results shown at seismic stations used in this study. The directions of the lines and 
their lengths indicate estimates of polarization of the fast split wave in SKS and the delay time of the slow 
split wave, based on the best recording SKS at each station. The white arrows indicate the local direction 
of local absolute plate motion from no net rotation model NUVEL-1 [black contour] and HS3-NUVEL-
1A [red contour]. 
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Our good results of joint inversion of PRFs and SKS waveforms [station PAB, MAHO 

and the group of stations: EADA+ETOB+EQES+EQTA and EIBI+ETOS+MAHO] 

indicate that the fast direction in the uppermost mantle layer is ~90º in Iberian Massif. In

Balearic is in the azimuth of ~120º. A strong anisotropy [~5%] is located in a depth range 

from ~50 km to ~120 km, with the azimuth of ~90º [Figure 7.22]. Most of this range 

corresponds to the LVZ [asthenosphere]. The fast direction of anisotropy [~90 deg]

observed with SKS splitting [Figure 7.21] may correspond to the present-day or recent 

mantle flow [at a larger depth]. If present-day or recent mantle flow is an important 

contribution to the observed anisotropy, we expect the values of the difference between 

the fast velocity directions of anisotropy and absolute plate motion to show a strong 

correlation. 

To derive the APM in the study area, we used two models1: the NNR-NUVEL-1 [Argus 

and Gordon, 1991] and the HS3-NUVEL-1A [Gripp and Gordon, 2002]. For the no net 

rotation model NUVEL-1 the Iberia moves towards ENE-WSW [azimuth of ~50º for 

Iberia and azimuth of ~40º for North of Africa]. For the HS3-NUVEL-1A, which is the 

motion model of NUVEL-1A relative to the hotspot reference system HS3, the APM 

vector is ~240 degrees and ~250 degrees, in Iberia and north of Africa, respectively.

Our results for the uppermost layer [layer 2] show that the difference between the APM 

and the fast direction are poor correlated for the Balearic stations2[Figure 7.22]. In layer 

3, the difference between the fast direction and APM decreases with the model HS3-

NUVEL-1A [Figure 7.22]. For fast direction performed with the SKS splitting we also 

have a good correlation between the APM and the fast polarization. Following the 

general rules of anisotropy, if anisotropy in the upper layer can be interpreted as frozen, 

whereas anisotropy in the lower layer is active, corresponding to the present-day flow, 

the results of SKS splitting suggest an asthenospheric origin of the anisotropy. 

However, we should keep in mind that the APM of the Eurasia plate is not well 

1
UNAVCO, http://www.unavco.org/community_science/science-support/crustal_motion/dxdt/model.html

2 We will not discuss layer 2 of the group EADA+ETOB+EQES+EQTA since it has larger uncertainties.
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constrained because its slow motion. Moreover, the estimates of the APM depend on the 

used model.

Figure 7.22
Tectonic map of the study area. The white arrows indicate the local direction of local absolute plate 
motion from no net rotation NUVEL-1 [black contour] and HS3-NUVEL-1A [red contour]. The colored 
bars at each individual station represent the direction of the fast axis of propagation in the distinct layers. 
The color of these bars corresponds to the top depth of each layer, and their length is scaled by their 
thickness [see legend for scale].   

In previous studies, the possible origin of this anisotropy has been interpreted as 

“frozen-in” anisotropy in the lithosphere, related with the W-E strike of the Variscan 

orogeny in the central Iberia Massif, and related with the Cadomian stretching in the 

region of southwestern of Iberia, which is oriented roughly NNE-SSW [e.g. Silver and 

Chan, 1988; Abalos and Díaz, 1995; Díaz et al., 1998]. In the Betics-Rif range, the 

rotation of the fast velocity direction, observed in previous studies, is also supported by 
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“frozen-in” anisotropy in the lithosphere levels, acquired in the subducting slab while 

the Western Mediterranean Subducting Zone was active [e.g. Díaz et al., 2010]. Another 

interpretation of the possible origin of this anisotropy in the Iberia and western 

Mediterranean is associated to asthenospheric dynamic fluid related to the present-day 

plate motion, and related with the fast velocity, which is oriented roughly W-E

[e.g.Vinnik et al., 1992; Schmidt et al., 2004]. Because of the consistent pattern 

observed in several domains, the fast axis directions was compared with the absolute 

plate. A good correlation was found in the western part of the Mediterranean [central 

Iberian Massif, internal Betics and northwestern Africa] by Schimd et al., 2004. Due to 

the entire complex evolution of Iberia and western Mediterranean, many sources of the 

anisotropic sources described above may coexist and contribute to the anisotropic 

signatures observed in SKS splitting observations, within the lithosphere [frozen] and 

the asthenosphere [active]. Our results of azimuthal anisotropy suggest that anisotropy 

in the Iberia and western Mediterranean may result from several sources of anisotropy 

and could occur at different depths. 

7.5.2 Iberian Massif

Beneath station PAB, in the lithospheric layer [layer 2, from ~26 km to 53 km] the fast 

direction is W-E and anisotropy is weaker [~1.7%]. This fast direction correlates with 

the W-E orientation of the southeastern edge of the Spanish Central System [Figure 

7.22]. This fast axis parallel to the Central System is an indicative of frozen lithospheric 

anisotropy related to the Variscan orogeny. The uncertain on fast in layer 2 is around 

35º. The depth at which fast direction rotates from ENE-WSW [~67º, layer 3, 53-92 

km] to NW-SE [~126, layer 4, 92-155 km] approximates coincide with the depth values 

that we found for the LVZ [asthenosphere]. A strong anisotropy [~5%] is located in this 

depth range [~53 km to 155 km]. We interpret layer 3 as being of asthenospheric nature, 

with the ENE-WSW fast axis is parallel to the Eurasian APM [Figure 7.22]. Therefore,

this fast direction suggests that the APM induced the orientation of anisotropic crystals 

of olivine. This result is in accordance with a roughly W-E trending fast axes [~74º] 
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found by Schimd et al. [2004]. The possible origin of this anisotropy was associated to 

asthenospheric dynamic fluid related to the present-day plate motion. At depth range 

from ~92 km to ~155 km [layer 4], the fast direction change to NW-SE [~126º].

According to our results from isotropic models [Figure 6.10-Chapter 6], we have a more 

pronounced LVZ [lowest velocity zone] for sector SW [in the azimuth from 180º to 

300º]. Therefore, this fast direction suggests that the low velocity, resulting from higher 

temperatures in sector SW [Tesauro et al., 2009], changes the direction of anisotropy.

The uncertainty on fast is ~ 10º in layer 3 and layer 4. 

7.5.3 Betics

For the group of stations EADA+EQES+EQTA+ETOB the W-E [~86º] fast direction of 

anisotropy in the mantle layer 3 corresponds to the base of lithosphere and to the sub-

lithosphere [from around 45 to 115 km depth]. A strong anisotropy [~5%] is located in 

this depth range. This fast direction is very similar to the fast direction in SKS [~70º, 

Figure 7.21]. The Betic Cordillera, trends generally ENE–WSW, suggesting that the W-

E fast direction in layer 3 is likely to be governed by LPO induced by direction of APM 

of HS3-NUVEL-1A, instead of been correlated with the frozen anisotropy in the 

lithosphere. The result on this layer is of high-quality, the uncertain on fast is around 

~12º. 

7.5.4 Balearic Islands

Beneath station MAHO in Balearic Island, the fast direction of anisotropy in the mantle 

layer, which corresponds nearly to the depth of the lithosphere [layer 2, from ~31 to ~68 

km] is trending more ESE-WNW [~150º] than by stations in Iberian Peninsula [Figure 

7.22]. Around 30 Ma, this island was still attached to the Iberian Peninsula and moved 

to the present location after the NNW compression. The observed rotation of fast 

direction of anisotropy is similar to the estimated rotation found to the Balearic Island 

during the opening of the Valencia trough [Decourt et al., 1986]. This result is in 
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accordance with the fast axes ~120º found by Schimd et al. [2004]. In the mantle layer 3 

[~60 to ~90 km] the fast direction is W-E [~85º] and the anisotropy becomes much 

larger [~5%]. This fast direction is very similar to the fast direction in SKS [~90º, 

Figure 7.25]. We interpret layer 3 as being of asthenospheric nature, with the fast axis 

parallel to the Eurasian APM in HS3-NUVEL-1A and could thus reflect APM-induced 

olivine [Figure 7.27]. This result is in accordance with the fast axes ~80º found by 

Lucente et al. [2006]. At depth range 91-144 km [layer 4] the fast direction is ENE-

WSW and the anisotropy is weaker [~3.0%]. The uncertainty in this layer is around 30º, 

which is greater than the uncertainty of 10º observed in layer 3. We interpret layer 4 as 

being of asthenospheric nature, with the fast axis parallel to the Eurasian APM.

The SE-NW fast direction of anisotropy [~124º] observed at group of stations

EIBI+ETOS+MAHO in the lithospheric layer [layer 2, from ~30 to ~56 km] is close to 

the ESE-WNW trending observed at MAHO in this mantle layer. We interpret layer 2

as being lithospheric nature. For the asthenospheric layer the fast axis of anisotropy 

rotate from W-E [~86º, layer 3, 56-108 km] to ENE-WSW [~63º, layer 4, 108-150 km]. 

Indeed, at station MAHO, we observe the same rotation of the fast axis of anisotropy. 

Therefore, this fast direction is parallel to the Eurasian APM in HS3-NUVEL-1A, 

suggesting that the direction of the flow induced the fast axis of olivine.

7.6 Conclusions

While we feel that data coverage needs to be further improved and new joint inversions 

needs to be done, we glean the following overall conclusions. The available seismic 

data can be explained by the multi-layer mantle model. In the uppermost layer of the 

mantle, the fast direction is ~90°, in the Iberian Massif. In the Balearic, it is in the azimuth of 

~120º. At a depth of ~60 km the direction becomes 90º, with a strong anisotropy [~5%]. The 

lid, representing a transition from high to relatively low S-wave velocities, is found in 

about the same depth range [Chapter 6]. The fast direction of anisotropy [~90 deg]

observed with SKS splitting [Figure 7.21] is consistent with the modeling results. 
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Anisotropy in the upper layer can be interpreted as frozen, whereas anisotropy in the lower layer 

is active, corresponding to the present-day or recent flow. The effect of the asthenosphere in the 

SKS splitting is much larger than the effect of the subcrustal lithosphere.

In spite of the larger uncertainties on layer 2 of group EADA+ETOB+EQES+EQTA, in the 

Betics, the fast direction of ~130º is coherent with the results of station MAHO and the 

group EIBI+ETOS+EADA, in the Balearic islands. This can be an indication that we 

are sampling similar styles of deformation for the Betics and the Balearic Islands in this 

depth range from ~30 to ~50 km, which mostly corresponds to the lithosphere. This fast 

direction of ~120º is clearly different from the ~90º observed in the Iberian Massif and 

that has been related with Variscan orogeny. This means that the knowledge about this 

structure is far to be finished and understand seismic anisotropy on the study area may 

provide important keys to understanding the different styles deformation the Iberia and 

western Mediterranean.
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CHAPTER 8

Conclusions 

The aim of this study was to image the seismic structure beneath Iberia and western 

Mediterranean, from the crust to the mantle transition zone. We processed seismic 

recordings at 19 VBB stations located in this region with P and S receiver function 

[PRF and SRF] techniques and SKS waveforms. The compilation of a dataset of nearly 

2600 P receiver functions and nearly 2200 S receiver functions allows us to obtain a

reliable and stable image of that area.

The isotropic structure has been obtained by joint inversion of P and S receiver 

functions. Usually Ps and Sp piercing points occur at different distances. Therefore, 

only the first 30 seconds of both PRF and SRF have been considered for inversion. In 

fact, this effect can be negligible if the depth of the conversion is less than ~350 km and 

the periods are in a range of 10.0 s. In addition, the major discontinuities in our models 

are not more than ~100 km deep, and a separation between the piercing points at this 

depth is ~5 times less than in Figure 3.18, for example.

The joint inversion of PRFs and SRFs constrains not only the Vs with depth, but 

provide a Vp/Vs as a function of depth with a rather good vertical resolution, and to a 

depth of ~350km.

To evaluate the presence of anisotropy beneath Iberia and western Mediterranean, we 

analyze the azimuthal anisotropy as a function of depth. This was achieved by joint 

inversion of P receiver functions and SKS/SKKS waveforms. This technique involved

azimuthal filtering of the receiver functions and provided a criterion to discriminate 

between the effects of azimuthal anisotropy and lateral heterogeneities in the isotropic 
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models. The results, presented in chapter 7, demonstrate that is method is a very 

promising one, which can lead to a better understanding of how the anisotropy 

distributes with depth. We must remember that the traditional SKS splitting 

measurements always provide an excellent lateral resolution but is quite unclear in what 

concern vertical resolution.

The analysis of the converted phases at the 410 and 660 km discontinuities made 

possible to map the transition [TZ] beneath Iberia and western Mediterranean. Analysis 

of PRFs reveals a narrow band of elevated by ~15 km thickness, relative to the standard 

250 km. This band corresponds to Gibraltar Arc, Betic Cordillera and Balearic islands. 

Analysis of the converted phases revealed that the variations of the TZ thickness are 

strongly correlated with the times of the P660s phase in PRFs. This correlation implies 

that the TZ thickness is mostly controlled by the topography of the 660-km 

discontinuity. This is in conformity with what has been observed at a global scale.

The influence of topography on the 410-km discontinuity on the TZ thickness is less

important. The lack of topography on the 410-km discontinuity implies absence of 

significant hydration. 

This results are in agreement with several tomographic studies were a high-velocity slab 

corresponding to the Gibraltar arc and deepening in a depth range from 500- 600 km is 

observed [e.g. Calvert et al, 2000; Piromallo and Morelli, 2003; Spakman and Wortel, 

2004] and with the deep earthquakes [600-670 km] that characterize a very small region 

in the eastern side of Gibraltar [e.g. Burfon et al., 2004]. Furthermore, beneath the 

Mediterranean region, a thickness of 261 ± 10 km of mantle transition zone was 

observed. A thick mantle transition zone [>270 km] was found in regions with ongoing 

or past subduction, including eastern Spain and the north-western African coast [Van 

der Meijde et al. 2005]. 

In order to explain those observations, several interpretations have been given, all of 

them associated with a different geodynamic processes [e.g. Platt and Vissers, 1989; 

Seber et al., 1996; Calvert et al., 2000; Blanco and Spakman, 1993; Spakman et al., 

1993; Gustcher et al., 2002]. Despite of the several options, an anomaly of the 

lithosphere, at those depths, can influence the discontinuities bordering the mantle 
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transition zone. Up- or down- warp of these discontinuities can be indicative of the 

presence of anomalous structure. In our analysis we interpret the variable depth of the 

660-km discontinuity as an effect of subduction. Over the anomalous TZ our study 

reveals a zone of reduced velocity in the upper mantle.

Our analysis of SFR reveals distinct features in deep structure of Iberia and western 

Mediterranean. Most of the arrivals of the S410p, excluding a few arrivals, appear

~1.5 s earlier than the S410p observed on a standard model. The reasons are either a

high Vp/Vs ratio in the crust and upper mantle [0.05 higher than the norm in a layer of 

115 km], or a depression of the 410-km discontinuity by ~11.5 km or both, but with 

smaller magnitudes. These earlier arrivals are more pronounced in sector SW [sea 

direction] than in sector NE [continent direction]. 

The few data points, that are positive [later arrivals], correspond to the stations locate in 

Betics region, in the eastern side of the Gibraltar arc. The reason is either the low Vp/Vs 

in the crust and upper mantle or an elevation or both, but with smaller magnitudes. 

These results are coherent with our velocity models for this area, which reveal a Vp/Vs 

ratio in the lid strongly reduce relative to the standard value of 1.8. But, also with the 

analysis of PRFs, which point to a transition zone [TZ] under the Gibraltar arc, Betics 

and Balearic islands thicker by ~15 km, in comparison to the standard 250 km.

Moreover, these different results from both side of the Gibraltar arc reveal distinct 

features in deep structure of the crust and uppermost mantle in the vicinity of the 

stations, indicating that the structure in the western side of the Gibraltar arc is different 

from the structure in the eastern side of Gibraltar arc.

Our results of the joint inversion demonstrate that all velocity models contain four 

major zones: the crust, the high-S-velocity mantle lid, low-S-velocity zone [LVZ] and 

the underlying upper mantle layer. Our velocity models estimates of crustal thickness 

are consistent with previously known estimates. We found Moho depths varying from 

~30 km under the Iberian Massif, to 33-35 km under the Betics and reaching shallower 

depths of ~20 km southwards under the Balearic Island. Under North Africa the Moho 

depth changes from ~20 km beneath the easternmost part of the Rif region in the 

coastline to ~35 km beneath the Moroccan Meseta. The S-wave velocity in the lower 



STRUCTURE OF THE CRUST AND MANTLE BENEATH IBERIA AND WESTERN MEDITERRANEAN

254

crust varies between 3.5-3.8 km/s under Iberian Massif, to 3.7-4.1 km/s under Betics. 

The slow S-wave velocities [3.4-3.8 km/s] are found from the region of Cartagena and 

Melilla to the Balearic Islands. 

Our velocity models reveal in most of the stations a high Vp/Vs ratio for the lower 

crust, suggesting a mafic to ultramfic composition. Moreover this high Vp/Vs ratio 

[~1.95] is found for the whole crust at most stations in the coastal region of Spain and 

Betics region, suggesting the existence of mafic and ultramafic rocks in the upper levels 

of the crust. We only found Vp/Vs in the felsic to intermediate beneath six stations: 

MTE [Iberian Massif], EBAD [Iberian Massif], ETOB [Betics], EIBI and MAHO 

[Balearic Islands] and MELI [north of Africa]. Furthermore, in the southwestern of 

Iberian Massif the Vp/Vs velocity ratio indicate significant difference between the 

lower crust of the station EBAD [Ossa Morena Zone] and the lower crust of the stations 

EGRO [South Portuguese Zone] and EADA [south of Central Iberia Zone]. Beneath 

station EBAD the Vp/Vs velocity ratio of the crust are in a felsic range; mafic Vp/Vs 

ratio is found in the upper and lower levels of the crust beneath stations EGRO 

[relatively high velocities in the lower crust are found in this station] and EADA. 

The velocity models of CART and MAHO show different results for both sectors [NE 

and SW]: although the crustal thickness is similar [~20 km], the Vp/Vs ratio in the 

lower crust is higher for sector NE. The most interesting station is MAHO because 

occupies an intermediate position. It is the most interesting one because its crust is thin 

[about 19 km depth], with a Vp/Vs in a felsic range for sector SW [sea direction] and 

rather thick [about 22 km], with a Vp/Vs in a mafic range for sector NE [continent 

direction]. Our velocities models also reveal fast S-wave velocities for the western part 

of Mediterranean and slow S-wave velocities for the eastern part of the Mediterranean. 

These results are in agreement with others studies in the region [e.g. Martínez et al., 

2000; Chorchete and Chourak, 2009].

The data on the lithosphere-asthenosphere system are very controversial and, 

unfortunately, depends on the method [thermal, gravity, surface waves] due to the fact 

that we deal with very different resolutions both laterally and with depth. The depth of 

the lithosphere/asthenosphere boundary at the same location may vary in depth from 
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almost 200 km to several tens of kilometers [e.g. Badal et al., 1996, Raykova and Panza, 

2010; Fullea et al. 2010; Ayala et al., 2003]. All our velocity models contain a high 

velocity mantle lid, which is underlain by a low-S velocity layer. S-wave velocity in the 

lid is around 4.25-4.5 km/s and the reduction of S velocity is generally less than 10%. 

The depth of the boundary between the lid and the LVZ, which is sometimes interpreted 

as the lithosphere/asthenosphere boundary, at most stations is 65±5 km, but at few 

stations [EBER, CART90, MAHO90, MELI] sampling the upper mantle of the 

Mediterranean we observe evidence of destruction of the lid, where it is either not 

observed or its lower boundary is at a depth of ~30 km. We explain this destruction by 

rifting. At a few stations [Gibraltar and North Africa] the depth of this boundary is 

100±5 km. 

Our analysis reveals that the Vp/Vs ratio in the lid beneath stations in the Betic 

cordillera is strongly reduced relative to the standard value of 1.8. This reduction 

implies that the mantle lithosphere is strongly depleted by removal of the basaltic 

component. Evidence of anomalously low Vp/Vs ratio is supported by the late arrivals 

of the S410p phase in the SRFs. 

The lid is underlying a low-S velocity zone [4.0-4.2 km/s] that terminated in a depth of 

160 -180 km in stations locate in Iberian Massif and Balearic Islands, but at the stations 

which sampling the Gibraltar region this LVZ lies at depths between 180 and 210 km. 

At a few stations [CART and MELI] the LVZ terminated in a depth of 140-160 km.  

Our velocity models are well correlated with the S-velocity model for the Iberia and 

surroundings [e.g. Badal et al., 1996; Raykova and Panza, 2010].

Azimuthal anisotropy analysis, using a new methodology, was conducted at 5 individual 

and also at 2 groups of stations. Our results revealed that the parameters of anisotropy 

are different in the lid and in the LVZ. 

The fast direction in the uppermost mantle layer is ~90º in Iberian Massif. In Balearic it

has an azimuth of ~120º. At a depth of ~60 km the direction turns to an azimuth of 90º. 

We interpret anisotropy in the lid and the LVZ as frozen since Paleozoic and related to 

the present-day flow, respectively. Our results of joint inversion of PRFs and SKS 

waveforms indicate that a strong anisotropy [~5%] is located in a depth range from ~50 
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km to ~120 km. Most of this range corresponds to the LVZ [asthenosphere]. Therefore 

the fast direction of anisotropy observed by SKS splitting cannot be an effect of the 

lithosphere. This means that the effect of the asthenosphere in the SKS splitting is much 

larger than the effect of the subcrustal lithosphere.

Finally we must emphasise that the joint inversion of PRFs and SKS waveforms, which 

we only could apply for a restricted number of stations, is a very promising 

methodology. It offers the possibility of not only constraining the anisotropy with depth 

but also to discriminate the presence of different anisotropic layers. Nevertheless, as we 

mention in chapter 7, this method implies the existence of a dense network operating for 

several years. 

Future Work

The results presented in this study have given an important contribution to image the 

deep structure and anisotropy of the crust and mantle beneath Iberia and western 

Mediterranean. But, the knowledge about the structure in this complex region is far

from being finished. A better understanding of the seismic anisotropy pattern beneath 

Iberia and western Mediterranean may provide important keys to understand who has 

the main role on the structure of the upper mantle: heterogeneity or anisotropy. 

Therefore, this is an important target for our future research. To accomplish it, our 

future work must include:

An increment of the number of  P receiver functions for the stations operated by 

the IGN and TOPO IBERIA experiment, to enable a uniform azimuthal 

coverage;

A more complete construction of station clusters to reduce the lateral 

heterogeneities, thus allowing to perform a higher quality azimuthal anisotropy 

analysis;

An improvement of the joint inversion of P receiver functions and the SKS 

waveforms for the individual stations and for the group of stations.
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Appendix A

Data 

To collected data for this work, we selected first the seismic stations in the region of 

study which have more than 5 years of data and an easily access to the data. The 

selected stations were: SFUC, MTE, RTC, MELI, MAHO, CART and PAB. 

We request the data from Incorporated Research Institutions for Seismology [IRIS] 

that continues to distribute data from the research community. To request data exits 

different request tools. We request data by electronically mailing in a specially format -

the BREQ_FAST format - to IRIS/DMC [Data Management System]. The DCM 

returns data on the SEED format since it is the International Federation of Digital 

Seismograph Networks Station Book [FDSN] approved file format for distributing 

digital seismic data. To make the conversion of the data, IRIS has packages of software 

for using the SEED format. We use the RSEED program to read the SEED volumes. 

This program extracts the data, station information and instrument responses from the 

file and converted it to many different outputs format, such as: AH, SAC, CSS or 

miniSEED. 

We firstly converted the data to AH format since it is the seismic data format used by 

the PQL program. PQL is the program that we used for the data pre-processing. PQL is



STRUCTURE OF THE CRUST AND MANTLE BENEATH IBERIA AND WESTERN MEDITERRANEAN

258

a program for viewing time-series data in any of four formats [MSEED, SEGY, SAC, or 

AH] and belongs to the PASSCAL software.

The AH format is also the format that is compatible with the Seismic Handler software 

package [SH] [Stammler, 1993]. The SH is the analysis program that we used to 

performing the calculation of the receiver functions.

Since 2005 that Portuguese national permanent seismic network [which belongs to 

the Instituto de Meteorologia] and the others institutes, such as Instituto Dom Luíz

[IDL] and Centro de Geofísica de Évora [CGE], increase the number of operating 

broadband seismic stations in Portugal continental. However for this study the stations 

should be operate at least ~3 years to accumulate sufficient amount of teleseismic 

recording in various azimuths. For this reason was impossible to use these stations in 

this study. 

For this reason, we have to collected data from seismic stations that belong to the 

seismic network of Instituto Geográfico Nacional [IGN], Spain, because they have at 

least ~3 years of recording data. The selected stations were: EBAD, EGRO, EMIN, 

EQES, EQTA, EADA, EBER, EMIJ, ESPR, ETOB, EIBI and ETOS. We request 

teleseismic events located within a circular area [center latitude~40ºN and center 

longitude ~4ºW] less than 100º and body-wave magnitude > 5.5, from 2003 until 2008. 

To request the data the user needs only a file, which contains the event data time and 

starting and ending time of the signal. The data are on the CSS-3.0 format. To read and 

make the conversion of the data, from CSS-3.0 format to a standard format, as AH, 

SAC, or miniSEED, IRIS has software packages that can solve this conversion problem. 
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Appendix B

List of Stations

For our study we selected 19 VBB [Very Broad-Band] stations located in Iberia and 

western Mediterranean [Figure B.1]. These stations are operating by the Instituto 

Geográfico Nacional, Spain [IGN], the permanent GEOFON network [GE], the Global 

Seismograph Network [GSN - IRIS/USGS] and the MEDNET network [MN]. 

Figure B.1
Location of the seismic stations which data were used for this study. The colours of the triangles show the 
years of data used in this study. [Green] – more than 10 years of data; [blue] – between 5 and 10 years of 
data and [red] – less than 5 years of data
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Table B.1- List of the seismological stations parameters with station code, latitude, longitude, elevation, 
operating network, recording time, and seismometer type. GE- GEOFON; MN-MEDNET; IU-GSN-
IRIS/USGS; ES-Instituto Geográfico Nacional, Madrid, Spain.

Station Location Lat [º] Lon [º] Elev. [m] Network Data Seismometer

MTE Manteigas

Portugal

40.40 - 7.54 815 GE 1997-

Present

STS-2

PAB San Pablo

Spain

39.54 -4.34 925 IU 1992-

Present

STS-1

EADA Córdoba

Spain

38.17 -4.58 465 ES 2001-

Present

CMG3T

EBAD Badajoz

Spain

38.76 -7.01 221 ES 2000-

Present

CMG3T

EMIN Huelva

Spain

37.77 -6.67 240 ES 2001-

Present

CMG3T

EGRO Huelva

Spain

37.53 -7.48 130 ES 2001-

Present

CMG3T

SFUC S. Fernando

Spain

36.64 -6.17 88 GE 1996-

2001

STS-2

ESPR Cádiz

Spain

36.87 -5.86 135 ES 2002-

Present

CMG3T

EMIJ Málaga

Spain

36.56 -40.77 470 ES 2004-

Present

CMG3T

EQES Jaén

Spain

37.80 -3.07 1140 ES 2001-

Present

CMG3T

EQTA Granada

Spain

37.20 -3.44 1100 ES 2005-

Present

CMG3T

EBER Almería

Spain

36.89 -2.89 1690 ES 2001-

Present

CMG3T

CART Cartagena

Spain

37.59 -1.00 65 GE 1999-

2008

STS-2

ETOB Albacete

Spain

38.64 -1.55 855 ES 2000-

Present

CMG3T

EIBI Ibiza

Spain

39.03 1.34 260 ES 2001-

Present

CMG3T

ETOS Mallorca

Spain

39.77 2.81 480 ES 2002-

Present

CMG3T

MAHO Menorca

Spain

39.89 4.26 15 GE 1999-

2008

STS-2

MELI Melilla

North Africa

35.29 -2.94 40 GE 1999-

Present

STS-2

RTC Rabat

Morocco

33.99 -6.86 50 MN 2002-

Present

STS-1
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Appendix C

List of observed upper mantle phases

Stations Baz 
(deg)

D(deg) N. 
Traces

26-30 (s) 32-34 
(s)

37-42 (s) 47-50
(s)

52-55
(s)

MTE 44.9 76.9 126 ---- ----- ----- ---- 54.4
MTE 255.0 75.5 125 ---- ---- ---- ---- 53.9
MTE 160.4 77.0 271 ---- ---- ---- ---- ----
PAB 39.7 87.0 63 ----- ---- 38.7 ---- 52.5
PAB 243.6 76.4 41 ---- ---- 39.3 ---- ----
PAB 146.6 81.8 127 ---- ---- 39.2 ---- 53
EADA 46.7 79.5 30 ---- ---- ---- 49.3 ----
EADA 246.8 74.7 41 ---- 34.4 ---- ---- ----
EBAD 49.4 80.7 18 ---- ---- ---- ---- ----
EBAD 247.4 75.0 28 ---- ---- ---- ---- ----
EBAD 192.3 77.6 57 ---- ---- ---- ---- 53.7
EMIN 56.1 75.8 41 ---- ---- ---- ---- ----
EMIN 248.0 77.4 45 ---- ---- 37 ---- ----
EMIN 167.7 77.6 93 ---- ---- ---- ---- ----
EGRO 46.2 78.0 39 28.7 ---- ---- 47.8 ----
EGRO 240.0 74.6 40 ---- ---- 41.9 ---- ----
EGRO 162.9 77.3 87 28.6 ---- ---- ---- ----
EBAD+EMIN+EGRO 50.9 77.6 100 28.6 ---- ---- 47.8 ----
EBAD+EMIN+EGRO 246.3 75.9 111 27.8 ---- ---- ---- ----
EBAD+EMIN+EGRO 169.0 79.0 226 27.9 ---- ---- ---- ----
SFUC 54.9 71.9 27 ---- ---- ---- ---- ----
SFUC 249.4 81.4 56 ---- 32.8 ---- ---- ----
SFUC 192.0 78.9 90 ---- 33.3 ---- ---- ----
ESPR 41.3 79.8 30 ---- ---- ---- ---- ----
ESPR 243.6 75.6 65 ---- ----. ---- ---- ----
ESPR 194.8 77.3 105 ---- ---- ---- ---- ----
SFUC+ESPR 44.7 78.7 55 ---- ---- ---- ---- ----
SFUC+ESPR 248.5 79.5 70 ---- ---- 37 ---- ----
SFUC+ESPR 203.2 80.1 202 26.5 ---- 37 ---- ----
EMIJ 25.3 81.9 14 ---- ---- 39.6 ---- ----
EMIJ 247.2 76.3 54 ---- ---- 38.3 ---- ----
EMIJ 195.6 78.4 132 ---- ---- 38.3 48.4 ----
EQES 42.1 81.3 49 ---- ---- ---- ---- ----
EQES 260.8 78.9 27 ---- ---- ---- ---- ----
EQTA 48.0 78.4 21 ---- ---- 38.5 ---- ----
EQTA 256.8 74.1 30 ---- ---- ---- ---- ----
EQTA 195.4 77.7 63 ---- ---- ---- ---- ----
EBER 47.3 82.5 32 ---- ---- 37.9 ---- ----
EBER 247.2 72.9 33 ---- ---- ---- ---- ----
EBER 185.7 77.8 92 ---- ---- 38.3 ---- ----
CART 51.4 77.0 93 ---- ---- ---- ---- ----
CART 244.2 77.2 57 ---- ---- ---- ---- ----
ETOB 40.7 80.2 34 28.1 ---- ---- ---- ----
ETOB 254.6 75.3 31 ---- ---- ---- ---- ----
EIBI 51.2 79.4 60 ---- ---- ---- 49.5 ----
EIBI 256.8 74.2 23 ---- ---- ---- ---- ----
EIBI 136.9 77.4 108 ---- ---- ---- ---- ----
ETOS 48.6 79.5 61 ---- ---- 42.2 ---- ----
ETOS 254.4 73.9 26 ---- ---- ---- ---- ----
MAHO 54.9 77.6 76 ---- ---- ---- ---- ----
MAHO 255.9 76.7 59 ---- 30.6 ---- ---- ----
MAHO 170.6 76.5 182 ---- ---- ---- ---- ----
MELI 66.1 74.9 41 ---- ---- ---- ---- ----
MELI 237.8 73.3 37 ---- ---- ---- ---- 52
MELI 162.0 75.8 125 ---- ---- ---- ---- ----
RTC 40.2 79.3 28 ---- ---- ---- ---- ----
RTC 249.8 69.5 33 ---- ---- ---- ---- ----
RTC 162 74.8 66 ---- ---- ---- ---- ----

Table C.1- List of another observed upper mantle phases in the stacks of PRFs. Baz and D is average of 
back-azimuth and epicentral distance. The interval 26 to 30 s and 32 to 34 s correspond to a positive 
phase detected at NE and SW sector, respectively, termed P320s. A negative polarity phase arrives from 
37 to 42 s and from 47 to 50 s, termed P350s and P480s, respectively. Another positive signal arrives in 
the range from 52 to 55 s, termed P520s.
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Appendix D

Joint inversion of PRFs and SRFs

Without traveltime residuals

Figure D.1
Results from the joint inversion without the travel time residuals of PRFs and SRFs for 2 stations [EADA 
and EQES] in 3 back azimuths sectors: “station90” is NE sector from 0º to 90º, “station270” is SW sector 
from 180º to 300º and “station” represents the all directions sector. The histograms of P and S velocities 
and Vp/Vs ratio are shown by color code. Dash lines are for the medians; solid lines are for the IASP91 
velocities and their ratios. The red lines indicate the maximum and minimum search velocities and Vp/Vs 
values at each depth.The histogram of synthetic Q components of PRFs and L component of SRFs are 
shown in the lower panels, using the same color code as in the above panels. In the lower panels the 
observed components are shown with dashed lines.
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Figure D.2
Results from the joint inversion without the travel time residuals of PRFs and SRFs from 2 stations [EIBI 
and ETOS] in NE and SW sectors and all direction]. ETOB is performed only for all directions. Dash 
lines correspond to the medians; solid lines are for the IASP91 velocities and their ratios. Red lines are 
bounds of the search. Histograms of the synthetic PRFs and SRFs are shown by the same color code as 
the models; dash lines are for the real receiver function. 
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Whit traveltime residuals

Table D.1- List of the traveltime residuals used to perform the joint inversion of P and S receiver 

functions and teleseismic residuals. dTP and dTS are the absolute teleseismic P and S residuals. dTPs is 

the residual of the P410s phase, which is the difference between the absolute teleseismic S and P 

residuals, dTS and dTP, respectively: dTPs=dTS P. For the residual of P410s we adopted a dTS/dTP=3.0.

Stations dTp [s] dTs [s] dTs/dTP
MTE – NE 0.3 0.9 3.0
MTE – 0º-360º 0.3 0.9 3.0
MTE – SW 0.0 0.0 ----
PAB – NE 0.6 1.8 3.0
PAB – 0º - 360º 0.3 0.9 3.0
PAB – SW 0.0 0.0 ----
EADA – NE 0.6 1.8 3.0
EADA – 0º- 360º 0.65 1.95 3.0
EADA – SW 0.75 2.25 3.0
EBAD – 0º -360º 0.3 0.9 3.0
EMIN – 0º -360º 0.3 0.9 3.0
EGRO – 0º- 360º 0.3 0.9 3.0
SFUC– 0º- 360º 0.5 1.5 3.0
ESPR– 0º- 360º 0.0 0.0 ----
SFUC+ESPR- NE 0.0 0.0 3.0
SFUC+ESPR– 0º- 360º 0.3 0.9 3.0
SFUC+ESPR-SW 0.3 0.9 3.0
EMIJ– 0º- 360º 0.0 0.0 3.0
EQES-NE 0.0 0.0 ----
EQES– 0º -360º 0.7 2.1 3.0
EQES –SW 0.65 1.95 3.0
EQTA– 0º -360º 0.35 1.05 ----
EBER– 0º -360º -0.5 -1.5 3.0
CART - NE 0.0 0.0 3.0
CART- 0º - 360º 0.7 2.1 3.0
CART - SW 0.5 1.5 3.0
ETOB– 0º -360º 0.7 2.1 3.0
EIBI– 0º -360º 0.7 2.1 3.0
ETOS– 0º -360º 0.7 2.1 3.0
MAHO - NE 0.7 2.1 3.0
MAHO -0º- 360º 0.7 2.1 3.0
MAHO - SW 0.5 1.5 3.0
MELI 0º-360º 0.7 2.1 3.0
RTC - 0º-360º 0.7 2.1 3.0
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Figure D.3
Joint inversion of PRFs and SRFs [last version ] from  station ESPR  and from the group of stations SEP 
[SFUC+ESPR] for all azimuths Dash lines correspond to the medians; solid lines are for the IASP91 
velocities and their ratios. Red lines are bounds of the search. Histograms of the synthetic PRFs and SRFs 
are shown by the same color code as the models; dash lines are for the real receiver functions. Inversion 
with the travel time residuals: ESPR:  dTs = 0.0 s, dTp = 0.0 s and SEP: dTs = 0.9 s, dTp = 0.3 s. Note 
that beneath ESPR and SEP the depth of the boundary between the lid and the LVZ is ~100 km.  The 
Vp/Vs ratio in the lid beneath these stations is reduce relative to the standard value of 1.8.



267

Appendix E

List of SKS splitting observations

Table E.1- List SKS splitting observations. Baz and D is average of back-azimuth and epicentral 
distance. Angle and t is fast direction and delay time. 

Station # Julian
Day

Year Lat 
[deg]

Lon
[deg]

Depth
[km]

Baz
[deg]

D
[deg] [deg]

t
[sec]

phase

PAB 1* 210 1998 -32.2 -72.2 51.0 231.4 94.7 70 1.2 SKS
PAB 2 222 1998 7.3 94.3 33.0 78.9 92.1 70 2.2 SKS
PAB 3 232 1998 51.6 175.2 33.0 0.25 89.2 --- --- NULL
PAB 4 246 1988 -29.4 -71.7 27.0 233.7 92.9 70 1.8 SKKS
PAB 5 257 1998 51.6 -173.1 33.0 353.0 88.7 150 1.6 SKS
PAB 6 114 2000 -28.3 -62.9 608.0 228.9 86.7 60 3.0 SKS
PAB 7 168 2000 -33.8 -70.1 120.0 229.6 95.0 80 1.4 SKS
PAB 8 207 2000 -53.5 -3.2 10.0 179.3 92.7 60 0.8 SKS
PAB 9 232 2000 43.8 147.3 620.0 20.2 93.1 90 1.2 SKS
PAB 10 074 2001 8.6 94.0 33.0 78.1 90.1 --- --- NULL
PAB 11 135 2001 -28.1 -66.5 176.0 231.4 88.7 70 1.6 SKS
PAB 12 141 2001 2.7 -95.4 10.0 272.7 89.0 --- --- NULL
PAB 13 169 2001 -24.3 -69.2 88.0 235.7 87.6 80 1.4 SKS
PAB 14* 217 2001 12.2 93.5 96.0 75.8 88.2 120 0.6 SKS
PAB 15 225 2001 41.0 142.2 38.0 246.4 94.2 80 1.0 SKS
PAB 16 245 2001 0.89 82.5 10.0 91.3 87.0 --- --- NULL
PAB 17 091 2002 -29.7 71.4 71.0 233.3 92.8 70 2.0 SKS
PAB 18 179 2002 43.7 130.7 566.0 30.8 87.7 90 1.4 SKS
PAB 19 236 2002 43.1 146.1 42. 21.1 93.5 40 2.0 SKS
PAB 20 258 2002 44.8 129.9 586.0 30.7 86.5 90 1.2 SKS
PAB 21* 321 2002 47.8 146.2 459.0 19.3 89.1 70 1.0 SKS
PAB 22 129 2003 -48.2 32.2 10.0 156.4 93.2 80 3.0 SKS
PAB 23 146 2003 38.8 141.6 68.0 26.1 95.9 60 1.0 SKS
PAB 24 171 2003 -30.6 -71.6 33.0 232.8 93.6 70 1.6 SKKS
PAB 25 202 2003 6.7 93.6 10.0 79.8 91.8 60 1.0 SKS
PAB 26 208 2003 47.1 139.2 470.0 23.9 87.7 80 1.0 SKS
PAB 27 223 2003 12.1 93.5 100.0 75.7 88.4 130 0.6 SKS
PAB 28 243 2003 43.4 132.2 481.0 30.0 88.6 90 1.2 SKS
PAB 29 361 2004 3.3 95.6 33.0 80.8 95.8 --- --- NULL
PAB 31 024 2005 7.3 92.5 33.0 80.0 90.6 --- --- NULL
PAB 32 057 2005 2.9 95.6 36.0 81.4 95.8 --- --- NULL
PAB 33 163 2005 -56.3 -27.1 94.0 192.5 97.4 70 1.2 SKS
PAB 34 264 2005 43.9 146.1 103.0 20.8 92.8 40 1.2 SKS
PAB 35 160 2006 -47.7 32.6 22.0 156.0 92.9 80 2.6 SKS
PAB 36 173 2006 45.4 149.3 95.0 18.2 92.1 60 0.6 SKS
PAB 37 197 2006 -28.7 -72.5 10.0 234.7 92.9 80 1.4 SKS
PAB 38 145 2007 -24.2 -67.0 180.0 234.4 86.2 70 2.0 SKS
PAB Average 80 1.2 SKS

SFUC 39* 255 1996 35.5 140.9 55.0 26.9 101.9 100 2.0 SKS
SFUC 40* 153 1997 -57.7 -25.4 33.0 190.2 95.4 110 3.0 SKS
SFUC 41 091 1998 -40.3 -74.8 9.0 226.3 99.2 60 1.0 SKS
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SFUC 42 134 1998 -40.2 143.2 33.0 23.2 98.5 40 2.8 SKS
SFUC 43 147 1998 52.2 159.5 60.0 8.7 90.6 80 2.6 SKS
SFUC 44 148 1998 52.1 159.6 47.0 8.6 90.6 70 2.6 SKS
SFUC 45 232 1998 51.6 175.2 33.0 359.1 92.1 --- ---- NULL
SFUC 46 241 1998 -55.7 -27.5 33.0 191.6 92.7 50 0.8 SKS
SFUC 47* 168 2000 -33.8 -70.1 120.0 228.3 92.0 100 1.8 SKS
SFUC 48* 234 2000 -53.0 -45.9 10.0 202.8 95.7 60 2.4 SKS
SFUC Average 30 1.4 SKS
CART 49 114 2000 -28.3 -62.9 60.0 231.2 87.6 70 2.2 SKS
CART 50 074 2001 8.6 94.0 33.0 80.1 88.7 110 0.8 SKS
CART 51 083 2001 34.1 132.5 50.0 37.3 96.9 80 1.2 SKS
CART 52 116 2001 43.1 145.9 86.0 23.6 94.2 60 1.8 SKS
CART 53* 169 2001 -24.3 -69.2 88.0 237.9 88.7 80 1.4 SKS
CART 54 170 2001 -22.7 -67.9 146.0 238.2 86.8 80 1.4 SKS
CART 55 240 2001 -21.7 -70.1 65.0 240.4 87.7 80 1.8 SKS
CART 56 091 2002 -29.7 -71.4 71.0 235.2 93.8 70 2.2 SKS
CART 57 108 2002 -27.5 -70.6 62.0 236.4 91.9 80 1.8 SKS
CART 58 148 2002 -28.9 -66.8 22.0 233.1 90.4 80 1.6 SKS
CART 59 179 2002 43.7 130.7 566.0 327.9 87.5 80 2.2 SKS
CART 60 258 2002 44.8 129.9 586.0 325.8 86.7 80 1.8 SKS
CART 61 289 2002 51.9 157.3 102.0 13.2 88.8 50 1.6 SKS
CART 62* 146 2003 38.8 141.6 68.0 28.5 96.5 80 1.8 SKS
CART 63 171 2003 -30.6 -71.6 33.0 234.7 94.6 80 1.6 SKKS
CART 64 174 2003 51.4 176.8 20.0 1.4 91.3 70 2.0 SKS
CART 65 208 2003 47.1 139.2 470.0 25.8 88.4 80 1.8 SKS
CART 66* 250 2004 -55.4 -28.9 10.0 195.6 95.6 70 1.6 SKS
CART 67 312 2004 47.9 144.4 474.0 22.4 89.4 80 2.2 SKS
CART 68 349 2004 44.1 141.8 10.0 25.8 91.9 60 1.6 SKS
CART 69 080 2005 -24.9 -63.5 579.0 233.8 85.5 70 2.2 SKS
CART 70 153 2005 -24.2 -67.0 196.0 236.6 87.3 80 1.8 SKS
CART 71 194 2005 -17.8 -70.1 79.0 243.3 85.1 80 1.2 SKS
CART 72 264 2005 43.9 156.1 103.0 23.1 93.6 50 2.2 SKS
CART 73 223 2006 18.5 101.0 56.0 290.6 86.5 50 2.0 SKS
CART 74 232 2006 49.8 156.4 26.0 14.4 90.7 70 1.8 SKS
CART 75 237 2006 -24.4 -67.0 184.0 236.5 87.4 80 1.6 SKS
CART 76 285 2006 -31.3 -71.4 31.0 234.0 94.9 70 2.2 SKS
CART 77 317 2006 -26.1 -63.3 572.0 232.9 86.1 70 2.8 SKS
CART Average 80 1.6 SKS
MAHO 78 109 2000 -52.4 13.5 10 174.3 92.3 100 2.6 SKS
MAHO 79* 114 2000 -28.3 -62.9 60.8 234.4 92.3 70 1.8 SKS
MAHO 80 133 2000 -23.5 -66.4 225.0 240.0 91.1 70 3.0 SKS
MAHO 81 162 2000 23.8 121.2 33.0 58.8 93.6 90 1.0 SKS
MAHO 82 177 2000 31.2 131.2 10.0 43.3 93.8 100 1.4 SKS
MAHO 83 222 2000 18.2 102.4 45.0 294.4 90.7 30 3.0 SKS
MAHO 84 116 2001 43.1 145.9 86.0 27.0 90.4 110 3.0 SKS
MAHO 85 165 2001 24.5 122.0 32.0 53.8 93.6 120 1.2 SKS
MAHO 86 170 2001 -22.7 -67.8 146.0 241.5 91.5 70 3.0 SKS
MAHO 87 180 2001 -19.5 -66.2 273.0 242.8 88.3 70 3.0 SKS
MAHO 88* 186 2001 -16.1 -73.9 62.0 250.3 91.4 70 2.6 SKS
MAHO 89 205 2001 -19.4 -69.2 33.0 244.8 90.3 80 2.4 SKS
MAHO 90 304 2001 5.4 94.3 33.0 85.8 86.7 100 3.0 SKS
MAHO 91 336 2001 39.4 141.1 123.0 32.0 91.7 110 2.6 SKS
MAHO 92 352 2001 23.9 122.7 14.0 53.7 94.4 70 1.8 SKS
MAHO 93 087 2002 -21.6 -68.3 125.0 242.6 91.2 70 3.0 SKS
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MAHO 94 208 2003 -20.1 -65.2 345.0 242.7 87.9 70 3.0 SKS
MAHO 95 238 2003 -17.1 -70.7 31.0 247.4 89.7 90 1.2 SKS
MAHO 96 260 2003 -21.4 -68.3 127.0 242.7 91.0 70 2.8 SKS
MAHO 97 220 2004 51.7 166.3 8.0 354.2 88.3 90 3.0 SKS
MAHO 98* 289 2004 24.5 122.7 94.0 53.4 94.0 80 1.0 SKS
MAHO 99 134 2005 59.0 98.4 34.0 86.8 92.8 80 3.0 SKS
MAHO 100 153 2005 -24.2 -67.0 196.0 239.9 92.0 70 2.2 SKS
MAHO 101 168 2005 40.7 126.6 12.0 324.9 88.1 90 1.0 SKS
MAHO 102 194 2005 -17.8 -70.1 79.0 246.5 89.8 80 3.0 SKS
MAHO 103 207 2005 15.3 72.9 110.0 250.2 90.2 80 2.4 SKS
MAHO 104 226 2005 -19.8 -68.9 113.0 244.4 90.3 50 2.0 SKS
MAHO 105 242 2005 38.5 143.1 21.0 31.1 93.4 40 2.4 SKS
MAHO 106 288 2005 25.3 123.3 192.0 52.4 93.8 70 1.6 SKS
MAHO 107 290 2005 -17.7 -69.4 123.0 246.2 89.3 80 2.2 SKS
MAHO 108 293 2005 52.2 169.0 35.0 355.8 88.0 100 1.8 SKS
MAHO 109 321 2005 -22.4 -67.9 147.0 241.8 91.3 70 2.8 SKS
MAHO 110 325 2005 31.0 130.0 145.0 44.3 93.3 110 0.8 SKS
MAHO 111 223 2006 18.5 101.1 56.0 293.7 89.5 30.0 3.0 SKS
MAHO 112 280 2006 -24.1 -68.9 104.0 241.2 93.4 70.0 2.4 SKS
MAHO 113* 335 2006 3.4 -99.1 204.0 84.3 91.5 90 2.4 SKS
MAHO Average 90 0.8 SKS
MELI 114 168 2000 -33.8 -70.1 120.0 230.1 93.1 120 1.4 SKS
MELI 115 312 2000 -55.6 -29.8 10.0 194.9 93.4 70 1.2 SKS
MELI 116 321 2002 47.8 146.2 459.0 20.2 92.8 100 3.0 SKS
MELI 117 208 2003 47.1 139.2 470.0 24.7 91.2 40 2.0 SKS
MELI 118 223 2003 12.1 93.5 100.0 180.1 88.5 100 1.2 SKS
MELI 119 300 2004 -57.0 -24.8 10.0 191.7 93.8 80 2.4 SKS
MELI 120 300 2004 -57.0 -24.6 10.0 191.7 93.8 80 2.2 SKS
MELI 121 002 2006 -60.9 -21.6 13.0 189.0 97.1 70 1.4 SKS
MELI 122 197 2007 37.5 138.4 12.0 30.2 99.1 80 1.4 SKS
MELI 123 227 2007 50.3 -177.7 9.0 356.5 94.6 100 3.0 SKS
MELI 124 063 2008 46.4 153.1 10.0 163.5 95.8 100 3.0 SKS
MELI 125 105 2008 -56.0 -28.0 140.0 193.8 93.4 140 3.0 SKS
MELI 126 182 2008 -58.2 -22.1 8.0 190.0 94.5 80 1.8 SKS
MELI Average 70 1.0 SKS
RTC 127 207 2003 22.8 92.3 10.0 66.1 85.0 50 3.0 SKS
RTC 128 208 2003 47.1 139.2 470.0 224.2 93.7 150 1.2 SKS
RTC 129 301 2003 43.8 147.7 65.0 18.3 99.1 170 0.8 SKS
RTC 130 312 2004 47.9 144.5 474.0 18.8 94.4 160 0.6 SKS
RTC 131 186 2005 3.9 93.4 28.0 80.9 96.3 110 2.6 SKS
RTC 132 205 2005 7.9 92.2 16.0 78.4 93.0 100 2.2 SKS
RTC 133 206 2005 8.1 91.9 31.0 78.4 92.7 100 2.0 SKS
RTC 134 228 2005 38.2 142.0 36.0 24.6 102.5 30 3.0 SKS
RTC 135 249 2005 24.1 122.2 32.0 47.2 104.6 50 3.0 SKS
RTC 136 264 2005 43.9 146.1 103.0 19.4 98.7 180 1.6 SKS
RTC 137 054 2006 -54.7 1.7 10.0 175.0 88.6 120 2.0 SKS
RTC 138 109 2006 2.65 93.2 30.0 82.1 96.9 90 3.0 SKS
RTC 139 167 2006 40.3 143.7 30.0 22.5 101.2 180 2.0 SKS
RTC 140 173 2006 45.4 149.3 95.0 16.7 98.1 130 0.6 SKS
RTC 141 321 2006 28.6 129.9 22.0 38.7 105.5 140 2.4 SKS
RTC 142 335 2006 3.4 99.1 205.0 78.1 101.2 90 2.8 SKS
RTC 143 020 2007 -55.4 -29.5 10.0 192.7 91.1 160 1.8 SKS
RTC 144 182 2007 43.7 144.7 130.0 20.4 98.4 170 1.0 SKS
RTC 145 220 2007 -5.9 107.4 280.0 81.0 113.3 100 3.0 SKS
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RTC 146 231 2007 -60.4 -26.8 30.0 189.8 95.4 130 1.4 SKS
RTC 147 271 2007 22.0 142.7 260.0 31.9 117.2 20 2.6 SKS
RTC 148 014 2008 10.4 92.8 34.0 76.0 92.2 100 2.2 SKS
RTC 149 138 2008 32.2 104.9 9.0 51.9 88.0 40 3.0 SKS
RTC 150 153 2008 20.1 121.3 31.0 50.5 107.0 60 2.2 SKS
RTC Average 140 1.2 SKS

EBAD 151 242 2005 38.5 143.2 21.0 23.2 98.4 30 3.0 SKS
EBAD 152 264 2005 43.9 146.1 103.0 19.1 94.2 30 3.0 SKS
EBAD 153 288 2005 25.3 123.3 192.0 44.7 101.1 60 2.4 SKS
EBAD 154 350 2005 38.5 141.9 42.0 24.1 97.9 40 2.6 SKS
EBAD 155 181 2008 45.2 137.4 326.0 24.3 90.5 30 3.0 SKS
EBAD 156 182 2008 -58.2 -22.1 8.0 178.9 97.4 20 2.8 SKS
EBAD 157 206 2008 50.9 157.8 27.0 9.7 89.6 20 3.0 SKS
EBAD 158 353 2008 -32.5 -71.7 18.0 229.9 92.9 60 3.0 SKS
EBAD Average 50 0.8 SKS
EMIN 159 208 2003 47.1 139.2 470.0 22.5 90.1 40 2.6 SKS
EMIN 160 243 2003 43.4 132.2 481.0 28.6 91.0 40 2.6 SKS
EMIN 161 269 2003 41.9 144.5 33.0 21.1 96.4 60 0.8 SKS
EMIN 162 272 2003 42.5 144.4 25.0 21.1 95.9 60 1.2 SKS
EMIN 163 281 2003 42.6 144.6 32.0 20.9 95.8 40 1.6 SKS
EMIN 164 052 2004 -58.4 -14.9 10.0 184.4 96.1 40 1.2 SKS
EMIN 165 140 2004 22.7 121.5 20.0 48.1 102.6 140 3.0 SKS
EMIN 166 190 2004 47.2 151.3 128.0 14.8 93.1 40 1.2 SKS
EMIN 167 250 2004 -55.4 -22.9 10.0 192.5 94.7 50 1.6 SKS
EMIN 168 300 2004 -57.1 -24.8 10.0 189.8 95.7 30 1.8 SKS
EMIN 169 138 2005 -56.4 -26.9 100.0 191.1 95.4 40 1.2 SKS
EMIN Average 50 1.2 SKS
EGRO 170 119 2003 43.7 147.8 62.0 17.7 96.1 100 3.0 SKS
EGRO 171 208 2003 47.1 139.2 470.0 21.9 90.5 90 1.0 SKS
EGRO 172 223 2003 12.1 93.5 10.0 73.8 91.2 60 3.0 SKS
EGRO 173 052 2004 -58.4 -14.9 10.0 183.9 95.8 70 1.4 SKS
EGRO 174 140 2004 22.7 121.5 20.0 47.5 103.3 130 2.8 SKS
EGRO 175 190 2004 47.2 151.3 128.0 14.3 93.5 90 2.2 SKS
EGRO 176 250 2004 -55.4 -28.9 10.0 192.1 94.4 90 2.0 SKS
EGRO 177 257 2004 44.0 151.4 8.0 15.2 96.6 70 1.6 SKS
EGRO Average 70 0.8 SKS
ESPR 178 114 2003 48.7 154.9 43.0 12.5 93.1 20 2.8 SKS
ESPR 179 208 2003 47.1 139.2 470.0 22.9 90.7 30 3.0 SKS
ESPR 180 243 2003 43.4 132.3 481.0 29.1 91.5 130 2.6 SKS
ESPR 181 162 2004 55.7 163.7 188.0 7.9 87.0 100 2.8 SKS
ESPR 182 190 2004 47.2 151.3 128.0 15.4 93.8 20 2.8 SKS
ESPR 183 255 2004 -57.9 -25.3 63.0 190.3 95.9 30 2.6 SKS
ESPR 184 300 2004 -57.1 -24.8 10.0 190.3 94.9 50 1.4 SKS
ESPR 185 300 2004 -57.1 -24.6 10.0 190.2 94.9 20 2.6 SKS
ESPR 186 312 2004 47.9 144.5 474.0 19.4 91.5 30 2.4 SKS
ESPR 187 138 2005 -56.6 -26.8 102.0 191.5 94.6 30 2.8 SKS
ESPR 188 264 2005 43.9 146.1 103.0 19.9 95.7 30 2.8 SKS
ESPR 189 288 2005 25.3 123.3 192.0 45.7 101.8 140 3.0 SKS
ESPR 190 059 2007 -55.2 -29.1 10.0 193.1 93.8 20 2.6 SKS
ESPR 191 119 2007 52.0 179.9 117.0 356.4 91.3 90 2.8 SKS
ESPR 192 150 2007 52.1 157.2 116.0 10.3 90.1 20 2.4 SKS
ESPR Average 30 1.2 SKS
EMIJ 178 300 2004 -57.1 -24.8 10.0 190.8 94.8 20 2.8 SKS
EMIJ 179 138 2005 -56.4 -26.9 102.0 192.1 94.5 20 2.8 SKS
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EMIJ 180 335 2006 33.9 99.1 204.0 78.9 99.1 160 2.6 SKS
EMIJ Average 90 0.6 SKS
EBER 181 208 2003 47.1 139.2 470.0 24.7 89.7 50 3.0 SKS
EBER 182 102 2004 42.9 144.8 41.0 23.2 95.3 40 3.0 SKS
EBER 183 300 2004 -57.1 -24.8 10.0 191.8 95.4 40 2.4 SKS
EBER 184 300 2004 -57.1 -24.6 10.0 191.7 95.4 40 2.0 SKS
EBER 185 312 2004 47.9 144.4 474.0 21.2 90.6 60 2.0 SKS
EBER 186 325 2005 31.0 133.6 145.0 39.6 99.3 110 2.0 SKS
EBER 187 260 2006 -31.7 -67.1 137.0 230.1 90.9 60 3.0 SKS
EBER 188 059 2007 -55.2 -29.1 10.0 194.7 94.5 40 2.6 SKS
EBER 189 068 2007 43.2 133.5 441.0 30.3 90.9 80 1.8 SKS
EBER 190 119 2007 52.0 179.9 117.0 358.2 91.4 40 1.2 SKS
EBER 191 197 2007 37.5 138.4 12.0 30.0 97.7 70 1.6 SKS
EBER 192 105 2008 -56.0 -28.0 140.0 193.8 95.0 50 1.8 SKS
EBER Average 50 2.0 SKS
EADA 193 119 2003 43.7 147.8 62.0 19.7 94.7 90 1.2 SKS
EADA 194 146 2003 38.8 141.5 68.0 26.0 97.3 110 3.0 SKS
EADA 195 102 2004 42.9 144.8 41.0 22.0 94.6 40 3.0 SKS
EADA 196 140 2004 22.7 121.5 20.0 49.5 101.1 60 3.0 SKS
EADA 197 190 2004 47.2 151.3 128.0 16.2 92.3 30 2.2 SKS
EADA 198 249 2004 33.2 137.1 10.0 31.9 100.5 50 2.2 SKKS
EADA 199 250 2004 -55.4 -28.9 10.0 193.7 95.5 90 2.4 SKS
EADA 200 312 2004 47.9 144.5 474.0 20.2 89.9 60 0.8 SKS
EADA 201 264 2005 43.9 146.1 103.0 20.7 94.1 40 1.6 SKS
EADA 202 288 2005 25.3 123.3 192.0 46.5 100.2 60 1.2 SKS
EADA 203 325 2005 31.0 133.6 145.0 38.3 99.2 50 2.6 SKS
EADA 204 197 2006 -28.7 -72.5 10.0 234.5 91.9 130 0.8 SKS
EADA 205 232 2006 49.8 156.4 26.0 12.2 90.8 30 2.4 SKKS
EADA 206 335 2006 3.4 99.1 204.0 78.8 98.6 70 2.0 SKS
EADA 207 059 2007 -55.2 -29.1 10.0 193.8 95.4 80 1.6 SKS
EADA Average 70 0.8 SKS
EQES 208 119 2003 43.7 147.8 62.0 20.7 94.7 30 2.8 SKS
EQES 209 146 2003 38.8 141.6 68.0 27.1 97.0 40 3.0 SKS
EQES 210 208 2003 47.1 139.3 470.0 24.7 88.9 40 3.0 SKS
EQES 211 243 2003 43.4 132.2 481.0 30.8 89.6 40 2.8 SKS
EQES 212 052 2004 -58.4 -14.9 10.0 186.3 96.4 80 2.4 SKS
EQES 213 190 2004 47.2 151.3 128.0 17.2 92.3 30 3.0 SKS
EQES 214 241 2004 -35.2 -70.5 5.0 229.5 95.8 80 2.6 SKS
EQES 215 255 2004 -57.9 -25.3 63.0 191.7 97.2 80 2.8 SKS
EQES 216 289 2004 24.5 122.7 94.0 48.6 99.7 70 1.0 SKS
EQES 217 300 2004 -57.1 -24.8 10.0 191.7 96.3 80 2.6 SKS
EQES 218 138 2005 -56.4 -26.8 102.0 193.0 95.9 70 2.0 SKS
EQES 219 219 2005 -47.1 33.6 10.0 155.9 90.7 80 2.8 SKS
EQES 220 264 2005 43.9 146.1 103.0 21.7 94.0 30 2.6 SKS
EQES Average 70 1.6 SKS
EQTA 221 219 2005 -47.1 33.6 10.0 155.7 90.2 140 1.6 SKS
EQTA 222 274 2006 46.5 153.2 19.0 159.2 94.1 90 2.8 SKS
EQTA 223 059 2007 -55.2 -29.1 10.0 194.4 94.7 80 2.2 SKS
EQTA 224 063 2008 46.4 153.2 10.0 15.9 94.1 90 3.0 SKS
EQTA 225 105 2008 -56.0 -28.0 140.0 193.5 95.2 80 1.4 SKS
EQTA 226 181 2008 46.2 137.4 326.0 26.5 90.7 80 1.2 SKS
EQTA Average 80 1.8 SKS
ETOB 227 129 2003 -48.2 32.3 10.0 158.1 91.5 80 2.4 SKS
ETOB 228 171 2003 -30.6 -71.6 33.0 234.4 94.8 70 1.8 SKS
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ETOB 229 052 2004 -58.4 -14.9 10.0 187.1 97.3 80 1.8 SKS
ETOB 230 190 2004 47.2 151.3 128.0 18.1 91.1 30 2.8 SKS
ETOB 231 134 2005 59.0 98.5 34.0 83.2 97.4 60 1.2 SKS
ETOB 232 138 2005 -56.4 -26.8 102.0 193.8 97.1 40 1.4 SKS
ETOB 233 260 2006 -31.7 -67.1 137.0 230.9 92.8 80 1.8 SKS
ETOB 234 246 2007 45.8 150.0 94.0 19.4 92.1 70 1.0 SKS
ETOB 235 105 2008 -56.0 -28.0 140.0 194.6 96.9 70 1.2 SKS
ETOB Average 80 1.4 SKS
EIBI 237 146 2003 38.8 141.5 68.0 30.1 94.3 90 0.8 SKS
EIBI 238 171 2003 -30.6 -71.6 33.0 236.1 96.9 70 1.4 SKKS
EIBI 239 174 2003 51.4 176.8 20.0 2.8 89.8 100 1.0 SKS
EIBI 240 208 2003 47.1 139.2 470.0 27.3 86.3 90 1.6 SKS
EIBI 241 190 2004 47.2 151.3 128.0 19.9 90.0 70 0.8 SKS
EIBI 242 250 2004 -55.4 -28.9 10.0 196.9 97.5 50 1.2 SKS
EIBI 243 272 2004 -52.5 28.0 10.0 164.0 94.1 70 2.2 SKS
EIBI 244 080 2005 -24.9 -63.5 579.0 135.3 87.8 70 2.2 SKS
EIBI 245 264 2005 43.9 146.1 103.0 24.6 91.5 90 1.6 SKS
EIBI 246 223 2006 18.5 101.0 56.0 291.9 87.7 70 0.6 SKS
EIBI 247 237 2006 -24.4 -67.0 184.0 237.9 89.7 70 1.2 SKS
EIBI 248 322 2007 -22.6 -66.3 246.0 238.7 88.1 70 1.2 SKS
EIBI Average 80 1.0 SKS

ETOS 249 146 2003 38.8 141.5 68.0 31.0 93.1 100 0.8 SKS
ETOS 250 161 2003 23.5 121.6 44.0 53.8 95.0 70 1.6 SKS
ETOS 251 174 2003 51.4 176.7 20.0 3.7 89.0 100 2.8 SKS
ETOS 252 208 2003 47.1 139.2 470.0 28.2 85.1 80 1.8 SKS
ETOS 253 208 2003 -20.1 -65.2 345.0 240.7 86.9 120 1.6 SKS
ETOS 254 080 2005 -24.9 -63.5 579.0 236.2 89.2 80 1.2 SKS
ETOS 255 264 2005 43.8 146.1 103.0 25.6 90.3 100 1.0 SKS
ETOS 256 237 2006 -24.4 -67.0 184.0 238.8 91.1 70 2.0 SKS
ETOS 257 322 2007 -22.6 -66.3 246.0 239.7 89.4 80 1.4 SKS
ETOS Average 90 1.0 SKS
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DEEP STRUCTURE OF THE CRUST AND MANTLE BENEATH IBERIA FROM P 
AND S RECEIVER FUNCTIONS AND SKS WAVEFORMS

Morais, I 
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Institute of Physics of the Earth, Moscow, Russian Federation
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Instituto Dom Luíz - CGUL, Lisbon, Portugal

The lithosphere of Iberia has been formed through a number of processes of continental collision and 
extension. The impacts of these processes on the deep structure of Iberia remain largely unknown. 
We present preliminary results of the analysis of this structure with the state-of-art seismic techniques. 
The isotropic structure is determined by joint inversion of S and P receiver functions for 6 stations. 
The inversion is conducted with a simulated annealing technique. This method operates in a depth 
range of long-period surface waves but differs by much higher lateral and radial resolution. Beneath 
most stations it reveals a high-velocity mantle lid and the underlying low-velocity zone (LVZ). The lid 
is unexpectedly thin: the boundary between the lid and the LVZ is found at a depth of ~60 km. Our 
analysis of azimuthal anisotropy yields the parameters of anisotropy as a function of depth. This is 
achieved by joint inversion of P receiver functions and SKS/SKKS wave-forms. This technique 
involves azimuthal filtering of the receiver functions and provides a criterion to discriminate between 
the effects of azimuthal anisotropy and lateral heterogeneity of isotropic models. Preliminary results of 
this analysis indicate that the parameters of anisotropy are very different in the lid and the LVZ. We 
interpret anisotropy in the lid and the LVZ as frozen since Paleozoic and related to the present-day 
flow, respectively.
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Deep structure of crust and mantle beneath Iberian Peninsula and surrounding 
regions from P and S receiver functions
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The lithosphere of Iberia has been formed through a number of processes of continental collision and 
extension. In Lower Paleozoic, the collision of three tectonics blocks produced the Variscan Orogeny, 
the main event of formation of the Iberian lithosphere. The subsequent Mesozoic rifting and breakup 
of the Pangea had a profound effect on the continental crust of the south border of Iberia. Since the 
Miocene, the southern interaction between Africa and Iberia is characterized by a diffuse convergent 
margin that originates a vast area of deformation. The impacts of these processes on the deep 
structure of Iberia remain largely unknown. To understand deep structure and processes beneath 
Iberian Peninsula and surroundings region we process seismic recordings at 19 VBB stations located 
in this area, with P and S receiver function (PRF and SRF) techniques. The compilation of a dataset 
of nearly 2200 P receiver functions and nearly 2000 S receiver functions from these 19 stations yields 
a reliable and stable image of western Mediterranean transition zone. We determine the isotropic 
structure by joint inversion of P and S receiver functions. The inversion is conducted with a simulated 
annealing technique. This method operates in a depth range of long-period surface waves but differs 
by much higher lateral and radial resolution. We found Moho depths varying from ~30 km under the 
Iberian Massif, to 33-35 km under the Betics and reaching shallower depths of ~20 km southwards 
under the Balearic Island. Under north Africa the Moho depth changes from ~20 km beneath the 
easternmost part of the Rif region in the coastline to ~35 km beneath the Moroccan Meseta. The 
boundary between the high-S-velocity mantle lid and the LVZ in Iberian Peninsula is found at ~70 km. 
The lid is poorly expressed in the Mediterranean with implication that it is destroyed by rifting. This 
work is partially supported by the Portuguese Fundação para a Ciência e Tecnologia and under 
project TOPOMED (TOPOEUROPE/0001/2007). 
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[7208] SEISMOLOGY / Mantle
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Resumo

A litosfera da Península Ibérica e do Mediterrâneo ocidental tem sido formada e 

afectada por vários processos de colisão e extensão. No Paleozóico Inferior, a colisão de 

três blocos tectónicos produziu a orogenia Varisca, o principal evento de formação da 

litosfera na Península. A sul, a interacção entre a Ibéria e África caracteriza-se, desde o 

Miocénico, por uma fronteira convergente difusa que origina uma vasta área de 

deformação. O impacto desta tectónica complexa na estrutura da litosfera permanece 

uma incógnita. 

Os primeiros perfis sísmicos realizados na Península Ibérica datam dos anos 70 [Téllez 

et al., 1993, González et al., 1998]. Os resultados obtidos evidenciaram uma crusta 

relativamente homogénea no domínio Hercínico e a presença de estruturas mais 

complexas nas regiões de deformação Alpina, Béticas e Pirenéus.

Na década de 80, o projecto ILIHA foi a primeira iniciativa em que a comunidade 

científica internacional reuniu esforços para estudar as heterogeneidades e a anisotropia 

da estrutura da crusta e manto superior [ILIHA DSS Group, 1993, Díaz et al., 1993].

Mais recentemente, o segmento sul da orogenia varisca em Espanha foi investigado 

num perfil sísmico [projecto IBERSEIS. Simancas et al., 2003]. Observou-se uma 

Moho bastante reflexiva sob a Zona Sul Portuguesa e Zona Centro Ibérica, mas 

descontínua e difusa sob a Ossa Morena. Perfís sísmicos no Sul de Portugal mostram 

uma crusta com espessura entre 30 e 35 km, e uma camada crustal, entre 5 e 15 km de 

profundidade, anisotrópica [Matias, 1996].

Na margem Sul e Sudoeste Ibérica, resultados da década de 90 [González et al., 1996, 

1998, 2001] apontam para uma crusta continental adelgaçada. A interpretação de dados 

de OBS na margem a Norte de Marrocos [Gutscher et al., 2002] revela a existência de 

crusta oceânica, colocando em causa a natureza da colisão África-Eurásia. Para estes 
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autores, a região do Golfo de Cádiz está a sofrer um processo de recuo de subducção, o 

que terá, também, dado origem à depressão do mar de Alboran há 4 Ma.

Uma das questões que persiste sem resposta consensual diz respeito à evolução 

geodinâmica da região do Arco de Gibraltar, pelo que têm sido propostos diversos 

modelos tectónicos e de reconstituição cinemática baseados na interpretação de dados 

geológicos e geofísico [por ex.: Calvert et al., 2000]. Destacam-se os modelos que têm 

sido objeto de maior debate: [1] processo de recuo de uma placa subductada [Royden, 

1993; Lonergan and White, 1997; Gutscher et al., 2002]; extensão induzida devido à 

fragmetação da placa litosférica subductada [Blanco and Spakman, 1993; Zeck, 1997; 

Carminati et al., 1998]; delaminação crustal da litosfera mantélica [Docherty and Banda, 

1995; Seber et al., 1996; Calvert et al., 2000; Valera et al., 2008] e colapso extensional 

de litosfera espessa devido à remoção por convecção da parte inferior da fronteira 

termal conductiva sob essa litosfera [Platt and Vissers, 1989; Platt et al., 2003]. 

Considerando os temas acima expostos, torna-se evidente, que as verdadeiras causas da 

evolução geodinâmica da região do Arco Gibraltar parecem residir na interação entre 

fragmentos de litosfera subductada e a astenosfera envolvente.

 

Os resultados obtidos com diferentes estudos geofísicos [por ex.: Bijwaard and 

Spakman, 2000; Fullea et al. 2010; D mostram que a espessura da 

litosfera nesta zona depende muito do método utilizado [tomografia sísmica, modelação 

e inversão conjunta de diferentes dados geofísicos, funções receptoras] e que existem 

diferentes valores para a espessura da litosfera.

Também os resultados obtidos com funções receptoras P para a Península Ibérica e 

Mediterrâneo ocidental são muito controversos. Uma zona de transição do manto mais

espessa [> 270 km] que o normal [250km] foi cartografada na região Este de Espanha e 

no Norte-Oeste de África [Van der Meijde et al. 2005]. Estes autores relacionam este 

aumento de espessura da zona de transição do manto com processos ativos ou passados 

de subdução. Mais recentemente usando o mesmo método, o das funções receptoras P, 

D

manto na região do Mar de Alboran.
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No manto, observações da bi-refringência das SKS [por exemplo: Diaz et al., 1998;

Buontempo et al., 2008; Díaz et al., 2010] mostram existir uma variação regional na 

anisotropia que poderá estar associada à tectónica. Observações da direcção da máxima 

das Pn revelam um padrão de anisotropia complexo no sudoeste da Ibéria [Serrano et al., 

2005].

A estrutura sob a Península Ibérica, nomeadamente nas suas margens Sul e Sudoeste 

sob influência da zona de colisão entre as placas Euroasiática e Africana, continua a ser 

tema de discussão, sobretudo no que toca à litosfera e descontinuidades mais profundas.

A complexa tectónica da superfície da Terra é um estímulo à investigação das estruturas 

profundas que existem no seu interior. Saber caracterizar estas estruturas, é conhecer 

melhor a evolução tectónica de uma região. Existe uma zona muito importante, no 

manto superior, marcada por um forte gradiente de velocidade em função da 

profundidade. Esta região, localizada na base do manto superior, entre os 410 km e os 

660 km, constitui a zona de transição manto superior-manto inferior. A descontinuidade 

dos 410 km representa o início desta zona e é caracterizada por um aumento na 

velocidade das ondas P e S, e da densidade [Kennet and Engdahl, 1991]. Esta 

descontinuidade está associada a uma transição de fase da olivina para wadsleyite.

Trata-se de uma transição de fase exotérmica com um declive de Clapeyron positivo de 

aproximadamente 3MPa/K [Bina and Helffrich, 1994]. A descontinuidade dos 660 km, 

que marca o fim desta zona, tem um papel importante na dinâmica do interior da Terra, 

porque é a fronteira entre o manto superior e o manto inferior. Está associada a uma 

transição de fase da ringwoodite para perovskite e magesiowüstite e é endotérmica, 

apresentando um declive de Clapeyron negativo. A análise dos diagramas de Clapeyron-

Clausius é uma ferramenta importante na cartografia das descontinuidades dos 410 e 

660 km [por vezes designadas simplesmente por diagrama de Clapeyron]. Assim, por 

exemplo na descontinuidade dos 410 km onde o declive Clapeyron é positivo, uma 

diminuição da temperatura causada por uma subdução traduzir-se-á numa elevação 

dessa descontinuidade e na 660 km [onde o declive de Clapeyron é negativo] irá ocorrer 

uma depressão.
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Um dos métodos que melhor permite cartografar as descontinuidades da crusta e do 

manto é o das funções receptoras. Uma função receptora é a resposta da Terra, na 

vizinhança do recetor, à excitação induzida pelas ondas de volume telesísmicas P e S. 

Os tempos de chegada das fases convertidas, medidos em relação ao tempo de chegada 

da fase direta, são função da velocidade de propagação, mas também da profundidade 

onde se deu a conversão. O método das funções receptoras P tem sido amplamente 

utilizado para se caracterizar quer a profundidade da Moho, quer as das 

descontinuidades da zona de transição do Manto. No entanto, este método, é muitas 

vezes insuficiente para caracterizar a zona da Terra que situa entre a crusta e a MTZ, 

devido às reverberações múltiplas nas camadas superficiais. Para se estudar melhor esta 

zona, existe um método mais recente, o das funções receptoras S, desenvolvido por 

Farra e Vinnik em 2000. As funções receptoras S apresentam algumas vantagens 

importantes em relação às funções receptoras P, nomeadamente:

1. Nas funções receptoras S do manto, as fases SP chegam muito antes das 

reverberações crustais, o que facilita a sua leitura;

2. Algumas fronteiras do manto são graduais, com uma espessura que pode ser da 

ordem dos 30 km. Essas fronteiras são transparentes para os períodos das 

funções receptoras P [2-5s], mas detetáveis nos períodos superiores das funções 

receptoras S [10-15 s]. Contudo a sua amplitude é também menor, e portanto 

mais sensível à existência de ruído. 

Em sismologia, as ondas sísmicas são as ferramentas mais poderosas para o 

conhecimento do interior da Terra, e em particular do manto superior. Nas diversas 

áreas de investigação assume-se, normalmente que o meio onde estas ondas se 

propagam é isotrópico, o que quer dizer que as suas propriedades elásticas são iguais, 

independentemente do caminho de propagação da onda. No entanto esta suposição é 

bastante restrita quando se tenta modelar a propagação das ondas sísmicas na Terra. A 

velocidade de propagação das ondas sísmicas P e S nas rochas depende de vários 

fatores: da composição mineralógica e da estrutura cristalográfica, da pressão de 

confinamento, da temperatura, da pressão de fluidos, da anisotropia e ainda da litologia. 
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O facto de não se falar tanto de anisotropia como de heterogeneidade, resulta da 

dificuldade do seu tratamento na propagação das ondas sísmicas. 

A origem de anisotropia sísmica no manto superior deve-se principalmente à orientação 

preferencial dos minerais que o constituem, em particular a olivina. Esta orientação 

pode estar relacionada com a deformação da litosfera, ou com o movimento passivo da 

litosfera sob uma astenosfera estacionária. Neste último caso, a localização mais 

provável é nesta zona de transição, e a direção rápida de anisotropia será próxima da 

direção do movimento de placas. A orientação poderá também estar relacionada com o 

fluxo na astenosfera. Neste caso, a direção rápida de anisotropia coincidirá com o fluxo 

da astenosfera, mas poderá ser diferente da direção do movimento de placas. Várias 

fontes de anisotropia podem estar presentes numa mesma região mas a profundidades 

diferentes. Um meio anisotrópico provoca a “divisão” de uma onda S, que nele se 

propague, em duas fases ortogonais. Estas surgem separadas no tempo e com um 

movimento da partícula alinhado segundo as polarizações “rápida” e “lenta” no meio. A

anisotropia ao longo de um trajeto pode ser estimada a partir da análise de uma fase S 

que se propague num meio anisotrópico com uma polarização conhecida como por 

exemplo as SKS ou SKKS.  A bi-refrangência das ondas SKS tem uma boa resolução 

lateral, mas tem uma fraca resolução vertical. Esta falta de resolução vertical nas 

medida de bi-refrangencia abriu a discussão quanto a origem astenosférica e/ou 

litosférica para a anisotropia. Para ultrapassar este problema, foi desenvolvido um 

método de inversão conjunta de funções receptoras P e formas de onda SKS que 

permite constranger a anisotropia em profundidade [por ex.: Vinnik et al., 2002].

Com este trabalho tentaremos abordar técnicas novas em Portugal. Os métodos são: 

funções receptoras P e S; inversão conjunta das funções recptoras P e S; bi-refrangência 

das ondas SKS e inversão conjunta das funções receptoras P e das ondas SKS. No 

método das funções receptoras usámos a técnica desenvolvida por Vinnik [1977], para 

as funções recptoras S, o método desenvolvido por Farra and Vinnik [2000] e para a bi-

refrangência das ondas SKS, a técnica desenvolvida por Vinnik et al., [1984] [in Vinnik 

et al., 1989]. A inversão conjunta [Vinnik et al., 2002; Vinnik et al., 2007a; Vinnik et 
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al., 2007b; Kiselev et al., 2008; Obrebski et al., 2010] foi realizada em colaboração com 

Lev Vinnik [IPE, Moscovo] e Sergey Kiselev [IPE, Moscovo].

 

Para este trabalho foram selecionadas 19 estações sísmicas de banda larga [ver 

Appendix B] localizadas a maioria na Península Ibérica, 3 nas ilhas Baleares e 2 no 

Norte-Oeste de África. Para proceder à recolha de dados, foram selecionados todos os 

eventos numa coroa circular com centro nas estações, e com distâncias epicentrais entre 

30º e 140º. Para garantir a existência de uma boa razão sinal/ruído, apenas foram 

considerados os eventos com magnitude mb>5.5. De um conjunto de um mínimo de 3 

anos de dados foram calculadas mais de 2000 funções receptoras P e S.

Os resultados obtidos para a espessura da crusta são idênticos aos resultados 

encontrados em estudos anteriormente realizados na Península Ibérica e no

Mediterrâneo ocidental. Para zona de transição do manto a análise das funções 

receptoras mostra que existe uma região onde esta zona é mais espessa em 10-20 km,

relativamente ao valor normal de 250-km. Esta região corresponde ao Arco de Gibraltar, 

à Cordilheira Bética e às Ilhas Baleares. A variação de espessura na zona de transição 

do manto está fortemente correlacionada com os tempos de chegada da fase P660s 

observada nas funções receptoras P. Esta correlação significa que a espessura da zona 

de transição do manto é controlada pela topografia da descontinuidade dos 660-km, uma 

vez que a correlação com a topografia dos 410-km é bastante mais fraca. A variação de 

profundidade da descontinuidade dos 660-km é interpretada como sendo um efeito de 

subducção. Acima da zona de transição, a análise das funções receptoras revela uma 

zona de velocidade reduzida no manto superior. 

Foram obtidos modelos de velocidade sísmica P e S e modelos de Vp/Vs usando a 

inversão conjunta das funções receptoras P e S e os tempos de chegada das fases 

convertidas. Todos os modelos contêm uma camada sub-crustal de alta velocidade [lid]

[~4.5 km/s] e uma camada subjacente, a camada de baixa-velocidade [LVZ]. A redução 

da velocidade S na camada de baixa velocidade [LVZ] é inferior a 10%. A fronteira 

entre a camada de alta velocidade e a camada de baixa velocidade, a chamada 
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descontinuidade de Gutenberg, está localizada aos 65±5 km. No entanto nos modelos 

que amostram a região do Mediterrâneo Ocidental a camada de alta-velocidade não 

existe ou quando existe é pouco espessa e têm a descontinuidade de Gutenberg 

localizada aos ~30km. Na região do Arco de Gibraltar e Norte de África esta fronteira 

está localizada aos ~100 km. 

Os resultados obtidos para o Vp/Vs na camada de alta velocidade [lid] têm um valor 

inferior ao valor normal de 1.8. Estes valores anómalos de Vp/Vs estão de acordo com 

atraso nos valores medidos nos tempos de chegada das fases convertidas S410p

resultantes da análise das funções receptoras S.

A análise da anisotropia azimutal foi realizada com uma nova técnica e aplicada a 5

estações e a 2 grupos de estações. Os resultados obtidos mostram que a direção rápida 

de anisotropia na parte superior do Manto Superior tem uma orientação de ~90º sob as 

estações localizadas no Maciço Ibérico. Nas Ilhas Baleares o eixo rápido de propagação 

tem o azimute de ~120º. Perto da profundidade dos 60 km esta direção é novamente de 

~90º. As observações da bi- refrangência das SKS mostram que a anisotropia 

encontrada na camada superior pode ser interpretada como “congelada” e desta forma 

associada à tectónica, e a anisotropia na camada inferior é ativa, e pode ser relacionada 

com a direção de fluxo da astenosfera. Os resultados obtidos permitem também verificar 

que o efeito da astenosfera nas mediadas de bi-refrangência das SKS é muito maior do 

que o efeito da litosfera sub-crustal.  

Finalmente, é importante referir que a inversão conjunta das funções receptoras P e das 

ondas SKS, que só pode ser aplicada a um número restrito de estações sísmicas, é um 

método muito promissor. Este método permite constranger não só a anisotropia em 

profundidade como discriminar a presença de diferentes camadas de anisotropia. No 

entanto este método só se pode aplicar para uma rede sísmica densa e operacional há 

vários anos.
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