
Seismic Characterization of the Central Iberian 
Zone from the Surface to the Upper Mantle 

Siddique Akhtar Ehsan 

Aquesta  tesi  doctoral està  subjecta  a  la  llicència Reconeixement    3.0.  Espanya de Creative   
Commons.

Esta  tesis  doctoral  está  sujeta  a  la  licencia    Reconocimi  ento  3.0.       España  de  Creative   
Commons  .  

This  doctoral  thesis is  licensed  under  the Creative  Commons    Attribution  3.0.    Spain   
License  .   

http://creativecommons.org/licenses/by-nc-nd/3.0/es/deed.ca
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.en
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by/3.0/es/deed.es
http://creativecommons.org/licenses/by-nc-nd/3.0/es/deed.ca
http://creativecommons.org/licenses/by-nc-nd/3.0/es/deed.ca
http://creativecommons.org/licenses/by-nc-nd/3.0/es/deed.ca
http://creativecommons.org/licenses/by-nc-nd/3.0/es/deed.ca
http://creativecommons.org/licenses/by-nc-nd/3.0/es/deed.ca
http://creativecommons.org/licenses/by-nc-nd/3.0/es/deed.ca
http://creativecommons.org/licenses/by-nc-nd/3.0/es/deed.ca
http://creativecommons.org/licenses/by-nc-nd/3.0/es/deed.ca




Seismic Characterization of the Central Iberian 

Zone from the Surface to the Upper Mantle

Dissertation submitted to Department of Geodynamics and Geophysics, 

University of Barcelona to qualify for award of a Degree “Doctor of 

Philosophy (PhD) in Geophysics and Geophysical Prospection” by 

Siddique Akhtar Ehsan

Supervisor Tutor

Prof. Dr. Ramon Carbonell Prof. Dr. Juan José Ledo

Institut de Ciencies de la Terra “Jaume Almera”

Consejo Superior de Investigaciones Cientificas (CSIC)

Doctoral studies in Earth Sciences: October 2011 – October 2014





Acknowledgements

I would like to express my deepest gratitude to all the senior researchers who took the initiative to  

launch an innovative and excellent project “TOPOMOD” funded by  the European Commission 

grant  Marie  Curie  Actions  (264517-TOPOMOD-FP7-PEOPLE-2010-ITN).  I  would  like  to 

gratefully  acknowledge  the  support  and  guidelines  provided  by  Prof.  Dr.  Ramon  Carbonell 

throughout the project and through the development of my PhD at University of Barcelona, Spain. 

In the beginning of my early stage research career, I was far away from the technical and productive 

approach to  research.  Ramon did  not  only  help  me  to  distinguish  between  a  technician  and a 

researcher but he led me in an innovative journey from familiarity to reasonable understanding of 

research. 

My sincere appreciation is  extended to Prof. Dr.  Andres Perez Estaun (Late) for his invaluable 

support and advice. I would like to thank Prof. Dr. Puy Ayarza for her kind support in generating 

physical properties models. Peter Hedin, Dr. Alireza Malehmir, Dr. Dennis Brown and Dr. Joaquina 

Álvarez Marrón are highly acknowledged for the suggestions related to seismic data processing and 

physical properties evaluation. I have been working together with early stage researchers; Marcel 

Cembrowski, Alba Gil, Giovanni Camanni, Juan Alcalde and experienced researchers; David Marti, 

Ignacio  Marzan,  Concepcion  Ayala,  David  Jesus  Martinez  Poyatos,  Jose  Fernando  Simancas, 

Antonio Azor,  and Montserat Torne, special  thanks to all  of them. I thank my best friends Jan 

Globig, Magnus Andersson, Juan Diego Martin, Alexandra Robert and Hamayoun Khawaja who 

were always with me during the project and social life.

My  appreciation  to  Prof.  Dr.  Manel  Fernandaz  and  Eva  Cabrera  Afonso  (Ex-administration 

manager) for their help in getting permission to reside in Spain. Without their support I would have 

never  been  able  to  come  to  Spain.  At  the  ICTJA-CSIC,  I  admire  all  the  administrative  staff, 

receptionists and security officers who continue to devote their time and efforts. I would also like to 

extend my deepest gratitude to my family especially to my parents and nephew (Aariz Usman Mir).  

Without their patience and support, I would not have spent several years far from home. 





Presentation of the thesis

The training project “TOPOMOD” funded by the European Commission grant Marie Curie Actions 

(264517-TOPOMOD-FP7-PEOPLE-2010-ITN)  was  designed  to  provide  15  cross-disciplinary 

projects to investigate and model the origin and evolution of topography of the continents over a 

wide  range  of  spatial  and temporal  scales.  The advance  multi-disciplinary  techniques  of  Earth 

Sciences,  Physics,  Computer  Sciences  and  Mathematics  have  been  used  by  13  Early  Stage 

Researchers  (ERS)  and  2  Experience  Researchers  in  different  parts  of  Europe  to  address  the 

complex  and  evolving  character  of  topography.  Human  society  is  constantly  interacting  with 

topography and landscape and requires of a high degree of understanding of its  evolution as a 

function of these complex processes active at shallow and deep levels. The shallow processes (for 

example: sedimentation, erosion and sea level changes) are influenced by the hydrosphere and the 

atmosphere, whereas the deep processes include long term tectonics, uplift and subsidence, isostatic 

compensation, magma emplacements, and seismic cycles. The multi-disciplinary studies are often 

focused on orogens where shallow and deep processes interact simultaneously. TOPOMOD aims to 

address all these processes that ultimately shape the Earth's surface and to investigate the interaction 

between surface dynamics, crustal deformation and lithospheric processes. 

This  thesis  is  one  of  the  subprojects  of  the  “TOPOMOD” developed  at  the  Institute  of  Earth 

Sciences Jaume Almera – CSIC.  The research project developed in this thesis aims to (i) reveal the 

crustal  structure,  (ii)  obtain  a  well-resolved  map  of  the  physical  properties  and  estimate  the 

composition  for  the  upper  lithosphere,  and  (iii)  to  address  contribution  of  deep  structures  to 

topography  across  the  Central  Iberian  Massif.  This  PhD  thesis  is  based  on  the  following 

contributions,  published  and/or  submitted  for  publication  in  Scientific  journals  included  in  the 

Science Citation Index (SCI):

Article 1 – Ehsan, S. A., R. Carbonell, P. Ayarza, D. Martí, A. Pérez-Estaún, D.  Jesús

Martínez-Poyatos, J. Fernando Simancas, A. Azor, and L. Mansilla (2014a), Crustal 

deformation styles along the reprocessed deep seismic reflection transect of the

Central Iberian Zone (Iberian Peninsula), Tectonophysics, 621, 159–174, 

http://dx.doi.org/10.1016/j.tecto.2014.02.014.

Article 2 – Ehsan, S. A., R. Carbonell, P. Ayarza, D. Martí, D. Jesús Martínez Poyatos, J. 



Fernando Simancas, A. Azor, C. Ayala, M. Torné and A. Pérez-Estaún (2014b) 

Lithospheric Velocity Model across the Southern Central Iberian Zone (Variscan 

Iberian Massif): the ALCUDIA Wide-Angle Seismic Reflection Transect, 

Tectonics (Accepted)

 

Article 3 – Ehsan, S.A., R. Carbonell, P. Ayarza, D. Martí, D. Jesús Martínez-Poyatos, A. Azor, 

L.M Martín Parra, C. Ayala, M. Torné and I. Marzan (2014c), Composition of 

the Crust Beneath the Central Iberian Zone Constrained by Shear Wave Modeling  

and Poisson's Ratio: the ALCUDIA Wide-Angle Seismic Reflection Transect, 

Geochemistry, Geophysics, Geosystems (G3) (Submitted)

Article 4 – Ehsan, S.A., R. Carbonell, P. Ayarza, D. Martí, D. Jesús Martínez-Poyatos, I. 

Marzan, and A. Pérez-Estaún (2014d), The structure and nature of the Moho 

beneath the Central Iberia, Tectonophysics (Submitted)

The contributed scientific papers are presented in PART 2 (Results) of the thesis. The development 

of this PhD thesis has required datasets from multi-seismic experiments that include: multichannel 

normal incidence and wide-angle seismic reflection data of the ALCUDIA project, acquired across 

the Central Iberian Massif. The datasets were acquired under two academic projects funded through 

the  Spanish National  Scientific  programs (grants:  CGL2004-04623/BTE,  CGL2007-63101/BTE, 

CGL2011-719 24101, CSD2006-00041 and the Junta de Castilla-La Mancha). Each of the scientific 

contributions develop specific aspects of the different datasets:

–  ARTICLE  1  is  based  on  the  findings  from  the  normal  incidence  seismic  reflection  data,  

ALCUDIA.  A new and  careful  seismic  data  processing  flow was  developed  that  provided  an 

improved high-resolution image of the shallow and deep structures. The reprocessed seismic image 

led us to propose a new structural interpretation of the upper and lower crust. The seismic data 

acquisition, key scheme for the data processing, and detailed interpretation of the seismic images 

across the central and southwestern part of the Iberian Peninsula is presented in this contribution. 

The high-resolution image place key constraints on the shallow and deep structures and reveal a 

laminated Mohorovičić discontinuity. 

–  ARTICLE 2 presents  the  spatially  dense,  high-resolution,  wide-angle  seismic  reflection  data, 

ALCUDIA, that samples the Central Iberian Zone from  its suture with the Ossa-Morena Zone to 



the southern limit of the Central System mountain range in the Tajo Basin. The ALCUDIA wide-

angle data aim to constrain the lithospheric structure and resolve the physical properties of the crust 

and upper  mantle. The data  acquisition,  conventional  processing,  description  of  all  the P-wave 

arrivals  on shot  gathers,  and two-dimensional  P-wave velocity  modeling of  the  high-resolution 

wide-angle seismic reflection data are presented and developed in this  manuscript.  The P-wave 

velocity-depth model shows two major crustal boundaries (e.g., brittle/ductile transition) and place 

key constraints on their nature.  The resulting crustal P wave seismic velocity model is integrated 

with  a  coinciding  two-dimensional  gravity  model  to  place  constraints  on  the  geometry  and 

composition  of  the  crust  in  the  Central  Iberian  Massif.  Laboratory  measurements  of  seismic 

velocities for different rock types are compared with the estimated P- wave velocity model in order 

to get possible composition of the crust. The density values were also used to partly decrease the 

uncertainties related to lithologies of the subsurface.

–  ARTICLE 3 presents another aspect of the ALCUDIA wide-angle seismic reflection data. The 

focus  of  this  paper    is  the  S-wave  velocity  model  and  Poisson's  ratio,  in  order  to  constrain 

lithologies within the crust. The seismic data processing and description of all the S-wave arrivals 

on the shot gathers are also presented and discussed in this manuscript. The Poisson’s ratio model of 

the crust of the Central Iberian Zone has been computed from the P-wave velocities (obtained in 

Article 2) and the S-wave velocities. The resulting Poisson’s ratio model together with P- and S-

wave velocities, and densities are compared with laboratory measurements of different rock types to 

provide valuable constraints on the crustal composition of the Central Iberian Massif. 

–  ARTICLE 4 is based on the results from the  ALCUDIA wide-angle seismic reflection data.  In 

order to study the  internal architecture and structure of the  Mohorovičić discontinuity, P- and S-

wave low-fold stack sections were generated from the ALCUDIA wide-angle data. The wide-angle 

P- and S-wave stack sections are presented in this paper. It also reveals the standard processing 

sequence to generate P- and S-wave wide-angle stack sections and the seismic character of the 

Mohorovičić discontinuity. The 1D reflectivity modeling and 2D finite difference code were used to 

generate synthetic seismograms. The seismic signature of the Moho discontinuity, (i.e., broad zone 

of high-amplitude reflectivity  band) was significantly well  reproduced by introducing randomly 

distributed thin layering, consisting of high and low velocity layers, in the original P-wave velocity 

model. An analysis of the vertical and horizontal correlation length of the internal structure of the 

Moho boundary is  discussed with its implications.

In summary the studies based on the ALCUDIA normal incidence and wide-angle profiles provide 



an excellent new insights on the lithospheric structure and the distribution of physical properties (P- 

and S-wave velocities, densities and Poisson’s ration)  of an old intra-continental orogenic region, 

the Central Iberian Zone. 
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1. Introduction

1.1. General Introduction

Seismic (from the Greek word Seismos for “shake, vibration of Earth”) measurements are used to 

place  key  constraints  on  the  subsurface  geological  structures  and  composition.  The  Earth’s 

outermost shell contains solid and rocky layer called lithosphere. The lithosphere can be divided 

into the crust and uppermost mantle. It reacts to stresses as an elastic solid on large time scales. The 

Earth’s  lithosphere  is  mainly  explored  by  the  deep  geophysical  prospecting.  Multi-seismic 

experiments that include normal incidence (NI) and wide-angle (WA) seismic reflection/refraction 

are  considered  to  be  highest  resolution  means  to  place  strong  place  strong  constraints  on  the 

detailed  crustal  and  lithospheric  structure  of  the  Earth.  The  seismic  experiments  provide  an 

opportunity to analyze the nature of the lithosphere and infer its evolution. 

Humans  have  a  constant  interaction  with  the  landscapes,  however,  little  is  known  about  its 

evolution. The current shape of Earth's topography and how it evolves is the ultimate result of a  

wide variety of surface and deep processes active over a long period of time and scale. These active 

processes interact at a full range of scales. The response of the lithosphere to surface, shallow and 

deep processes happens at different scales and are conditioned by the structure and composition. 

The  response  has  an  expression  in  terms  of  variations  in  the  topography  and  thus  landscape. 

Erosion, sedimentation and other environmental and shallow processes are coupled with the lateral 

push  and  pull  due  to  compression  and  extension  and  the  loading  and  unloading,  uplift  and 

subsidence that happen at all scales. For example, to accommodate lateral push or pull will deform 

the lithosphere along weak zones. The amount of unloading due to erosion is a function of the many 

variables, one of them is the composition. The nature and behavior of the crust is a fundamental  

player in explaining how different processes act together. These processes have been addressed in 

order to increase our understanding of the topography/relief by multi-disciplinary techniques and 

tools. The seismic datasets provide a unique opportunity to obtain information about the shallow 

and deep lithospheric structure and its physical properties. This information is mandatory to address 

the complex and evolving character of the Earth’s topography/relief (surface shape). The nature and 

composition of the rocks in shallow crust, less than 10 km depth, can be studied by direct sampling. 

Different drilling techniques are used to access rock samples from the uppermost crust. However, 

the cost and labor involved in the drilling is very high and it is not yet feasible to drill into the deep 

crust. Since the direct investigation of the deep continental crust is unfeasible,  the main source of 

information about the deep crustal rocks and their structure comes from the multi-channel deep 

seismic reflection data. The multi-channel NI deep seismic reflection data provide high-resolution 
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shallow and deep images of the crust and upper mantle. The images reveal detailed geometrical 

information and internal architecture of the crustal structure (see for example: COCORP [Cook et 

al., 1979; Brown et al.,1983], BIRPS [Freeman et al., 1988], Lithoprobe [Cook et al., 1999, 2010],  

IBERSEIS [Simancas et al., 2003]). The current study aims to unravel the structure and nature of 

the crust beneath the Central  Iberian Zone (CIZ) of the Iberian Peninsula,  which is  the largest 

outcrop of the Late Paleozoic Variscan/Alleghanian orogen in western Europe. The CIZ constitutes 

the  largest  continent  fragment  of  Iberian  Peninsula  (Figures  1a  and  1b)  and its topography  is 

relatively  high,  approximately  600-700  m  in  average,  and  features  sinuous  long  wavelength 

undulations. 

Figure 1. (a) Sketch of the Alleghanian-Variscan Orogen. The blue circle denotes the location of the 
Iberian  Massif.  (b)  The location  of  normal  incidence  and wide-angle  profiles  (IBERSEIS and 
ALCUDIA) is indicated over the tectonic map of the Iberian massif. The study area is highlighted 
by a red rectangle and it is expanded in Figures 2a and 3.
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The complementary  ALCUDIA normal  incidence  (ALCUDIA-NI)  and wide-angle  (ALCUDIA-

WA) seismic experiments were acquired across the central part of the Iberian Massif (Figures 2a 

and 3). The ALCUDIA-NI deep seismic reflection profile is ~230 km long, whereas the ALCUDIA-

WA seismic reflection data is ~350 km long. The ALUCDIA-NI and WA seismic experiments were 

acquired  in  Summer  2007  and  2012,  respectively.  The  ALCUDIA experiments  represent  the 

northward  extension  of  the  previously  acquired  IBERSEIS  (Figure  1b)  normal  incidence 

(IBERSEIS-NI) and wide-angle (IBERSEIS-WA) datasets [Simancas et al., 2003; Palomeras et al., 

2009, 20011a]. 

The velocity by which the seismic energy propagates within lithosphere depends on the nature and 

composition  of  the  rocks.  A precise  measurement  of  the  seismic  wave  velocity  through  the 

lithosphere is mandatory to place key constraints on the nature and composition of the lithologies. 

The estimates of the lithospheric composition are relevant to the understanding of the evolution and 

growth of the continents.  The WA seismic reflection/refraction data  is  a  useful  and an indirect 

technique to  estimate accurate  seismic velocity  information in  order to  be able  to  estimate the 

lithospheric composition [e.g., Palomeras et al., 2009, 2011a]. The WA seismic reflection/refraction 

data provide an excellent opportunity to study the distribution of physical properties such as seismic 

velocities,  for the crust and upper mantle. The derived physical properties of the rocks (such as P 

and S wave velocities, densities, Poisson’s ratio) from the WA seismic data can be compared with 

ones measured in the laboratories in order to estimate the composition for the crust and even the 

lithosphere [Christensen and Mooney, 1995]. Together, the NI and WA deep seismic experiments 

provide  well-resolved  structural  models  of  the  lithosphere,  which  are  required  to  address  the 

lithospheric processes partially responsible for topographic evolution.

The Mohorovičić discontinuity (crust mantle boundary) is one of the most important and globally 

identified boundaries within the lithosphere. The internal structure, depth, topography and origin of 

the  Moho  discontinuity  have  been  studied  by  the  controlled  source  NI  and  WA  seismic 

reflection/refraction  experiments  [for  a  summary,  Carbonell  et  al.,  2013].  The  ALCUDIA-NI 

seismic image shows subhorizontal to flat Moho and it is identified as a high-amplitude band of 

reflectivity on top of low reflective upper mantle. The seismic signature of the Moho is remarkably 

variable across the central  Iberia. The analysis and interpretation of the ALCUDIA-WA seismic 

dataset placed strong constraints  on the crust mantle  boundary,  indicating a smooth increase in 

crustal thickness/Moho deepening towards the north. The transects cross from south to north, the 

Central Unit (CU), the CIZ and the southern limit of the Central System (CS) mountain range.

The dataset evidences an increase in the P- and S-wave velocities in the upper crust from south to 

the north (at the southern boundary of the CS). The crustal thickening/Moho deepening and the 
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lateral variations in physical properties are the most significant results, reported for the first time, 

obtained from the ALCUDIA-WA dataset.   

The  analysis  of  the  ALCUDIA  experiments  place  unique  constraints  on  the  structure  and 

composition of the crust of the CIZ. The main contributions of the studies are: 1) provide a high-

quality image of the crust and upper mantle;  2) delineate the geological features especially the 

geometry  of  regional-scale  fault  systems  and  the  associated  fold  structures;  3)  correlate  the 

observed principal faults and seismic reflection fabric with the surface geology; 4) enhance and 

update the deep geological interpretation; 5) derive well-resolved P- and S-wave velocity models; 

6) estimate the density and Poisson’s ratio models; 7) obtain P- and S-wave low-fold wide-angle 

stacks; 8) provide a compositional model of the crust and upper mantle; 9) provide insights on the 

internal  structure  and  nature  of  major  crustal  boundaries  within  crust;  and  10)  place  further 

constraints on the tectonic evolution of the Variscan belt in Iberia. 

The ALCUDIA-NI transect provided a high-resolution image of the crust and upper mantle. The 

ALCUDIA-WA transect was used to calculate the distribution of the physical properties (e.g., P- 

and S-wave velocities, Poisson's ratio) models across the CIZ. The seismic properties of the rocks 

measured in the laboratory were compared with our finding of P- and S-wave velocities, densities 

and Poisson's ratio in order to obtain physically and geologically meaningful lithological model of 

the upper lithosphere across the central Iberian Massif.  

1.2. Geological setting

The  Iberian  Massif  (Figure  1b)  is  known  to  be  the  largest  outcrop  of  Late  Paleozoic 

Variscan/Alleghnian age in western Europe [Franke, 2000; Matte, 2001]. This orogen was formed 

by the convergence and collision between two continental plates, Laurentia/Baltica to north and 

Gondwana to the south, during the Late Paleozoic (Figure 1a) [Franke, 2000; Matte, 1985, 2001]. 

The earliest Variscan convergence begins at Early Paleozoic (Ordovician to Devonian) from the 

subduction and closure of the Rheic Ocean that separated the Laurentian/Baltica and Gondwana 

continents.  The  two  continents  collided  in  Early  Devonian  to  Carboniferous  times  along  with 

intervening minor oceanic domain (e.g., Rheno-Hercynian) and elongated continental domains (e.g., 

Armorica). Later, the orogen is dismembered into several portions by the opening of the Atlantic 

Ocean and Alpine reworking. These portions corps out in western Europe, northwest Africa and 

northeast America [Franke, 2000; Matte, 2001].
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Figure  2.  (a)  Geological  map  in  the  survey  area  showing  location  of  the  ALCUDIA normal 
incidence (NI) and wide-angle (WA) seismic reflection profiles. The CDPs are indicated along the 
ALCUDIA-NI transect. The location of five shots (A1-A5) is highlighted along the ALCUDIA-WA 
transect. (b) The surface geological cross section derived from the data collected in the field along 
the dashed gray line in the map. 

Within SW Iberia, the Variscan tectonic evolution is summarized in four major episodes [Simancas 

et al., 2003; 2006]: 1) Devonian compression (D1, 390-360 Ma); 2) Mississippian extension (D2, 

360-330 Ma); 3) Renewed Pennsylvanian compression (D3, 330-310 Ma); 4) Late Pennsylvanian-

Permian  extension  (D4,  310-280  Ma).  An  oceanic  crust  and/or  thinned  continental  crust 

subducted/underthrusted beneath the southern border of the CIZ during Silurian to Early Devonian 

times  [Simancas  et  al.,  2003,  2006].  The  paleomagmetic  analysis  suggests  the  oceanic  crust 

belonged  to  the  Rheic  Ocean  [Nysæther  et  al.,  2002].  Subsequent  subduction  resulted  in  the 

continent-continent collision of the  Ossa-Morena Zone (OMZ) and the CIZ in the Early to Mid 

Devonian times. Evidences of the Devonian compression (D1) are SW-vergent recumbent folding 

in the OMZ and the NE-vergent recumbent back-folds in the southernmost CIZ.  A voluminous 

magmatism event took place in Late Devonian to Early Carboniferous times within SW Iberia. The 

interlayered volcanic rocks of this age underlie the older basements of the CIZ and the OMZ. The 
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Mississippian extension (D2) is recognized as normal faulting, basin filling and mafic magmatism 

in the South Portuguese Zone (SPZ), the OMZ and in the southernmost CIZ [Simancas et al., 2003, 

2006]. The compression tectonics (D3) renewed during the Pennsylvanian times. This compression 

caused basin inversion and upright and inclined folding in the OMZ and south of the CIZ [Simancas 

et  al.,  2003].  The OMZ/SPZ boundary this  shortening produced a ductile deformation [Crespo-

Blanc and Orozco, 1988]. The oceanic amphibolites recognized at the OMZ/SPZ boundary show 

oblique  left  lateral  thrust  displacements,  and  were  largely  affected  by  the  ductile  shear  zone 

[Crespo-Blanc and Orozco, 1988]. A moderate extensional event (D4) took place at the end of the 

orogeny during the Late Pennsylvanian to Permian. This extensional readjustment produces normal 

faulting, late-orogenic granitic magmatism and minor sedimentary basin development [Simancas et 

al., 2003; 2006]. The Variscan evolution of SW Iberia is mostly based on the geological studies and 

the interpretation of the IBERSEIS-NI seismic profiles is shown in Figure 4. 

The CIZ is the largest and the most significant continent portion of the Iberian Variscan Belt (Figure 

1b). Within central Europe, the Moldanubian Zone represents the equivalent of the CIZ [Franke, 

2000; Vollbrecht et  al.,  1989]. The CIZ is  an old intra-continental orogenic region with limited 

surface  outcrops  of  localized  high  or  weak  strain  zones  within  the  crust.  The  lack  of  surface 

outcrops allows an ambiguous control of the crustal  structure at depth.  Therefore,  an integrated 

geological and geophysical study is mandatory to obtain knowledge about the structure and nature 

of the CIZ lithosphere.  The multi-seismic ALCUDIA-NI and WA datasets, provided an excellent 

opportunity  to  image  the  lithospheric  structure,  and  contribute  to  establish  a  structural  and 

compositional model of this internal area of the Iberian Massif (Figures 2a, 3 and 5). 

The Iberian Massif outcrops an almost complete section of the Variscan orogen of Spain. It has been 

divided into six major tectonic zones [Simancas et al., 2001; 2003]: the Cantabrian Zone (CZ); the 

Western Asturian-Leonese Zone (WALZ); the CIZ; the Galicia Tras-Os-Montes Zone (GTMZ); the 

OMZ; and the SPZ, bounded by suture units (Figure 1b) that include high-pressure rocks. The CZ 

to the north and the SPZ to south constitutes the external zones of the Iberian Massif. The OMZ, the 

CIZ, the GTMZ, and the WALZ represent more  internal zones of the Variscan belt in the Iberian 

Massif [Simancas et al., 2001; 2003].
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Figure 3. Bouguer gravity anomaly map of the survey area. The location of the ALCUDIA normal 
incidence  (NI)  and wide-angle  (WA) seismic  reflection  profiles  is  indicated  over  the  Bouguer 
gravity map. The four shots (A2-A5) are highlighted along the ALCUDIA-WA profile.
 

The OMZ is recognized as a continental  domain that rifted from the Gondwana (i.e.,  the CIZ) 

continental margin in the Early Paleozoic [Matte, 2001; Robardet, 2002; Gómez-Pugnaire et al., 

2003] while the CIZ, the WALZ, and the CZ are continental terranes that belonged to the northern 

Gondwana prior to Variscan orogeny [Arenas et al., 2007]. The GTMZ overlies the northwestern 

CIZ and it  is interpreted as an unrooted complex zone.  It  includes ophiolite slices representing 

remnants  of  the  Rheic  Ocean [Arenas  et  al.,  2007].  The SPZ seems to  represent  a  part  of  the 

Avalonian border of the opposite paleocontinent (Laurentia) [Tait et al., 2000; Braid et al., 2011]. 

Within SW Iberia, two contacts of probable suture character have been recognized, corresponding 

to the northern and southern boundaries of the OMZ [Simancas et al., 2001].  The Pulo do Lobo 

Unit is interpreted as suture between the OMZ and the SPZ.  The Pulo do Lobo suture zone includes 

a strip of oceanic amphibolites, several small ophiolitic klippes, and an accretionary prism with 

slices of oceanic metabasalts [Bard, 1977; Andrade, 1983; Silva et al., 1990; Fonseca et al., 1999]. 

The boundary between the OMZ and the CIZ is the suture unit, a complex tectonic unit, known as 

the  Badajoz-Códoba  Shear  Zone  or  Central  Unit  (CU)  [Burg  et  al.,  1981;  Azor  et  al.,  1994; 
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Simancas  et  al.,  2001].  It  is  a  5  km  wide  zone  that  consists  of  metasediments,  Ordovician 

orthogneisses and sheared and metamorphoses lenses of amphibolites [Azor et al., 1994; Ordóñez, 

1998]. A north-dipping low angle normal fault (Matachel Fault) bounds the Central  Unit to the 

north. It is limited to the south by the Azuaga Fault (Figures 2a and 2b). The Central Unit was 

largely deformed during the Mississippian extension (D2) [Azor et. al., 1994]. 

The CIZ is subdivided into two tectonic domains [Díez Balda et al., 1990; Martínez Catalán et al., 

2004]: 1) the Ollo de Sapo Domain, in the north; and 2) the Schist-Greywacke Complex Domain, in 

the  south  (Figure  1b).  Lower  Ordovician  granular  gneisses  and  Variscan  recumbent  folds 

characterize the Ollo de Sapo domain. A thick Neoproterozoic-Lower Cambrain flysch sedimentary 

succession  and  NW-SE  trending  Variscan  upright  folds  and  faults  characterize  the  Schist-

Greywacke Complex Domain. The ALCUDIA-NI and WA profiles sample the lithospheric structure 

of Schist-Greywacke Complex Domain of the CIZ (Figures 1b and 2a). The southern end of the 

ALCUDIA seismic  datasets  goes  across  the  boundary between the CIZ and the OMZ, the  CU 

(Figures 1b and 2a).

The main geological features of the Schist-Greywacke Complex Domain include (Figures 2a and 

2b)  [Martínez  Catalán  et  al.,  2004]:  1)  Neoproterozoic  to  Lower  Cambrian  flysch  sedimentary 

successions; 2) Lower Ordovician orthogneisses (continental rifting); 3) Ordovician to Devonian 

succession; 4) Devonian to Carboniferous deformation and metamorphism; 5) Mississippian flysh 

succession; and 6) Pennsylvanian migmatites and granitic batholiths. Within the OMZ and CIZ, the 

oldest outcropping rocks are of Late Neoproterozoic in age related to the Cadomian orogeny along 

north Gondwana. It consists in more than 3 km thick succession of graphite rich schists, slates and 

metagreywackes, amphibolites and minor marble intercalcations (Serie Negra) [Martinez Poyatos et 

al.,  2001;  Rodriguez-Alonso  et  al.,  2004].  The  Vendian  to  Lower  Cambrian,  volcanoclastic 

Malococinado Formation underlies the Serie Negra in some areas (Figures 2a and 2b). The oldest 

outcropping rocks, to the north of the Pedroches Batholith (Figure 2a), are the Vendian to Lower 

Cambrian Schist-Greywacke complex, the Alcudian succession. The Alcudian succession is ~10 km 

thick  and  it  subdivided  by  unconformities  into  Lower  Alcudian,  Upper  Alcudian  and  Pusian 

(Figures 2a and 2b). The Lower Alcudian succession include monotonous sequences of slates and 

greywacke  and  minor  rock  while  the  overlying  successions  consist  in  shales  conglomerates, 

sandstones,  and limestones.  The Cambrian sandstones and limestones and/or  Lower Ordovician 

quartzites  cover  the  Serie  Negra,  Malococinado  Formation  and  Alcudian  successions  in  some 

regions.  The Ordovician to Devonian marine siliciclastic succession,  ~3 km thick, unconformably 

overlies  the  previous  rocks  (Figures  2a  and  2b).  This  succession  is  composed  of  alternating 

quartzitic  and  slaty  formations  related  to  a  passive-margin  continental  platform.  A  thick 
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Mississippian  syn-orogenic  sedimentary  succession  (the  Pedroches  Flysch)  is  located  in  the 

southernmost  CIZ.  This  succession  represents  remarkable  Mississippian  syn-orogenic 

sedimentation  (‘Culm’ facies)  in  the  Pedroches  Basin  related  to  the  D2  extensional  tectonics, 

currently  exposed  around  the  Pedroches  Batholith  (Figure  2a).  This  turbiditic  formation  is 

composed of dark slates and greywackes. In the southern part of the Pedroches Basin, magmatism 

took place coeval to sedimentation during the Early Carboniferous. The Pennsylvanian compression 

(D3), as well as the Late Variscan extensional tectonics (D4) affected the whole sequence [Martínez 

Poyatos et al., 2012]. 

Figure 4. Proposed Variscan evolutionary model for souther Iberia based on geological studies and 
the interpretation of the IBERSEIS seismic reflection profile (modified after Simancas et al., 2003, 
2006).

The Tajo Basin (TB) covers the Schist-Greywacke Complex Domain (Figure 2a) toward the north. 

The  TB  is  a  Cenozoic  fore  deep  of  the  Central  System (CS),  an  alpine  ENE-WSW trending 

mountain  range [de  Vicente  and Muñoz-Martín,  2013].  The  TB is  limited  to  the  north  by  the 

Spanish CS and to the south by the Toledo Mountains. The Iberian ranges bound it to the east [de 

Vicente et al., 1994]. The TB is over 20,000 km2 in area and triangular in shape [De Vicente et al., 

2013]. It is bounded by major thrust faults and the basin infilling took place during the Cenozoic 
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[Cloetingh et al., 2002; de Vicente et al., 2013]. Continental environments characterize the infilling 

evolution of the TB and it exhibits a variety of tectonic structures; inferred imbricate thrust systems, 

thrust  triangle  zones,  fault-propagation  folds,  back-thrust  systems,  and  pop-up  structures [de 

Vicente et al., 1994, 2013]. A continuous sedimentary record from the Late Cretaceous to upper 

Miocene is  recognized in  the TB [Alonso-Zarza et  al.  2004;  de Vicente  et  al.,  2013].  The TB 

exhibits a broad range of lithologies (conglomerates, sandstones, clays, marls, limestones, gypsums) 

[de Vicente et al., 2013]. In the southwestern margin of the basin the sediment thickness reaches 2 

km,  but up to 3800 m in areas close to the CS [de Vicente et al., 2013;  de Vicente and Muñoz-

Martín,  2013].  The  northern  end  of  the  ALCUDIA-WA seismic  reflection  profile  (Figure  2a) 

extends for approximately 70 km, in the Cenozoic TB and the Variscan basement underneath. 

1.3. Geophysical Background

Within the Iberian Peninsula, the average elevation of the central meseta range from ~600-700 m 

and it is actively increasing [Cloetingh et al., 2011]. The internal structure and physical properties of 

the crust,  including crustal  thickness largely control  the way these changes  are  accommodated. 

Since  the  early  2000's,  a  large  international  research  effort  has  been  devoted  to  studying  the 

evolution of the topography in Europe (e.g.,  TOPOEURO  [Cloetingh et  al.,  2007];  TOPOMOD 

[Artemieva,  2007]; TOPOIBERIA  [Carbonell  and  TOPOIBERIA WG,  2006].  The  geophysical 

studies of the crust and lithosphere is SW and central Iberia has been initiated by the Spanish Earth 

Science research community since the early 1990's [Díaz et al., 1993, 1996; Monteiro-Santos et al., 

1999; Simancas et al., 2003; Carbonell et al., 2004, 2013; Pous et al., 2004;  Flecha et al.,  2009; 

Palomeras et al., 2009, 2011a, 2011b; Martínez-Poyatos et al., 2012]. 

The controlled source NI and WA seismic reflection/refraction experiments place key constraints on 

the  structure  and  physical  properties  of  the  upper  lithosphere.  The  IBERSEIS  and  ALCUDIA 

(Figures 1b and 5) controlled-source NI and WA experiments were acquired within the central and 

SW Iberia [Simancas et al., 2003; Carbonell et al., 2004; Palomeras et al., 2009, 2011a; Martínez 

Poyatos et al., 2012]. Together the IBERSEIS and ALCUDIA projects constitute an almost 600 km 

long crustal transect from the southern boundary of the SPZ to the CIZ. These two major research  

programs aimed to address the crustal structure and the physical properties of the central and the 

SW Iberian Massif. The IBERSEIS-NI transect goes, from south to north, the SPZ, the OMZ and 

the  southernmost  CIZ  and  associated  suture  units  (Figure  1b)  [Simancas  et  al.,  2003].  The 

IBERSEIS-NI transect was acquired in May 2001. The IBERSEIS-NI image (Figures 6a, 6b and 6c) 

reveals  that  the  lower  crust  is  more  reflective  than  the  upper  mantle.  The  seismic  reflectivity 
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features significant variations for the three tectonic terranes. The crust is subdivided into upper, 

middle  and  lower  levels  across  the  IBERSEIS-NI  transect.  The  image  reveals  the  internal 

architecture of  the crust is  highly variable  and it  is  more complex than expected from surface 

structures. This indicates the existence of a number of different processes, lithologies and terranes 

across the three major tectonic domains. The upper crust is ~13-18 km thick and appears to be 

decoupled from the middle-lower crust. A high amplitude reflective band, ~3-5 km thick, and ~175 

long, was imaged at the mid-crustal levels (Figure 6c). This mid-crustal sill like structure (IRB, the 

Iberseis Reflective Body) was interpreted as magmatic mafic body of mantle origin. It intruded 

along the brittle/ductile transition during the Early Carboniferous. Within the SPZ, the OMZ and the 

CIZ, the seismic character of the Moho is highly variable along the IBERSEIS-NI seismic reflection 

transect. Beneath the SPZ and CIZ, the seismic character of the crust mantle transition is sharp and 

high  amplitude,  but  diffuse  and  discontinuous  below  the  OMZ.  The  IBERSEIS-NI  seismic 

reflection  image  reveals  a  laminated,  subhorizontal  to  flat  Moho  located  at  ~31-33  km depth 

[Simancas et al., 2003; Carbonell et al., 2004]. The ALCUDIA-NI deep seismic reflection transect 

imaged the lithospheric section of a large portion (more than 200 km) of the CIZ and the CU. The 

primary results of the ALCUDIA-NI transect were presented in Martínez-Poyatos et al. [2012]. The 

first processing of the ALCUDIA-NI aims to unravel the geological structure in the middle-lower 

crust. The image reveals a weakly reflective upper crust decoupled from the laminated lower crust 

and the base of the crust is located at ~10 s twtt [Martínez-Poyatos et al., 2012]. 

The  IBERSEIS-WA seismic  reflection  data  (Figure  5)  complements  the  previously  acquired 

IBERSEIS-NI transect. The IBERSEIS-WA reflection experiment was acquired in September 2003. 

The IBERSEIS-WA reflection data placed strong constrains on the distribution of structures and 

physical properties in the upper lithosphere [Flecha et al., 2009; Ayarza et al., 2010; Palomeras et 

al., 2009; 2011a]. The IBERSEIS-WA seismic data consists of transect A and B. The transect A is 

~250 km long and it is coincident with the IBERSEIS-NI experiment. The transect B, located to the  

east of transect A, is ~300 km long and it is closer to the ALCUDIA-WA seismic reflection profile. 

The  P-  and  S-wave  velocities  and  Poisson's  ratio  model  calculated  from  the  IBERSEIS-WA 

transects place key constraints on the rock type that make up the crust in the SW Iberia [Palomeras 

et al., 2009; 2011a]. The P-wave velocity model along the IBERSEIS-WA, transect A, reveals high 

velocity in the mid-crustal level which is coincident with the IRB, identified in the IBERSEIS-NI 

transect [Figure 8 in Palomeras et al., 2009]. 
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Figure  5.  Topographic  map  showing  the  locations  of  the  IBERSEIS  and  ALCUDIA normal 
incidence (NI) and wide-angle (WA) profiles.  The CDPs are indicated along the IBERSEIS and 
ALCUDIA-NI transects.  The ALCUDIA-WA dataset consists of three lines of receivers whereas 
the IBERSEIS-WA dataset consists of Transect A and B.  The location of five shots (A1-A5) is 
highlighted along the ALCUDIA-WA dataset. Inset map shows topography of the Iberian Peninsula 
and surrounding area. 

The crustal  model  was further  constrained by the  multi-disciplinary  geophysical  modeling  that 

includes   gravity,  heat  flow,  geoid  and topography.  This  study also  provide  constraints  on  the 

geometry  the  lithosphere-astenosphere  boundary  [Figure  8  in  Palomeras  et  al.,  2011b].The 

IBERSEIS-WA low-fold stack section and synthetic modeling provide details about the complex 

structure  of  the  lower  crust  and  Moho.  A heterogeneous  distribution  of  physical  properties  is 

required to explain the irregular distribution of the reflectivity within the lower crust and Moho 

[Flecha et al., 2009]. 
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The  crustal  models  derived  from  the  IBERSEIS  experiments  were  constrained  by  different 

geophysical approaches.  A magnetotelluric profile,  ~200 km long,  was acquired across the SW 

Iberian Massif. This transect largely overlaps the IBERSEIS-NI profile. A high conductive layer 

extending along the  OMZ located  at  the  mid-crustal  levels  coincides  with  the  IRB body.  This 

suggests  that  the  two  are  probably  related.  The  IRB  identified  in  the  mid-crustal  levels  was 

interpreted as a sill-like intrusion of magmas with assimilated pyrite graphite-rich rocks [Pous et al., 

2004; Carbonell et al., 2004]. Another MT transect, ~210 long, was carried out across the CU, the 

CIZ, and the TB. This transect coincides with the ALCUDIA-NI profile. The resulting resistivity 

model features distinctive upper crust conductive bodies. The middle-lower crust is characterized 

by  a  mild  but  persistent  conductivity  [Pous  et  al.,  2011].  The  Bouguer  gravity  anomaly  and 

aeromagnetic data provided additional control on the shallow and deep structures of the southern 

CIZ [Ayala, 2013; Gracía-Lobon et al., 2014]. The resulted structural model is largely in agreement 

with the findings of the ALCUDIA-NI transect.       

Accordingly,  all  the  studied  geophysical  datasets  place  strong  constraints  on  the  structure  and 

composition of the lithosphere across the SW Iberia. The ALCUDIA-NI and WA seismic datasets 

acquired across the CIZ provided a unique opportunity to study the crustal structure and distribution 

of  physical  properties  this  internal  area  of  the  Iberian  Massif.  Additionally,  the  integration  of 

ALCUDIA-NI and WA datasets contributed to establish a reasonable and more realistic structural 

and compositional model across an intracontinental deformed zone far from the known sutures and 

lacking surface outcrops.  
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Figure 6. (a) The IBERSEIS normal incidence seismic reflection profile (modified after Simancas 
et al., 2003) unmigrated stack section. (b) Uninterpreted poststack time migrated (15 s) and depth 
converted section. (c) Interpreted section showing location and geometry of the Iberseis Reflective 
Body (IRB). A blue line highlights the crust mantle transition.
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1.4. Methodologies 

The Earth's deep interior has been largely explored by earthquakes, which are caused by the sudden 

movement of rock masses along a fault. The movement of rock masses releases the large amounts 

of energy and produce vibration known as seismic wave, needed to probe the crust, mantle and core 

of the Earth. An explosion can also be used to generate these waves, which are then recorded on 

small seismometers/geophones. In active source seismology, the portable geophones are deployed at 

regular intervals along a straight and/or crooked line and detonating a chemical explosion close to 

one end of the receiver line normally generates the seismic energy. The geophones must be placed 

at offsets large enough to record post-critical reflected and refracted phases from the crust and upper 

mantle. The heavy vibrator trucks that press large vibrating pads on the ground can also be used to 

generate seismic waves. The vertical-component receivers are normally utilized in active source 

seismology in order to record P-waves. However, the vertical-component receivers sometimes show 

high quality S-waves. The narrow station spacing and the bandwidth of the seismic source control 

the quality of the recorded P- and S-waves. The seismic sections often records confusing patterns, 

i.e., non-interpretable or unwanted component of signals called the seismic noise. The seismic data 

processing aims to improve signal-to-noise ratio. For this thesis, the controlled source ALCUDIA-

NI and WA seismic reflection data (Figures 2a, 3 and 5) is used to place strong constraints on the 

structure and distribution of the physical properties in the lithosphere of the central Iberia. The high-

resolution ALUCDIA-NI is ~230 km long and it images about 70 km depth (20 s twtt) of the CU 

and the CIZ lithosphere. The ALCUDIA-WA, ~300 km long, goes across, from north to south, the  

CIZ and its suture zone (the CU) with the OMZ, and the TB. The ALCUDIA-WA transect is used to 

calculate the P- and S-wave velocity model and Poisson's ratios. The resulting physical properties 

have  been  compared  with  the  laboratory  measurements  to  obtain  well-constrained  crustal 

compositional model for the central Iberia. 

The  composition  of  the  crust  and  the  lithospheric  mantle  can  be  constrained  by  the  Bouguer 

anomaly data [Ayala, 2013; García-Lobon et al., 2014]. The gravity data over the Iberian Peninsula 

and surrounding areas has been integrated [Ayala, 2013]. The estimated Bouguer anomaly takes into 

account the standards proposed by Hinze et al. [2005]. A portion of this high-resolution Bouguer 

anomaly map is presented over the study area (Figure 3). Moreover, it is utilized for the 2-D gravity 

modeling to place key constraints on the density distribution in the crust and the lithospheric mantle 

along the ALCUDIA-WA transect. The Bouguer gravity anomaly features positive values near the 

southern end of the transect and negative values to the north along the profile. Thus indicating 

important lateral compositional changes at crustal levels. The Bouguer anomaly map features a long 

wavelength  gradient  (Figure  3)  that  can  be  divided  into  three  main  domains:  1)  the  CU  is 
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characterized by the values range from 10 mGal to -10 mGal; 2) the CIZ  reveals values range 

between -10 mGal and -60 mGal;  3) the TB is dominated by the values range from -60 mGal to 

-130 mGal. Intermediate to short wavelength features can be associated to upper crustal bodies like 

the Pedroches Batholith and Culm as well as the Neoproterozoic to Devonian successions located 

between shot gathers A2 and A3.

1.4.1. Physical Properties

The WA seismic reflection data is an important tool to estimate the distribution of the physical  

properties (e.g., P- and S-wave velocities, Poisson's ratio) in the upper lithosphere. The modeled P- 

and S-wave velocities from the ALCUDIA-WA transect have been compared with the laboratory 

seismic velocity measurements in order to estimate the crustal and upper mantle composition. The 

3-D wave equation for a source free, isotropic, homogeneous and elastic medium is described by: 

 (λ + 2μ) (  · u(x,t)) − μ  × (  × u(x, t)) = ρ(∂∇ ∇ ∇ ∇ 2u(x, t)/∂t2) (1.4.1)

λ and μ are Lame's constants and represents the elastic properties of the medium, ρ is the density, u  

(x,t) is the displacement vector field and  is Nabla operator. The 3-D wave equation accounts for∇  

both compressional and shear motion. The equation 1.4.1 can be decomposed into compressional 

and shear movement, since the passage of a compressional wave involves no rotation motion and 

the passage of a shear wave involves no dilatation change.    

∂2∆/∂t2 = Vp
2 ∇2 ∆ (1.4.2) 

         ∂2 θx /∂t2  = Vs
2 ∇2 θx (1.4.3) 

∆ is dilatation, θx  is rotation, Vp is P-wave velocity and Vs is  S-wave velocity. The P- and S-wave 

speed depends on: 

        Vp = √ ( K+4 /3μ )/ ρ (1.4.4)

       Vs = √μ / ρ (1.4.5)

K is the bulk modulus (K = λ + 2/3 μ), and μ is rigidity modulus. The composition of the crust and 

upper  mantle  constrained  solely  by  the  P-wave  velocities  feature  prominent  nonuniqueness. 

Therefore, it becomes more important to estimate Poisson's ratio (σ), which place further constraints 
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on the list  of  rocks  with similar  velocities.  Poisson's  ratio  is  dimensional  less  and it  is  elastic 

constant that establishes the ratio of radial contraction to axial elongation. Poisson's ratio values are 

positive and less than 0.5. For an isotropic medium, it can be described as:

σ = 1/2 [1– 1/( (Vp /Vs )2 –1) ] (1.4.6)

The P-wave velocity model calculated from the WA seismic data could be transformed to S-wave 

velocities using:

     Vp/Vs = 1.73 (1.4.7)

The P- and S-wave velocities depend on the density of the rocks. However, the elastic moduli K and 

μ also depend on the density. The P-wave velocities calculated from the ALCUDIA-WA transect 

were converted into densities using the empirical relations by Brocher [2005], in order to study the 

the compatibility of the P-wave velocity model with the observed Bouguer gravity anomaly 

[Ayala, 2013] and to partially decrease the uncertainties and nonuniqueness related to the P-wave 

laboratory and field comparisons.  The P- and S-wave velocities depend on velocity and pressure. 

The laboratory  measurements  of  seismic velocities  were corrected  by for  the effect  of  thermal 

regime in the SW Iberian. A geotherm of 20°C/km was used proposed by Marzan [2000] and used 

by Palomeras et al. [2011b]. 

1.4.2. Seismic Data Acquisition 

The ALCUDIA-NI deep seismic reflection profile was designed to be perpendicular to the main 

trend of the geological contacts and structures (Figure 2a). From south to north, it goes across the 

northern  boundary  of  the  OMZ to  the  Toledo Fault.  The  topography across  the  ALCUDIA-NI 

transect range from ~500 m in the southern/central part to ~800 m in the northern part. Table 1a lists 

the main parameters used to acquire the ALCUDIA-NI seismic reflection transect. It was acquired 

by an academic crew using a SERCEL 388 acquisition instrument, with a capability of recording up 

to  400  channels.  The  seismic  energy  was  generated  using  four  22  Ton  Vibroseis  trucks.  The 

Vibroseis trucks generated 20 s long nonlinear sweeps within frequency range of 8-80 Hz. A long 

asymmetric spread with 35 m receiver spacing and 70 m Vibration Point (VP) interval was used. 

This configuration yielded high-resolution (60-90 fold) and imaged steep dips. The transect went 
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through few villages, where it was not possible to activate source. Therefore, the VP spacing was 

reduced to 35 m to avoid data gaps related to inhabited areas. The raw seismic data show high 

signal-to-noise ratio. High precision differential GPS system was utilized to measure x, y, and z 

coordinates. Initially, the seismic data were recorded in SEGB format. The seismic data with all the 

geometry information, station and source location was transferred to DVDs in SEGY format. 

Table 1a
Acquisition parameters for the ALCUDIA-NI seismic reflection profile (modified after Martínez-
Poyatos et al., 2012).

Survey parameters
Type of survey 2D crooked line
Recording system SERCEL 388
Nominal spread Asymmetrical split spread
Nominal fold 60

Energy source parameters
Source type Vibroseis
No. of Vibroseis trucks 4 (+1 spare) 22 TM
No. of Sweeps per VP 6
Sweep length 20 s
Sweep type Nonlinear
Sweep frequencies 8–80 Hz
Nominal VP interval 70 m
Total No. of VP 3622

Recording parameters
Geophones Group of 12, 10 Hz
No. of active channels 240
Receiver interval 35 m
Field low cut filter Out
Recording length 40 s (20 s after correlation)
Sampling rate 2 ms
Maximum offset 8900 m
Total length 230 km
Date acquired 01/05–25/06, 2007

The ALCUDIA-WA seismic reflection data (Figure 2a), ~350 km long, consists of three lines of 

receivers. The main ALCUDIA-WA transect and the connecting transect, ~310 km long, striking 

NE-SW  to  NNE-SSW  respectively,  were  designed  perpendicular  to  the  structural  grain.  The 

ALCUDIA-WA transect  goes  across,  from  south  to  north,  the  CU,  the  CIZ  and  the  TB.  A 

supplementary transect, ~40 km long, trends NNW-SSW, and samples the crust beneath the CS 
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mountain range. Nominal receiver and source spacing for the entire seismic survey were 400 m and 

70 km, respectively. The acoustic energy has been generated by 5 shots (A1-A5, Figures 2b and 5) 

was recorded by 1000 TEXAN (single component digital recording stations). Each shot consists in 

1TM of explosive and it was placed in ~55 m deep single borehole (Table 1b). The design generated 

enough energy to provide a signal rich in high frequencies. All the shot gathers shows high signal-

to-noise  ratio.  Note  that  the  P-  and  S-wave  velocity  modeling  is  carried  out  along  the  main 

ALCUDIA-WA transect  using  four  shot  gathers  (A2-A5),  since  the  acquisition  geometry  with 

regard  to  shot  A1  can  introduce  travel-time  complexities  and  uncertainties  in  the  quantitative 

interpretation (Figure 2a). However, all the five shot gathers (A1-A5) were used in order to generate 

the  low-fold stack sections along the ALCUDIA-WA. The GPS instruments have been utilized to 

measure  locations  (x,  y  and  z  coordinates)  of  seismic  instruments  and  the  shot  points.  The 

acquisition geometry was introduced in the trace headers. This location data was used to calculate 

offset  and  midpoint  information  and  the  seismic  traces  were  stored  using  conventional  SEGY 

format.

Table 1b
Data acquisition parameters for ALCUDIA-WA transect.

Survey parameters
Type of survey 2D crooked line
Recording system IRIS-TEXANS (RT125A)
Nominal spread Asymmetrical split spread 

Energy source parameters
Source type Dynamite
Nominal shot depth 50-60 m
Nominal shot interval 60-80 km
Nominal shot size 1000 Kg
Shot design Single borehole
Total No. of  shots 5 (1 TM each)
                                                                                   4 shots were utilized for velocity modeling
                                                                                   5 shots were utilized for low-fold stack sections
Recording parameters
Geophones Single component, 10 Hz
Nominal active channels 1000
Nominal receiver interval 340-600 m
Recording length 80 s
Sampling rate 4 ms
Total length 350 km
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1.4.3. Seismic Data Processing 

The seismic data processing flow aims to enhance the reflectivity of the shallow and deep features. 

A large effort was devoted to obtain a high-resolution section of the crust and to preserve relative 

true amplitudes. The processing sequence (Table 2a) was designed specifically for high velocity 

crystalline areas. The processing steps included: refraction static corrections, coherent and random 

noise removal, shear wave attenuation, velocity analysis and normal moveout (NMO) corrections, 

residual  statics,  dip  moveout  (DMO)  corrections,  CDP sorting,  stacking,  migration  and  depth 

conversion. The midpoint traces were binned along a smooth crooked stacking line using a CDP 

spacing of 17.5 m. The CDP line was selected close to the actual source receiver positions. The 

orientation of the CDP bins is defined in a way to minimize the loss of midpoint traces. The trace 

editing was performed to remove noisy and dead traces and strong airwaves were muted at near 

offsets. A spherical spreading correction was applied to compensate for the amplitude decay due to 

increase in the radius of wavefront. The first arrivals  were carefully picked using an automatic 

approach followed by a manual inspection to obtain good refractions statics. A single layer model 

with a typical overburden velocity of 2.9 km/s and replacement velocity of 5.0 km/s was utilized to 

calculate time delays. The raw shot gathers are characterized by random noise and coherent events 

(e.g., ground roll, shear wave energy). To reduce amplitude of these events a median filter, time-

variant band pass filter  and predictive Wiener deconvolution were applied. Muting first arrivals 

attenuated the non-reflected parts of the signal. Figure 7 shows the results after the application of 

prestack processing workflow on the corresponding raw shot gather.  The processed shot  gather 

features clearly a series of reflections. 

The raw shot records were sorted into CDP domain and a careful velocity analysis was done prior to 

stacking of data. Surface geological observations (Figures 2a and 2b) indicate numerous steeply 

dipping structures and high angle folds. To image the dipping structures high stacking velocities 

were required. We performed constant velocity stacks, for a velocity range from 5.0 km/s to 13.0 

km/s with an increment of 0.5 km/s. The constant velocity stacks help to calculate the optimum 

stacking  velocities.  The  coherency  of  reflections  prior  to  stacking  was  improved  by  applying 

surface-consistent  residual  statics.  The dipping reflections stacked coherently at  higher  stacking 

velocities since stacking velocities are dip dependent. At lower stacking velocities, horizontal to 

sub-horizontal reflections stacked coherently. Normally, application of DMO corrections aims to 

resolve conflicting dips, and thus stacking velocities become independent of dip. The DMO process 

improves the velocity function and crossing reflections with different dips stack simultaneously 

(Deregowski, 1986: Yilmaz, 2001). DMO corrections were also implemented; nevertheless, it did 

not  improve  the  resolution  of  the  dataset.  The  reflections  became weaker  and  less  continuous 
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compared to NMO corrected stack. The failure of the DMO can be explained by steep dipping 

events and crookedness of the profile (Deregowski, 1986; Juhlin et al., 2010). The ALCUDIA-NI 

stack  section  (Figure  8)  reveals  moderately  to  steeply  dipping,  horizontal  to  subhorizontal 

reflections at shallow and deep levels. A coherency filtering (FX-deconvolution) was applied after  

Figure 7. (a)  An example raw shot gather from ALCUDIA normal incidence seismic reflection 
profile, before processing and (b) after processing, source point 660. An increase in the signal-to-
noise ratio  allowed enhancing reflections marked by black arrows. The amplitude spectra before 
and after processing are displayed in (c) and (d), respectively.

stacking to attenuate the random noise and for display purpose. The stack section was migrated so 

that the subsurface structures would be closer to their original position. Stolt migration algorithm 

provided qualitatively better result for a velocity of 5.0 km/s. In order to perform time-to-depth 
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conversion an average velocity of 6.2 km/s for the crust and 8.0 km/s for the upper mantle was 

used. The processing scheme provided clear geometries of both shallow and deep seismic fabric and 

estimates of their positions in depth (Figures 9a and 9c). 

Figure 8.  (a)  CDP fold  coverage and datum statics  and (b)  Bouguer  gravity anomaly and the 
topography along the ALCUDIA normal incidence seismic reflection  profile. (c) The ALCUDIA 
deep seismic reflection profile unmigrated stack section.
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Figure 9. (a) Uninterpreted poststack time migrated (15 s) and depth converted section. The black 
arrows highlight  the migration artifacts.  (b)  The geological  cross  section along the ALCUDIA 
normal  incidence  (NI)  deep  seismic  reflection  profile.  (c)  The  suggested  interpretation  of  the 
migrated and depth converted ALCUDIA-NI profile. The black thick lines have been interpreted as 
faults and/or major shear zones; the red lines are indicative of the trends of the most prominent 
reflectivity fabric.  A blue line highlights the crust mantle transition.  Abbreviations: UC, Upper 
crust;  MC,Middle  crust;  LC,  Lower  crust;  DL,  Decollement  level;  HW,  Hanging  wall;  FW, 
Footwall;  DLCR, Dense lower crustal  reflectivity;  DFWR, Dense footwall  reflectivity;  x,  y,  z, 
imbricate thrust systems. The Zones (I, II and III) are also marked and discussed in the text.
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Table 2a
The principal processing parameters for ALCUDIA-NI transect.

Parameters
1) Read SEG-Y data 20 s
2) Resample 4 ms
3) Apply geometry Crooked line
4) First arrival picking Automatic & manual
5) Trace edits Manual
6) Refraction statics Datum 630 m, single layer model, bedrock

5000 m/s, overburden 2900 m/s
7) Band pass filtering Time-variant filtering

0–2500 ms: 18–30–70–80 Hz
2600–5000 ms: 15–25–60–70 Hz
5100–8000 ms: 10–20–50–60 Hz
8100–12,000 ms: 10–15–45–50 Hz
2000–20,000 ms: 10–17–40–50 Hz

8) Surface wave attenuation FK Filter 9 ms/trace
9) Wiener deconvolution Filter length 150 ms, gap length 16 ms
10) Airwave filter 330 m/s
11) SD compensation Forward
12) Velocity analysis Iterative
13) NMO corrections 40% stretch mute
14) DMO corrections 60% stretch factor
15) Residual statics Twice & iterative
16) CMP Stacking  Unity
17) FX-deconvolution 100 ms 50 traces
18) Migration Stolt 5000 m/s (Poststack)

Kirchhoff 5500 m/s (Prestack)
19) Depth conversion 0–5000, 10,000–6200, 10,000–6200,

20,000–8000 ms–m/s
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The seismic data processing of the ALCUDIA-WA transect is divided in two flows (Tables 2b and 

2c): 1) to enhance the P- and S-wave arrivals; 2) to generate low-fold stack sections for the Moho 

arrivals (PmP and SmS phases). The ALCUDIA-WA transect was acquired with close trace spacing 

and source rich in frequencies, thus the seismic arrivals feature excellent lateral continuity and a 

broad frequency content. However, the lateral coherency of the seismic arrivals has been further 

improved by the signal processing methodology so arrivals can be easily identified and interpreted. 

Raw and processed shot records were analyzed throughout processing in order to identify phases 

and  for  travel-time  picking.  The  processing  strategy  involved  spherical  spreading  corrections, 

amplitude balancing, band-pass filtering and deconvolution (Table 2b). The processing parameters 

increased the signal-to-noise ratio and preserved true amplitudes. For the purpose of P-wave phase 

identification and travel-time picking special attention was paid to the first 30 s of the shot records. 

However, for the S-wave phases the signal processing focus mainly on the top 50 s. A conventional 

normalization method was used in order to balance the traces of the shot gathers. A reasonable 

estimate  of  the  average  background  acoustic/seismic  noise  of  the  recorded  seismograms  is 

necessary to scale and balance the data. For this reason, a window at the end of the recoding time or 

prior to the first arrivals can be selected. A window at the end of the recording time was used to 

balance the shot gathers. The amplitude variations caused by offsets and differences in the trace 

amplitudes levels were successfully corrected by applying amplitudes gain corrections (spherical 

divergence corrections). Frequency analysis was carried out on all the shot gathers and it reveals 

that different crustal P- and S-wave events feature frequencies from 4 to 30 Hz. The peak frequency 

for the main P- and S-wave arrivals  range from 10-20 Hz and 10-14 Hz, respectively.  For the 

identification of P-wave events, a band-pass filter between 5-20 Hz was applied to shot gathers 

while the S-wave arrivals have been filtered between 2-15 Hz. The band-pass filtered reduced the 

source-generated noise and enhanced the reflectivity of the principal arrivals. The predictive Wiener 

deconvolution was applied to improve the resolution and to reduce the noise in shot gathers. The 

seismic  signal  processing  flow  retains  true  relative  amplitude  information  in  the  shot  gathers 

(Figures  10  and  11).  The  amplitude  variations  most  probably  represent  heterogeneities  and/or 

complexity of the geology in the crust. For the display purpose, reduction velocities of 8.0 km/s and 

4.6 km/s are used for P- and S-wave phases in the shot gathers, respectively (Figures 10 and 11).   

The key processing steps (Table 2c) in order to generated low-fold ALCUDIA-WA stack sections 

for  the  Moho  phases  (the  PmP and  SmP)  include:  (1)  trace  normalization  and  balancing;  2) 

Spherical  divergence  corrections;  3)  band-pass  frequency  filtering;  4)  deconvolution;  5)  CMP 

sorting; 6) normal moveout (NMO) corrections without stretching; 7) stacking. After the application 

of prestack signal enhancement processing (trace normalization and balancing, Spherical divergence 
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corrections, band-pass frequency filtering and deconvolution), the traces in the five shot gathers 

were resorted on a common midpoint between sources and receivers to form CMP gather.  The 

conventional NMO corrections produce large artifacts in the seismic data. These artifacts are not 

negligible especially at large offsets and deeper levels. For the ALCUDIA-NI seismic reflection 

data  the  distorted  part  of  the  CMP gathers  due  to  the  NMO stretch  was  removed  by muting. 

However, for the ALCUDIA-WA, a non-linear hyperbolic time shift [Carbonell et al., 1998, 2002; 

Flecha et al., 2009] was designed separately for the PmP and SmS phases in order to correct the non 

zero-offset travel-times in the CMP gathers. The reflection stacked coherently at the Moho level as 

a result of preferred hyperbolic time shifts (Figures 13a and 13b).

Table 2b 

The principal processing parameters for ALCUDIA-WA transect

Parameters
1) Read SU data 80 s
2) Band pass filtering 5-8-18-20 Hz, for P-wave phases

1-2-11-15 Hz, for S-wave phases
3) Wiener deconvolution Gap-deconvolution filter length

250 ms, gap length 16 ms
1 % Prewhitening

4) SD compensation Forward
5) Reduction Velocity 8 km/s, for P-wave phases

4.6 km/s, for S-wave phases

Table 2c 
The principal processing parameters for ALCUDIA-WA transect

Parameters
1) Read SU data 80 s
2) Apply geometry Straight CDP line 
3) Band pass filtering 2-4-12-18 Hz (for PmP)

1-2-11-12 Hz (for SmS)
4) Wiener deconvolution Gap-deconvolution filter length

250 ms, gap length 16 ms
1 % Prewhitening

5) SD compensation Forward
6) Velocity analysis 6.2 km/s (for PmP)

3.58 km/s (for SmS)
7) Hyperbolic time shift Without stretch
8) CMP Stacking Unity
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1.4.4. Seismic Data Interpretation

The ALCUDIA-NI deep seismic reflection profile (Figures 8c and 9) reveals internal architecture of 

the crust and upper mantle down to ~45 km depth. The highly reflective crust feature complex 

geological  structures  and moderately  to  steeply  dipping reflections.  Most  of  the  events  can  be 

interpreted  as  reflections  located  within  the  plane  of  profile.  However,  over-migration  artifacts 

related to the discrepancies in the velocity model are identified in the shallow crust (Figure 9a). The 

upper crust is ~13 km thick and its reflectivity shows good correlation with the surface geology 

(Figures 9b and 9c). Based on the seismic reflection fabric in the upper and lower crust and the 

observations from the surface geology the ALCUDIA-NI transect can be divided in three distinctive 

segments (Figures 9b and 9c): Zone I, Zone II and Zone III.

The Zone I corresponds to the interval from CDPs 100 to 4000, ~70 km long, which at surface 

covers the area from the CU (the OMZ/CIZ suture) to the southern flank of the Guadalmez syncline 

(Figures 9b and 9c). This is a heterogeneously deformed zone and shows interesting features related 

to upper and lower crust. This portion includes: a suture zone that separates the OMZ from the CIZ,  

a complex degree of high angle faulting and folding and a series of plutonic intrusions (e.g., the 

Pedroches Batholith) revealing this part concentrated relatively large amount of deformation. The 

main suture zone (the CU) might have accommodated intense deformation due to the collision and 

it decreases toward the north. The lack of reflectivity fabric in the uppermost crust is typical of 

undeformed plutonic bodies  (i.e.,  Pedroches Batholith).  A large population of arcuate  reflection 

segments  in  the  lower crust  suggests  boudinage structures.  These lens  shape  features  are  most 

probably a  result  of  inter-network of shear  zones.  A dipping band of weak seismic reflectivity 

beneath CDPs 1500 to 2500 within the lower crust is interpreted as channel/pathway that would 

feed the batholith with necessary granitic magma. A singular wedge structure, which involves the 

Moho discontinuity, is imaged between CDPs 2800 to 3900. The complex wedge at ~30 km depth is 

high amplitude and features laterally continuous events. The wedge structure is may correspond to 

the deep representation of surface identified major suture zone of the CU. The Moho reflectivity is 

discontinuous and thin below Zone I.

The Zone II is relatively less deformed and it corresponds to the interval from CDPs 4000 to 11700 

(Figures 9b and 9c). This part of the seismic section reveals a small fraction of the compressive 

deformation. From a geological point of view, this zone would correspond to southern flank of the 

Guadalmez  syncline  to  the  Mora  Fault.  This  zone  would  represent  ~130  km  wide  area  of 

deformation  and  features  a  series  of  synclinal  and  anticlinal  geological  structures.  Guadalmez 

syncline, Almadén syncline, Herrera del Duque syncline, Guadarranque syncline and Navalucillos 

syncline are five well marked synclines, in between there are Alcudia anticline, Esteras anticline, 
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Navalpono anticline and Valdelacasa anticline. This zone is mostly composed of deformed layer 

cake lithology (mostly alternating slate and quartzite) at shallow levels. The near surface reflectivity 

shows continuous amplitude level revealing an undulating series of surface structures. The deep 

reflectivity of the upper crust features blind thrusts (reverse fault) with relatively small dimensions 

(a few km) probably accompanied the folding in the upper crust. The southwest verging imbricate 

thrust  systems (x,  y,  and z)  merge  in  the  subhorizontal  reflectivity  band interpreted as  a  basal 

decollement (DL). The lower crust features a relatively large number of laterally continuous packets 

of events. These packets are horizontal and/or slightly curved and have lengths more than 15 km. 

Beneath Zone II, the Moho is high amplitude and thick (~1.5 km). 

The Zone III goes from CDPs 11700 to the 13300 and it would represent ~30 km wide area of 

deformation (Figures  9b and 9c).  This zone is  least  affected by compression and in  outcrop it  

includes  Mora  Pluton  and  southern  part  of  the  Toledo  Anatectic  Complex.  The  upper  crust  is 

relatively less reflective, thus relates to the geological structures identified at surface. The low angle 

fault  systems identified in  the seismic section at  upper  crustal  levels,  surface outcrops and the 

geological evident suggest a major extensive tectonic event. The Mora Pluton is imaged as a semi-

transparent unit between CDPs 11600 to 12600 that extends to ~3 km depth. The lower crust shows 

relatively high amplitude reflectivity fabric. Beneath CDP 13100, a high amplitude continuous band 

of  reflectivity,  ~0.8  km  thick,  is  located  at  ~23  km  depth.  This  prominent  feature  has  been 

interpreted as a lower crustal thrust, which enabled extension at surface [Martínez Poyatos et al., 

2012]. Beneath the Zone I and Zone III, the thickness of lower crust is relatively higher than the 

Zone II of the ALCUDIA-NI transect. The Moho discontinuity is high amplitude and splits into 

double band of reflections beneath the Zone III. The upper mantle features two limited reflective 

zones: 1) at 18 s to 19 s between CDPs 6500 to 7000; 2) at 16 s to 17 s beneath CDPs 11700 to 

12500 (Figure 8c). 
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Figure 10.  (a),  (b),  (c)  and (d)  From south to north,  the four shot gathers  (A2-A5) across the 
ALCUDIA wide-angle reflection transect. The reflectivity of the main P-wave arrivals (Pg, PiP, 
PmP and Pn) was enhanced by applying a band pass filter from 5 to 20 Hz. Pg is the first P-wave 
arrival, PiP is the P-wave reflected phase at boundary between the upper and lower crust, PmP is 
the P-wave reflected from the crust mantle transition (Moho discontinuity) and Pn is the P head-
wave travelling within the upper mantle. The shot gathers are displayed with a reduction velocity 
of 8.0 km/s to enhance the mantle phases.

31



The interpretation of the ALCUDIA-WA angle data involves identification of the principal phases in 

the shot gathers and then correlation of these phases from shot to shot. Conventional labeling is 

used  for  different  P-  and S-wave reflected  and refracted  arrivals  identified  in  the  shot  gathers 

(Figures 10 and 11). The P- and S-wave arrivals on the shot records include:

 Ps P-waves travelling through the sediments

 Pg P-wave direct arrivals travelling through the basement

 PiP P-wave phase reflected off an interface located between the upper and 

mid- lower crust

 PmP P-wave reflected at the Moho discontinuity

 Pn P-head wave (refracted arrival) traveling within the upper mantle

 Ss S-waves travelling through the sediments

 Sg S-wave direct arrivals travelling through the basement

 SmS S-waves reflected at the Moho discontinuity

 PmS/SmP P-wave emerging as S-wave or vice versa after reflecting and being 

converted at the Moho boundary 

The travel-time picking was carried out for the identified phases in the shot gathers (A2-A5, Figures 

10 and 11). The ALCUDIA-WA transect was modeled using a convention ray tracing interpretation 

technique  that accounts for all arrivals in all shot gathers to compute a single (P-wave/S-wave) 

velocity model. This interpretation procedure is based on a forward modeling approach [Zelt and 

Smith, 1992]. A trial and error iteration methodology was adapted to compare the picked travel-

times with the theoretical travel-times along a 2-D velocity-depth model. The forward modeling 

tool utilizes simple layer cake models delimited by nodes. A relatively simple parameterization for 

velocity and boundary nodes is required. For each layer, a velocity for its top and bottom is defined, 

which allow velocity gradient within the layer and lateral velocity variations. The program divides 

each layer in trapezoidal blocks and calculates the theoretical ray tracing. Within the trapezoidal 

blocks, the velocity at a point is calculated by linear interpolation between the upper and lower 

velocities defined for the trapezoid. The shot gathers (A2-A5) along the ALCUDIA-WA transect 

were interpreted using forward modeling scheme. The 2-D layer cake model technique provided a 

good approach to compute P- and S-wave velocity models. The 2-D ray tracing equations  (Cervený 

et al., 1977) are solved numerically in order to trace rays through the velocity model. The 2-D ray 

tracing equations satisfy the Snell's law at the boundaries between layers. Once the ray is traced 
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through the model, a simple numerical integration along the ray path yields the total travel-time. 

Figure 11. (a), (b), (c) and (d) From south to north, the four shot gathers (A2-A5) displayed with a 
reduction velocity of 4.6 km/s, across the ALCUDIA wide-angle seismic reflection transect. A band 
pass filter of 2-10 Hz was applied in order to enhance the reflectivity of the S-wave arrivals. Sg is 
the first S-wave arrival, SmS is a S-wave reflected from the crust mantle and PmS /SmP is the P-
wave  incident at the Moho discontinuity and converted in reflection to a S-wave or vice versa 
(converted waves).
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The  algorithm considers  three  types  of  waves,  refracted  wave,  reflected  wave  and  head  wave 

(Figure 12). To undertake the 2-D modeling, we followed a simple layer stripping approach. First 

the Ps/Ss and Pg/Sg phases were included to place constrains on the shallowest segment of the 

velocity-depth models. The crustal phase, the Moho and the upper mantle events were included in 

the  model.  A good  agreement  between  observed  travel-times  and  calculated  travel-times  was 

achieved by trail and error. A coordinate system defines the location of the different P- and S-wave 

arrivals in the reduced travel-time plots. The horizontal distance of the arrivals from the source 

location  is  described by the  offset  while  the  two-way travel-time (twtt)  indicates  their  vertical 

position in the shot gathers. The offsets to south of source location are negative and positive offsets 

are considered to be located to the north of the source location. An intercept time, the twtt at 0 km 

offset, is also defined. 

Figure 12. Ray tracing example of the ray families, refracted, reflected and head waves, considered 
by the rayinvr modeling software. 

The shot gathers (A2-A5, Figures 10 and 11) show clear P- and S-wave arrivals from the boundary 

between the upper and lower crust, the Moho and the upper mantle arrivals. The direct arrivals (the 

Pg/Sg phase), the reflected P- and S-wave arrivals from the Moho (the PmP/SmS phase), and a 

critical  refraction at  the Moho boundary through the upper mantle (the Pn phase) are the most 

outstanding events. In shot gather A5 (Figures 10d and 11d), the Ps and Ss phases is identifiable 

between  –3  km and  –10 km.  The  Ps  and  Ss  phases  feature  high  amplitude  and low apparent 

velocities. Shots A2, A3, A4, and A5 (Figures 10 and 11) show prominent Pg and Sg phases that can 

be followed to large offset. In the four shot gathers, the Pg phases is identified from –55 km to +89 

km offsets whereas the Sg phase is observed from –46 km to +80 km offsets. The changes in slope 

for the Pg and Sg arrivals allowed us to identify the presence of two layers in the upper crust. The 

PiP phase is located between +30 km to +65 km for the positive offsets whereas it can be followed 

from –36 km to –60 km at negative offsets. The PmP and SmS phases are identified in all the shot  

gathers from normal incidence to ~115 km for negative and positive offsets. The PmP and SmS 
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phases feature high amplitudes and a broad reflective zone, ~1.5 s thick. The Pn phase is identified 

in shot gathers for offsets larger than 120 km across all the shot gathers. However, no intracrustal S-

wave phases are identified in the shot gathers. The intracrustal S wave phases are most probably 

hidden by the P-wave energy.  

Figure 13. (a) and (b) The P- and S-wave low-fold ALCUDIA wide-angle (WA) stack sections. (c) 
The ALCUDIA normal incidence (NI) time migrated section. The two transects sample the CIZ 
over the blue bar. The Moho discontinuity imaged by  the P-wave ALCUDIA-WA stack section 
coincides with the ALCUDIA-NI reflection Moho (red circles).  
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Similarly, the Sn phase is difficult to recognize because it does not exceed the energy of the P-wave 

arrivals. In the shot gathers, lesser amplitude S wave phases are expected since we utilized vertical 

component stations in the field.

The P- and S-wave low-fold stack sections (Figures 13a and 13b) investigate the Moho structure 

and place key constraints on the thickness of the crust across the CIZ and the MB in the Variscan  

orogen of  the central  Iberian Massif.  The Moho reflections  (the PmP/SmS phase)  feature high 

amplitudes and a ~1 s coda suggesting the existence of reverberate structures at deep crustal levels. 

The stack sections (Figure 13a and 13b) reveal the seismic character of the Moho is highly variable: 

less reflective to highly reflective, subhorizontal to horizontal, discontinuous to diffuse. The travel-

time of the PmP and SmS phases varies from ~10.2 s to ~10.8 s and ~17.8 s to ~18.4 s beneath the 

CIZ (Figures 13a and 13b). A relatively thin band of reflectivity beneath the TB characterizes the 

PmP phase (Figure 13a). However, the SmS phase features diffused and weak reflectivity pattern 

across the TB (Figure 13b). A single relatively weak event identified at ~19.6 s from CDPs 1250 to  

1410, which provided an opportunity to extend the SmS phase further to the north. On the P-wave 

stack section (Figure 13a) the travel-time of the PmP phase range from ~10.2 s in the south to ~11.8 

s in the north. The travel-time of the SmS phase varies from ~17.8 s in the south to ~20.2 s in the  

north as imaged on the S-wave stack section (Figure 13b). This suggests an increase in crustal 

thickness/Moho deepening or the velocities decrease from south to north. The ALCUDIA-NI stack 

section  (Figure  13c)  provides  a  high-resolution  image  of  the  crust  and  the  Moho  beyond  the 

resolution of the low-fold stack sections. The base of the crust estimated from the P-wave low-fold 

ALCUDIA-WA stack section coincides with the ALCUDIA-NI reflection Moho.  
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Themultichannel normal incidence (230 km long) deep seismic reflection profile ALCUDIAwas acquired in sum-
mer 2007. This transect samples an intracontinental Variscan orogenic crust going across, from north to south,
themajor crustal domain (the Central Iberian Zone) and its suture zonewith the Ossa–Morena Zone (the Central
Unit) both build upmost of the southwestern part of the Iberian Peninsula basement. This high resolution (60–90
fold) profile images about 70 km depth (20 s TWTT) of the continental lithosphere. A new data processing flow
provides better structural constraints on the shallow and deep structures resulting in an image that reveals
indentation features which strongly suggest horizontal tectonics. The ALCUDIA seismic image shows an upper
crust c. 13 km thick decoupled from the comparatively reflective lower crust. The shallow reflectivity of the
upper crust can be correlated with surface geological features mapped in the field whereas the deep reflectivity
represents inferred imbricate thrust systems and listric extensional faults. The reflectivity of themid-lower crust
is continuous, high amplitude, and horizontal to arcuate though evidences of deformation are present as ductile
boudinage structures, thrusting and an upper mantle wedge, suggesting a transpressional flower structure. The
image reveals a laminated c. 1.5 km thick, subhorizontal to flat Moho indicating an average crustal thickness of
31–33 km. The Moho shows laterally variable signature, being highly reflective beneath the Central Iberian
Zone, but discontinuous and diffuse below the Ossa–Morena Zone. The gravity response suggests relatively
high density bodies in the mid-lower crust of the southern half of the transect. The seismic results suggest two
major horizontal limits, a horizontal discontinuity at c. 13–15 km(corresponding to the brittle–ductile transition)
and the Moho boundary both suggested to act as decoupling surfaces.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).

1. Introduction

The Iberian Massif is the largest outcrop of the Late Paleozoic
Variscan/Alleghanian Orogen inwestern Europe (Fig. 1a). It was formed
by the convergence and collision of the continental plates of Laurentia–
Baltica and Gondwana (Franke, 2000; Matte, 2001). The shortening

generated by this transpressional collision was mostly accommodated
by relatively large and localized deformation belts (suture zones) at
the edges of the involved continental domains. In addition, a more
distributed deformation zone between sutures accommodates the
residual deformation in a typical intra-continental scenario. The struc-
tures within the main collision zone are relatively well constrained
with the development of well-defined thrusts faults and folds, resulting
in the imbrication of the crust at the plate boundaries involved in the
collision. These structural features developed mainly depending on
the existing stress field coupled with the physical properties and/or
lithologies of the crustal units involved in the collision. The Variscan
Orogen has been targeted by deep seismic reflection experiments,
such as BIRPS (Freeman et al., 1988; Klemperer and Matthews, 1987;
Onken et al., 2000), and DEKORP (Carbonell et al., 1996, 1998, 2000;
Echtler et al., 1996; Friberg et al., 2002; Juhlin et al., 1998; Tryggvason
et al., 2001) throughmost of the Eurasian continent. In the southwestern
part of Iberia the Variscan Orogen was unravelled by the IBERSEIS

Tectonophysics 621 (2014) 159–174

Abbreviations: CIZ, Central Iberian Zone; OMZ, Ossa–Morena Zone; SPZ, South
Portuguese Zone; CU, Central Unit; TF, Toledo Fault; MF, Mora Fault; MaF, Matachel Fault;
AF, Azuaga Fault; UC, Upper crust; MC, Middle crust; LC, Lower crust; DL, Decollement
level; HW, Hanging wall; FW, Footwall; DLCR, Dense lower crustal reflectivity; DFWR,
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Fig. 1. (a) Sketch illustrating the extension of the Variscan–Alleghanian Orogen. The blue circle indicates the location of the Iberian Massif. (b) The tectonic map of the Iberian Peninsula
with themain zones of the Iberianmassif and the location of normal incidence deep seismic reflection transects. The red rectangle indicates the location of the study area and it is expanded
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ALCUDIA deep seismic reflection profile (modified from Martínez-Poyatos et al., 2012).
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experiments (Carbonell et al., 2004; Palomeras et al., 2009; Simancas
et al., 2003). However, how the residual deformation is distributedwithin
the interior of the plate is still an unresolved issue. The ALCUDIA
(Martínez-Poyatos et al., 2012) deep seismic reflection transect was one
of the first attempts to characterize the deformation of a relatively old
intracontinental deformed zone far from the known sutures and lacking
surface outcrops of localized high or weak strain zones within the crust.
In such a tectonic setting the lack of surface exposures of the deep rocks
results in little or almost no control/knowledge on the structure be-
neath the first few kilometres.

The current topography of the Iberian plate is strongly conditioned
by the post Variscan plate tectonic evolution during the Mesozoic and
the Tertiary (Casas-Sainz and Cortés-Gracia, 2002; Casas-Sainz and
Faccenna, 2001; Cloetingh et al., 2002; Rosenbaum et al., 2002; Tejero
et al., 2006; Verges and Fernandez, 2006; De Vicente and Vegas,
2009). Longwavelength (hundreds of km) synclinal and anticlinal (sin-
uous) topography above 700m in average, characterizes the study area
of the Central Iberian Zone (CIZ) and most of the Iberian Plateau. This
large scale folding caused differential uplift/subsidence of different
areas of the Iberian plate and conditioned the distribution of basins
and ranges, bounded by folds and faults, suggesting a lithospheric
scale folding (Casas-Sainz and De Vicente, 2009; Cloetingh et al., 2002;
DeVicente andVegas, 2009). However, seismic constraints on the crust-
al structure from passive and active seismic source experiments (Diaz
and Gallart, 2009) suggest that the Moho discontinuity lacks significant
topography in the Iberian Plateau. High resolution normal incidence
seismic reflection data acquired in the southwestern part of the Iberian
Peninsula, namely the IBERSEIS and ALCUDIA transects (Fig. 1b), also
reveal a horizontal Moho at, c. 31–33 km depth. This is indicative that,
most probably, the recent internal deformation affecting the southwest
(caused by compression, collision betweenAfrica and Iberia) of the rigid
plate of Iberia is limited andmostly accommodated by structureswithin
the crust.

With these antecedents in mind, the Vibroseis normal incidence
transect, ALCUDIA, was reprocessed. Then, an attempt was made to
reinterpret the image beyond the primary results by Martínez-Poyatos
et al., 2012. The new image improves the resolution of the near surface
features allowing a more accurate correlation with the surface geology.
It also reveals different seismic reflection fabrics which place some con-
straints on the stress field and help with the assessment of the internal
crustal deformation. The overall image suggests the possibility of crustal
flow, such mechanism could account for the inferred decoupling
between the topography of the surface and that of the Moho. The
reprocessing of the data has improved the quality of reflections by
means of a careful choice of processing parameters and an optimal
stacking velocity model. The preservation of the true crustal reflectivity
and that of steeply dipping structures was also carefully considered. For
thefirst time, a detailed structural interpretation of the upper and lower
crust is presented on depth convertedmigrated sections. The new anal-
ysis of the data enabled us (i) to significantly improve the geometry of
the principal faults and reflections, (ii) to further constrain the previous
geological interpretation by Martínez-Poyatos et al. (2012), and (iii) to
update and propose new geological points of views on critical sections
along the profile.

2. Tectonic framework

The Iberian Massif is part of the Variscan Orogen of western Europe
and the CIZ is a significant continental portion of the Iberian Massif
(Fig. 1a and b). The CIZ can be considered the equivalent of the
Moldanubian Zone in the Variscan of central Europe (Franke, 2000;
Vollbrecht et al., 1989). The Variscan belt was the product of the colli-
sion of two continents, Laurentia–Baltica to the north and Gondwana
to the south, during the Late Paleozoic (Franke, 2000; Matte, 1986,
2001). Within the Iberian Peninsula the evolution of the Variscan belt
has been extensively studied (e.g., Pérez-Estaún and Bea, 2004). A

complete cross section of a portion of the orogen actually outcrops in
the southwestern part of the peninsula and it was the key target of
the IBERSEIS seismic experiment (Carbonell et al., 2004; Simancas
et al., 2003). The physical properties of that portion of the orogen
have been also constrain by a complementing wide-angle transect
(Palomeras et al., 2009, 2010, 2011).

The Variscan Orogen in southwest Iberia is composed of continental
blocks (South Portuguese, Ossa–Morena and Central Iberian Zones)
bounded by suture units (Fig. 1b). The OMZ is limited to the north by
the Badajoz–Cordoba shear zone, which includes the Central Unit
(CU); it is recognized as a major suture zone (Azor et al., 1994; Burg
et al., 1981; Simancas et al., 2001). The CU is a north dipping continuous
ductile shear band 5 km inwidth. It is bounded by the Azuaga Fault (AF)
to the south and the Matachel Fault (Maf) to the north (Fig. 1c and d).
The latter is considered to be the southern limit of the CIZ. The ALCUDIA
transect samples the CU in its southern end and extends for, approxi-
mately 230 km to the north in the CIZ. The surface geology of the CIZ
is characterized by, a series of synclinal and anticlinal upright folds
and faults NW–SE oriented (Fig. 1c). The CIZ also features igneous intru-
sions as granitic plutons and batholiths of different sizes (Fig. 1c).
ALCUDIA transect crossing a couple of them (Pedroches batholith and
Mora pluton). Furthermore, one of the largest mercury mines is located
about 100 km north of the southern end of the transect, the Almadén
mercury deposit (Jebrak et al., 2002; Saupe, 1990). The Almadén mine
has produced over 35% of world's mercury production (Boorder and
Westerhof, 1994). The northern end of the transect is located just
north of the Toledo Fault (Fig. 1c and d), which is a ductile–brittle
extensional shear zone cropping out just south of the city of Toledo
(Barbero, 1995; Hernàndez-Enrile, 1991), active during Late Variscan
times (Doblas et al., 1994). García-Lobón et al. (2014) present the acqui-
sition processing and interpretation of coincident potential field data
(gravity and magnetics) along the ALCUDIA transect. The tectonic evo-
lution and description of the deformation phases of the CIZ can be found
in Martínez-Poyatos et al. (2012) and references therein. The ALCUDIA
deep seismic reflection transect, runs perpendicular to the geologic
structures, imaging the lithospheric section of a large portion of the
Central Iberian Zone (CIZ) and its southern limit, the Central Unit (CU).

3. Acquisition and new processing approach

The ALCUDIA deep seismic profile was designed to be a high quality
LITHOPROBE style normal incidence deep seismic reflection transect.
The profile was perpendicular to the main surface geologic features. It
was acquired by an academic crew in 56 days during spring 2007
using Vibroseis sources and a SERCEL 388 seismic acquisition instru-
ment, with a capability of recording up to 400 channels. Besides local
relief due to lithological contrasts, the long term undulating topography
along the profile varies fromabout 500m in the southern/central part to
800 m in the northern part (Fig. 1e). The transect can be considered
a northern extension of the IBERSEIS normal incidence transect
(Simancas et al., 2003), therefore, very similar acquisition parameters
(Table 1) were used. In order to better image the shallow sub-surface
the source was activated every 70 m and an asymmetric split spread
with 35 m station spacing was used. Four Vibroseis trucks were used
to generate 20 s long nonlinear sweeps within frequency range of
8–80 Hz. In total, 3622 VPs were generated. Each VP consisted in six
nonlinear sweeps. The configuration resulted into a common midpoint
(CDP) spacing of 17.5 m with a nominal CDP fold of 60. The transect
followed mostly unpaved roads whenever possible; however it went
through few villages. In the inhabited areas sources could not be
activated, therefore, to avoid data gaps villages were under shoot. The
VP spacing a few kms before and after the villages the source spacing
was reduce to 35 m and the spread length was increased. This help to
avoid large fold variation beneath inhabited areas.

The raw seismic data show sufficient high signal to noise ratio and
occasionally relatively high amplitude reflections can be observed at
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shallow and deep levels. Martínez-Poyatos et al. (2012) presented the
first stacked images of the data and were able to place constraints on
a large scale crustal structural model. The current work has devoted a
large effort in enhancing the shallow reflectivity features in order to
be able to directly correlate the interpreted structures in the seismic
cross section with the surface outcrops. Furthermore, special attention
has been placed in the fabric of the deep reflectivity to obtain clear
geometries and estimates of their position in depth. In summary, the
new processing strategies (Table 2) have pursued: prestack signal
enhancement; stacking velocity models for normal moveout (NMO)
corrections; detailed statics; DMO; migration; and depth conversion.
Some of this has proven beneficial; others have not been that effective
(for example DMO, which is discussed later in the text). The interpreta-
tion by Martínez-Poyatos et al. (2012) suggested a relatively high
degree of structural complexity. There are for example a number of

high dip structures, even subvertical features. This will need special at-
tention, designing the static correction, NMO velocity model, migration,
and depth conversion.

The entire seismic section is characterized by very limited sedimen-
tary cover. Therefore, it can be considered that the data was acquired in
relatively high velocity crystalline crust. A large percentage of the
surface outcrop along the line composed of quartzite, slate and granite
(Fig. 1c). Considerations that are effective in this environment where
carefully considered (e.g., Cheraghi et al., 2011; Heinonen et al., 2013;
Juhlin et al., 2010; Schmelzbach et al., 2007). A substantial amount of
effort was spent on processing scheme to preserve relative true ampli-
tudes. The useful frequency content determined from filter panels was
considered to be of 10–50 Hz. A smooth crooked CDP line with a CDP
spacing of 17.5 m was used for stacking. The selected CDP line was
close to the actual receiver source positions along the profile whereas
the orientation of the CDP bins are defined in a way to minimize the
loss of midpoint traces. The trace editing was performed to remove
noisy traces and a spherical divergence correction was applied on the
data to compensate for the loss of energy due to attenuation and scatter-
ing (Robinson and Coruh, 1988). The reflections in the raw shot gather
(Fig. 2a) are masked by random noise and coherent events (i.e., shear
wave energy and ground roll, and reverberations). The amplitude of
these events was attenuated by time-variant band pass filter and
predictive Wiener deconvolution. The selected parameters (time and
frequency windows) for the time-variant band pass filter (i.e., decreas-
ing frequency bandwith increasing time) helped to enhance the deeper
reflections. On the recorded shot gathers, the surfacewave energy espe-
cially at shallow travel times was attenuated by frequency–wavenum-
ber filtering (F–K). The variation in elevation and thickness of the
overburden and the significant velocity contrast between the overbur-
den and the bedrock produce large travel time variations (Robinson
andCoruh, 1988; Yilmaz, 1989). Thefirst arrivals (i.e., direct and refracted
energy) were picked automatically followed by rigorous manual in-
spection for a good estimate of refraction statics to correct for the
time delays. For refraction static corrections, a single layer model
consisting of an overburden with the velocity set to 2900m/s and crys-
talline bedrock with the velocity set to 5000 m/s was chosen. Our final
static model is reasonably smooth and consistent and shows a RMS-
misfit target of 7 ms (Fig. 3a). The processed shot record (Fig. 2b)
reveals a series of dipping reflections which are better imaged after
the application of the prestack processing flow. The amplitude spectra
after prestack signal enhancements benefited from the increase in the
energy of the high frequencieswhich indicates that amoderate increase
in the vertical resolution was achieved by the processing flow (Fig. 2c
and d).

The raw shot records were sorted into CDP domain and NMO
corrected. Careful velocity analysis was done prior to the stacking of
data. Surface geology reveals numerous steeply dipping structures (for
example in the southern end of the line) and high angle folds, south of
the Almadén Syncline (Fig. 1c and d). High stacking velocities were
required to image these dipping structures. To calculate the optimum
stacking velocities constant velocity stacks were carried out for a veloc-
ity range from 5000 m/s to 13,000 m/s with an increment of 500 m/s.
Since stacking velocities are dip dependent, dipping reflections stacked
coherently at higher stacking velocities while sub-horizontal reflections
stacked coherently at lower stacking velocities. The choice of the stack-
ing velocity function has a significant influence on the image quality and
is also important for the proper estimation of residual statics (Malehmir
and Juhlin, 2010). The residual static corrections were estimated on the
NMO corrected gathers and improved the lateral continuity of the
events within the section. In theory the DMO process aims to resolve
conflicting dips, thus stacking velocities become independent of dip,
and helps to improve the velocity function (Deregowski, 1986: Yilmaz,
2001). Nevertheless, the application of the DMO on this dataset did
not improve the resolution and many reflections became weaker and
less continuous. The failure of the DMO is probably due to the

Table 1
Acquisition parameters for the ALCUDIA seismic profile (modified after Martínez-
Poyatos et al., 2012).

Profile ALCUDIA

Type of survey 2D crooked line
Recording system SERCEL 388
Nominal spread Asymmetrical split spread
Nominal fold 60
Source type Vibroseis
No. of Vibroseis trucks 4 (+1 spare) 22 TM
No. of Sweeps per VP 6
Sweep length 20 s
Sweep type Nonlinear
Sweep frequencies 8–80 Hz
Nominal VP interval 70 m
Total No. of VP 3622
Geophones Group of 12, 10 Hz
No. of active channels 240
Receiver interval 35 m
Field low cut filter Out
Recording length 40 s (20 s after correlation)
Sampling rate 2 ms
Maximum offset 8900 m
Total length 230 km
Date acquired 01/05–25/06, 2007

Table 2
The principal processing parameters.

Parameters

1) Read SEG-Y data 20 s
2) Resample 4 ms
3) Apply geometry Crooked line
4) First arrival picking Automatic & manual
5) Trace edits Manual
6) Refraction statics Datum 630 m, single layer model, bedrock

5000 m/s, overburden 2900 m/s
7) Band pass filtering Time-variant filtering

0–2500 ms: 18–30–70–80 Hz
2600–5000 ms: 15–25–60–70 Hz
5100–8000 ms: 10–20–50–60 Hz
8100–12,000 ms: 10–15–45–50 Hz
2000–20,000 ms: 10–17–40–50 Hz

8) Surface wave attenuation FK Filter 9 ms/trace
9) Wiener deconvolution Filter length 150 ms, gap length 16 ms
10) Airwave filter 330 m/s
11) SD compensation Forward
12) Velocity analysis Iterative
13) NMO corrections 40% stretch mute
14) DMO corrections 60% stretch factor
15) Residual statics Twice & iterative
16) CMP Stacking Unity
17) FX-deconvolution 100 ms 50 traces
18) Migration Stolt 5000 m/s (Poststack)

Kirchhoff 5500 m/s (Prestack)
19) Depth conversion 0–5000, 10,000–6200, 10,000–6200,

20,000–8000 ms–m/s
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crookedness of the profile (Deregowski, 1986; Juhlin et al., 2010). The
final stack section (Fig. 3d) shows moderately to steeply dipping and
subhorizontal reflections at both shallow and deep levels. For display
purposes a coherency filtering (FX-deconvolution) was applied after
stacking to attenuate the random noise.

The stack section reveals a series of vertical strips (Fig. 3d) where
signal to noise ratio is low. These vertical bands are roughly coincident
with the thickest syncline structures (which are cored by Ordovician
to Devonian alternating slates and quartzites) observed at the surface
(Figs. 3d and 4b). The poorly imaged bands are related to the limitation
of seismic reflection method over steeply dipping limbs of folded struc-
tures (e.g., Heinonen et al., 2012; White et al., 2000). Note the correla-
tion of the relatively low signal to noise ratio beneath the Guadalmez
syncline, the Almadén syncline, the Herrera del Duque syncline and
the Navalucillos syncline. The data quality beneath the Guadarranque
syncline is also characterized by low signal to noise ratio but is not as
low as observed beneath the other synclines. On the contrary, these syn-
clines show enhanced reflectivity in the range of c. 0–1 s, (0 to 3 km
depth). This could be attributed to contrasting impedance in the Ordo-
vician to Devonian successions and/or structure shallowing with
depth. The stack was then migrated so that the subsurface structure

would be closer to the real geometry and the reflectors would be placed
to their true subsurface position and the corresponding dips should be
close to true dip. This is correct in laterally homogeneous velocity
model. Note that the line was acquired on crystalline terrain and the
surface outcrop is indicative of a relatively high degree of heterogeneity
in the subsurface. Nevertheless, in order to get a reliable representation
of the subsurface, a series of tests, with different velocity fields, on the
available poststack time migration algorithms such as Kirchhoff, finite-
difference, phase-shift, and Stolt were performed. Stolt and phase-
shift migration approaches provided qualitatively better results for a
constant velocity of 5000 m/s. Initially, the NMO velocity model was
used for depth conversion, but the relatively large degree of lateral
velocity variability did not produce a better image. For the depth con-
version, an average velocity of 6200 m/s for the crust and 8000 m/s
for the reflections beneath the Moho were used (Fig. 4a).

4. A cross section across the CIZ from the ALCUDIA deep seismic
reflection image

The ALCUDIA normal incidence deep seismic profile (Figs. 3d and
4a) reveals highly reflective crust down to depths of c. 31 km. The
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high quality data features complex geological structures and numerous
reflections with various dips and lengths. The ALCUDIA transect was
acquired perpendicular to the strike of main geological structures,
therefore, most of the events can be interpreted as reflections located
within-the-plane of profile. A small number of events have been identi-
fied as related to over-migration artifacts. These are located at shallow
levels and occasionally appear within the lower crust (Fig. 4a). They
are, most probably due to discrepancies in the velocity model used for
themigration. The reflectivity in the upper part shows good correlation
with the surface geology, and this knowledge guided the interpretation
of most of the seismic events and fabrics. The new interpretation com-
plements the relatively large scale model developed in Martínez-
Poyatos et al. (2012). The seismic cross-section is analysed from south
to north. The upper crust of the CIZ can be considered in average c.
13 km thick. Taking the observations from the surface outcrop jointly
with the seismic image the transect can be roughly divided (in general
terms), in three parts with distinctive characteristics depending on the
seismic reflection fabric (Fig. 4b and c). From south to north, the section
can be divided in; Zones I, II and, III.

4.1. Zone I

This is a heterogeneously deformed zone, which can be determined
from the southern end of the line up to CDP 4000, which at surface
would correspond to the southern flank of the Guadalmez syncline.
This portion includes amajor suture zone, (the Tomar–Badajoz–Cordoba
shear zone where the most representative unit is the CU) and highly
deformed bounding areas (e.g., Espiel Thrust Sheet) (Fig. 1c and d).
This zone would represent c. 70 km wide area of deformation (mostly

transpressive deformation); it also features a series of plutonic intru-
sions, the most representative of which is the Pedroches Batholith.

4.2. Zone II

This part would represent a less deformed zone which would have
accommodated a small fraction of the compressive deformation. The
accommodation would have taken place in the development of a series
of synclinal and anticlinal geologic structures. There are five well
marked synclines (Guadalmez syncline, Almadén syncline, Herrera del
Duque syncline, Guadarranque syncline and Navalucillos syncline) in
between them there are four anticlines (Alcudia anticline, Esteras anti-
cline, Navalpino anticline, and Valdelacasa anticline) (Figs. 1c and 4c).
At relatively shallow layers this Zone II mostly consists of a deformed
layer cake lithology (mostly alternating slate and quartzite) (Fig. 1c
and d). These folds can be cored by blind thrust of relatively small
dimensions (a few km). This blind thrusting is suggested by the seismic
fabric of the upper crust.

4.3. Zone III

This part would correspond from CDP 11,700 up to the northern end
of the seismic transect and in outcrop this includes theMora Pluton and
the southern part of the Toledo Anatectic Complex,with the tectonically
relevant Toledo Fault (TF). This last part is apparently the least affected
by compression at the surface. The geologic evidence, surface outcrops
and the structure suggested by the seismic reflection image indicate
that the area has been affected by a major extensive tectonic event
responsible for the, relatively, low angle fault systems. The mid-lower
crust with an estimated thickness of c. 17 km features relatively high
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amplitude reflectivity fabric which suggests a laminated lower crust
beneath the CIZ (Fig. 4a and c).

By contrast, the mid-lower crust of the southernmost end of the
transect under the CU features a diffused reflectivity pattern and lacks
localized events which would correspond to the OMZ crust. The Moho
discontinuity at an approximate depth of 31 km is the most prominent
feature of the image, and it changes character along the profile most
probably revealing differences in its nature (Carbonell et al., 2013).

4.4. Upper crust of the CIZ

The seismic images reveal patches of reflectivity which feature char-
acteristic trends (dip attitude, amplitude, and lateral continuity) which
appear to complement the surface observations. For example the rela-
tively high angle dips of the events in the southern and northern most
parts of the seismic images suggest a complex degree of faulting and/
or folding (Fig. 4a and c). The southern end of the transect images the
suture zone that separates the OMZ from the CIZ where the CU has
been described (Azor et al., 1994; Burg et al., 1981; Simancas et al.,
2001). This section overlaps with the IBERSEIS transect (Simancas
et al., 2003, 2013) which is located, approximately, 70 km to the NW
(Fig. 1b). The image of the suture reveals geometry with similar struc-
tures as interpreted in the IBERSEIS profile. The northeast dipping
reflections from CDPs 1000 to 1500 are observed at c. 3 to 9 km depth
(Figs. 4c and 5). These reflections probably represent the depth

extension of the highly sheared CU, cut by the Espiel thrust at c.
2.5 km depth. The Azuaga Fault (AF), subvertical at surface, marks the
southernmost limit of the transect (Fig. 1c) and mainly due to lack/
reduced fold coverage the fault is not seen in the stack section. How-
ever, a steep north dipping event that intersects the first arrivals can
be identified in shot gathers from 3590 to 3622 (Fig. 5c). This corre-
sponds to the station located on top of the surface outcrop of the Azuaga
Fault zone. A series of south dipping events can be identified at the loca-
tion of CDPs 850 to 1250, c. 0 to 3 km depth. These events appear to
correlate with surface outcropping south dipping faults which corre-
spond to the northeast vergent Espiel thrust sheet. Note also that the
seismic fabric denotes that the crust has been strongly folded and
sheared revealing that this part concentrates relatively large amount
of deformation (Figs. 4c and 5). For example, within a relatively short
horizontal distance the reflectivity patterns change dip. This contrasts
with the rest of the profile, where the folding is less intense and the
reflected events feature smaller dips. Within CDPs 100 to 4000 (Zone
1) (Fig. 5), the crust is characterized by a relatively high degree of com-
plex structures denoting intense strain/deformation. The deformation
due to the collision is most probably localized near the main suture
zone (the CU) and decreases towards the north (increasing CDP num-
bers). The shallow northeast and southwest dipping reflections within
CDPs 1000 to 1750 can be associated to the Peraleda anticline (Figs. 4c
and 5). This structure, the Peraleda anticline is cut by a thrust fault
that projects to the surface approximately at CDP 1490. The reflectivity
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fabric decreases in amplitude just beneath the entire extension of
the Peraleda Anticline. This lack of reflectivity under the core of the an-
ticline suggests that it might be due to the presence of a southern
extension of a small granitic pluton (the Valsequello stock) at the sur-
face. The amplitude of the reflectivity is recovered between the Canaleja
Fault and the southern limit of the Pedroches Batholith a major Late
Variscan Igneous plutonic complex. The Pedroches Batholith lacks a
characteristic reflectivity fabric which is typical of undeformed plu-
tonic bodies. There is a lack of a clear reflection fabric until 4.5 km
depth. This most probably denotes the base of this intrusive body

at c. 4.5 km depth, in accordance with the interpretation by Aranguren
et al. (1997) as a thin laccolith intrusion. The reflectivity gap has an ex-
tension of approximately 27 km in length, although the pluton only out-
crops for about 14 km, which indicates that the Pedroches Batholith
continues northwards below the Mississippian sediments (Fig. 5b).

The amplitude level of the near surface reflectivity fabric is nearly
continuous from CDP 4000 until CDP 11,700 (Zone II). At this location
the southern limit of the Mora Pluton has been mapped at the surface.
From CDP 4000 (the surface location of the PG–CV Fault), until CDP
11,700, approximately the reflection fabric suggests an undulating
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series of surface structures with enhanced reflectivity in the synclines
(Ordovician to Devonian rocks) (Figs. 4c and 6). Between this CDP
range (4000 to 11,700) there are two localized spotswhere the reflectiv-
ity weakens: one in an area centred, approximately at CDP 5000 and a
second centred, approximately at CDP 7000. These coincide with the
Alcudia and Esteras anticlines, where theOrdovician to Devonian succes-
sion is missing and the Neoproterozoic to Cambrian (Schist–Greywacke
Complex) succession outcrops in anticlinal structures. Below the surface
fold-train, reverse faulting (blind thrusts) probably accompanied the
folding in the upper crust (c. 3 to 12 kmdepth) (Fig. 6). The deep reflec-
tivity of central part of the upper crust from about CDPs 2500 to 10,500
(Figs. 4c, 5 and 6) shows an imbricate character of folds and reverse
faults. Three sets of southwest verging imbricate thrust systems (x, y,
and z in Fig. 4c) are recognized along the southern and central part of
the upper crust. The set of northdipping reflective bands,most probably
represent a thrust fault system featuring small displacement thatmerge
in the subhorizontal reflective band interpreted as a basal decollement
(DL) which separates the upper crust from the mid-lower crust at a
depth of c. 13 km.

Towards the northern end of the transect the surface outcrop reveals
evidences of extensional faulting, the Toledo Fault (TF) being the
major example (Barbero, 1995; Hernàndez-Enrile, 1991). Themajor-
ity of the observed reflectivity correlates with the surface geology.
We interpret a series of southwest dipping reflections which are indic-
ative of, relatively, low angle faults (TF, MF, F1, F2, F3) (Fig. 7). In the
seismic image, the Toledo Fault (TF) can be interpreted as a south
dipping event which, although weak and diffuse near the surface can
follow dipping towards the south from CDP 13,100 till CDP 11,800
(Fig. 7). Another prominent reflection projects to the surface at
about CDP 11,600, and it appears to correlate with the Mora Fault
(MF). The reflectivity of the TF andMF decreases at the surface possibly
due to the contact with granitic bodies and soles down at c. 6 km.

Reflections F1 and F2 do not extend to the surface whereas F3 merges
with the TF. A semi-transparent unit (Mora pluton) is imaged from
CDPs 11,600 to 12,600 that extend to depths of about 3 km. The Toledo
Fault (TF) also acts as the upper limit of the Toledo Anatectic complex.
The Mora Pluton, the Toledo Anatectic complex, and the Toledo and
Mora Faults (south dipping fault system) define the geometry of what
has been labelled as Zone III (Figs. 4c and 7).

4.5. Middle-lower crust

From southwest to northeast comparing the seismic fabric that char-
acterizes the mid-lower crust of the defined three zones it is observed
that in the stack section Zone I features a relatively large population of
arcuate reflection segments denoting or suggesting boudinage struc-
tures within the mid-lower crust. These suggested lens shape features
turn to be horizontally stretched from CDP 4000 onwards, just after
the wedge feature that is imaged beneath the Moho (Figs. 3d and 4a).
There is also a transition in the vertical direction of the shape of these
boudins (Fig. 8). The seismic image reveals a complicated mid-lower
crustal structure, which is most probably a result of inter-network
of shear zones which result in a relatively large scale boudinage fabric,
boudinswith a horizontal length of 500 CDPs, (about 7 to 9 km). Another
feature which is relevant to point out is a dipping band of weak or lack-
ing seismic reflectivity which starts at the lower crust beneath CDP
1500 and extends to the surface at CDP 2500 very close to the southern
border of the Pedroches Batholith. This suggests possible association
with the batholith. This zone of weak reflectivity could be interpreted
as channel/pathwaywhichwould feed the batholith with the necessary
granitic magmas. At deeper levels (c. 30 km) and between CDPs 2800
and 3900, a singular wedge structure is imaged, which involves the
Moho discontinuity (Figs. 4a, c, and 8). The complex wedge reveals
about 18 km of the lower crust featuring relatively high amplitude
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and laterally continuous events which are arcuate at the top (c. 20 to
25 kmdepth). Beneath the dome like feature there is amarked reflectivity
fabric that extends down to the interpreted base of the crust. A possible
explanation for this wedge like feature is that it can correspond to the
deep representation of the surface identified major suture zone of the
CU (Fig. 8). North of the wedge structure and within Zone II, the crustal
structure is characterized by a relatively horizontal reflectivity fabric
which defines relatively long/stretched boudins (on the order of 1500
to 2000 CDPs in width which corresponds to, 26 to 43 km) about a factor
of 4 times wider than the boudins identified in Zone I (Figs. 3d and 4a).
The vertical thickness of these boudins is about 1.5 km (which corre-
sponds to, approximately 0.5 of the boudins' thickness identified in
Zone I). At this respect, the northern end of the IBERSEIS transect also im-
aged boudinage features with similar dimensions (Carbonell et al., 2004;
Simancas et al., 2003), these were located in the lower crust just north of
the outcrop of the CU. The seismic events simulate slices of crustal mate-
rial (boudins) which have been stacked one on top of the other, along
highly reflective shear zones. The structure could be interpreted as the

result of a transpressive suture zonewhere the deformation has been dis-
tributed and a large part of the deformation has been accommodated by a
flower structure about 52 km of which are imaged and mapped by the
ALCUDIAdeep seismic reflection image. Note that the IBERSEIS normal in-
cidence transect (Carbonell et al., 2004; Simancas et al., 2003) identified a
mid crustal magmatic intrusion which was labelled Iberian Reflective
Body (IRB). The current transect corresponds to the northern extension
of the IBERSEIS, and such a mid crustal high amplitude reflectivity struc-
ture is not identified. On the other hand, the prominent and complex
boudinage fabric is limited by a weak reflectivity feature that appears to
connect to the surface just beneath the Pedroches Granitic pluton. This
could correspond to a channel used by the granitic magmas that ended
up at the surface as the Pedroches Batholith. The seismic reflection fabrics
imaged beneath Zone I, the bivergent system of faults within the upper
crust and the south vergent pathway characterized by the lack of reflec-
tivity (Figs. 4c and 5) and the complex structure at the Moho beneath
CDPs 2800 to 3900 can be integrated into a crustal scale deformed flower
structure. Crustal scale transpressive shear zones and/or large scale strike-
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slip fault zones are able to involve the upper mantle which result in the
generation of melts (Pirajno, 2010). The Pedroches pluton can be the sur-
face expression of this crustal scale and probably deformed flower
structure.

The change of seismic fabric between the shallow crust, above
12–14 km, and the seismic fabrics at deeper crustal levels evidence a
major change in how the strain is accommodated (Simancas et al.,
2013). At shallower levels, in Zone II folding accounts for the

deformation (Figs. 4c and 6). These folds, below the surface, are proba-
bly cored byblind thrusts (Fig. 6)which accommodate the transpressive
shortening that accumulated during the collision andwasnot accounted
for in the development of the flower structure in Zone I. Therefore, the
folds near the suture zone (the Badajoz–Cordoba shear zone) feature
nearly subvertical limbs. Towards the north the folds are less pro-
nounced indicating a decrease in the amount of deformation in the
northeastern direction. It is very important to keep in mind that short-
ening was also accommodated by deformation and material movement
in and out of the planeof the seismic image. Themid-lower crust accom-
modated the deformation within, by a mechanics that generated nearly
horizontal seismic reflection fabric. Note that the change in the defor-
mation style corresponds to a relatively sharp discontinuity at c. 12–
14 km depth, which most probably corresponds to the ductile–brittle
transition. This feature (the brittle to ductile transition)was also evident
within the IBERSEIS deep seismic reflection image (Carbonell et al.,
2004; Simancas et al., 2003).

The Zone II (CDPs 4000 to 11,700) features a relatively marked
vertical change in the seismic signature which is located at a depth of
c. 12–14 km. Above this depth the reflectivity is somewhat diffuse
with some events which are mostly dipping either to the north or to
the south (see for example events labelled y and z in Figs. 4c and 6).
Beneath this depth, the reflectivity fabric denotes a relatively large
number of laterally continuous packets of events which are mostly hor-
izontal and/or slightly curved (downwards) which flatten at the Moho
depth. These packets have lengths that can extend to, almost 1000
CDPs, over more than 15 km in length. Zone II at the surface extends
till CDP 11,700, at depth; it probably extends up to CDP 10,500. It
could be suggested that this location is the southern limit of the exten-
sional fault system where it soles into the brittle to ductile transition.
The south dipping feature can be projected to the surface at approxi-
mately CDP 13,100 (the TF in Figs. 4c and 7), an extensional fault of
Late to post Variscan age. Fig. 7 reveals that the TF is part of a system
of, mostly extensional faults. These geometrical relationships suggest
that this feature could also be considered as a pathway that would
have feed the granitic pluton.

Beneath theMF, the seismic section reveals a subhorizontal to south
dipping event fromCDPs 11,200 to 10,400which can be taken as the top
limit of the mid-lower crust (Fig. 9). The most prominent feature is a
high amplitude c. 0.8 km thick continuous band of reflectivity, located
at c. 23 km beneath CDP 13,100. This sequence of reflectivity is
subhorizontal up to CDP 12,300 where it rises towards the southwest
and reaches CDP 11,000 at c. 15 km. This well-marked feature has
been interpreted as a lower crust thrust that enabled extension at sur-
face (the TF and related normal faults) (see Martínez-Poyatos et al.,
2012 for further explanation). Thus, the south dipping extensional
fault zone in the upper crust and the thrust dipping to the north in the
lower crust define Zone III. The hanging wall of the lower crustal thrust
is highly deformed and features low amplitude and discontinuous re-
flectivity. The southwest dipping reflectivity of the hangingwall is trun-
cated by a sequence of thrust faults that merge in the lower crustal
thrust (Fig. 9).

The Mohorovicic discontinuity beneath Zone II is a high amplitude
band of reflectivity which beneath Zone III splits into a double horizon-
tal band of reflections (Fig. 9). TheMoho beneath Zone II can be consid-
ered to be about 1.5 to 2.1 km thick. This Moho contrast with the Moho
imaged beneath Zone I which is a very thin feature less that 400 m. The
lower crust of Zone II is highly reflective and its base, the Moho discon-
tinuity, is located c. 31 km depth. The overall geometry of the Moho is
flat with minor undulations and its internal fabric is subhorizontal.
The most outstanding feature below the Moho discontinuity is the
southwest dipping mantle wedge between CDPs 2800 to 3900 at c. 30
to 36 km (Figs. 4c and 8). Below the Moho, the upper mantle is almost
transparent and reflections are limited to deep zones at 18 to 19 s (65
to 70 km depth) over CDPs 6500 to 7000 and 16 to 17 s (45 to 55 km
depth) beneath CDPs 11,700 to 12,500 (Fig. 3d). The thickness of the
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mid-lower crust in the northern and southern zones is relatively higher
than the central zone of the ALCUDIA transect.

5. Discussion

The ALCUDIA profile provides a high resolution and reliable image of
the crust and uppermantle down to depths of about 45 km (15 s TWTT;
Figs. 3d, 4a, c, 10a, and b). Both, the IBERSEIS and the ALCUDIA seismic
profiles demonstrate that the CIZ overthrust the OMZ, resulting in
the formation of Devonian recumbent folding and thrusting decoupled
from the lower crust in the footwall, and back-folding and back-
shearing in the hanging wall (Simancas et al., 2001). The upper crust
interpretation of the ALCUDIA profile is based on the surface geological
observation, regional geological knowledge and reflectivity patterns
(Fig. 10a and b). The normal faults in the upper crust are interpreted
on the ALCUDIA profile by their direct correlation with the surface
structures. The deep structural framework of the ALCUDIA profile com-
prises high amplitude, horizontal to subhorizontal, laterally coherent
reflectivity and gently to steeply dipping reflections. Large scale strike-
slip faults constitute major structures that can extend to lithospheric
depths (Zengqian et al., 2003). These structures are able to channel
mantle material into the subcontinental lithospheric mantle and/or
indirectly provide heat that can inducemelting of lithosphericmaterial,
resulting in igneous activity, characterized bymagmatic products, rang-
ing frommafic–ultramafic to granitic, but all with an alkaline signature

(Pirajno, 2010). Furthermore, the fractures zones constituteweak zones
(and pathways) which can be reactivated by any other tectonic activity
that can affect the area. The CU has been identified at the surface as the
most representative unit of the suture/transpressive shear zone, the
Tomar–Badajoz–Cordoba. At depth, a singular structure, the wedge, is
imaged beneath CDPs 2800 to 3900. This feature is a strong candidate
to reflect, or constitute evidence of the collision–suture zone at the
Moho depth (Martínez-Poyatos et al., 2012; Simancas et al., 2013).
The trend of the major structures identified in the surface geology,
and similar crocodile type collisional fabrics identified in the northern
end of the IBERSEIS transect seems to support this idea (Carbonell
et al., 2004; Simancas et al., 2003). Jointly these two structures, the sur-
face and the deep one can be interpreted as part of a crustal scale
deformed flower structure generated during the transpressive, strike-
slip tectonics.

In the Almadén Mercury deposit, Silurian to Devonian alkali mafic
volcanics appear, the age of the Hg mineralization being centred at
340–360 Ma (Hall et al., 1997; Higueras et al., 2000), with some contri-
butions to the mineralization during the Pennsylvanian, 320 Ma (Hall
et al., 1997). Its origin is strongly debated, and there is still some discus-
sion on whether it is associated to hydrothermal activity or to alkali
mafic volcanics. Hydrothermal systems, for example in Nevada and
New Zealand, are known to report cinnabar and stibnite deposits.
These are presumably related to Pliocene to recent volcanism and a
change from subduction to transform tectonics (Peabody and Einaudi,
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1992). Othermercury deposits in theAlmadén areawhich are hosted by
volcanics seem to indicate a direct relation between mercury minerali-
zation and mantle derived alkaline basaltic volcanics (see for example
the Las Cuevas deposit Hernandez, 1984; Ortega, 1986; Ortega and
Hernandez, 1992). It is recognized that there is a relatively high contri-
bution related to deepmafic volcanics perhaps of asthenospheric origin
(Higueras et al., 2000; among other authors). In the Almadén district at
least one feeder pipe of the alkaline basalts and presumably also of the

mercury mineralization, is known near the village of Almadenejos but
its tectonic control has not been established. Outside the Almadén dis-
trict, in the Paleozoic of Iberia, this type of volcanism has only been ob-
served in an area in Cantabria (Heinze et al., 1985), where substantial
mercury and antimony mineralizations have also known to occur
(Maucher, 1976). So the two apparently opposing views are not neces-
sarily mutually exclusive. The Geochemical characteristics of these
rocks suggest that the deposit is possibly related to mantle derived
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intraplate magmas that yielded basalts and olivine diabases of alka-
line affinity, and quartz diabases of transitional to tholeitic affinity.
The deposit was further enhanced by hydrothermal activity with
the involvement of sea water which favoured the appropriate condi-
tions for the generation of this unique deposit. Alkali mafic magmas of
mantle origin emplaced in a continental intraplate setting would
account for the origin of the Mercury deposit of Almadén. The IRB
(Carbonell et al., 2004; Simancas et al., 2003) was located within the
OMZ and it appears not to extend towards the CIZ. The ALCUDIA tran-
sect does not show evidence of the IRB extending further to the north.
Some of the fractures and faults within form the structure underlying
the Almadéndistrict, as suggested by the seismic image, could have pro-
vided the tectonic link with lower crust and mantle, together with the
pathways for the alkaline basaltic magma during the Late Ordovician
to Early Devonian. The mineralization was then farther emphasized
by the plume activity in Lower Carboniferous.

The relatively high amplitude reflection fabricwithin the CIZ is local-
ized within the mid-lower crust. This reflection fabric suggests a
strongly laminated lower crust which is almost horizontal and limited
by a remarkably horizontal Moho located at 31 km depth. The Bouguer
anomaly (Figs. 1e and 3c) along the ALCUDIA transect features a
40 mgal difference between the maxima near the southern end of
the transect and the minima near the northern end of the transect
(García-Lobón et al., 2014). The average topography is 500 m and its
high points are located at CDP 11,500 offset to the south of where the
relative Bouguer anomaly minimum is located. This 40 mgal decrease
in the Bouguer gravity anomaly in almost 250 km and the fact that
the Moho is horizontal at 31 km depth suggesting that the physical
properties of the crust (in particular the density) are changing towards
the north. This simple observation suggests that the CIZ crust features
higher content in mafic materials towards the south, within the
neighbourhood of the proposed flower structure, until CDP 3000 and
decreases inmafic content towards the north. Then the gravity anomaly
is nearly horizontal ~40 mgal which suggests that the content in mafic
materials is nearly constant from CDP 3000 up to CDP 11,000. From the
latter location till the northern end of the transect the crust is lessmafic.
The available geophysical data (Palomeras et al., 2009, 2011; Pous et al.,
2011) over the southern end of the CIZ and the OMZ suggests a mafic
composition for the mid-lower crust beneath this contact zone.

The ALCUDIA transect corresponds to a northern extension of the
IBERSEIS. One of the most outstanding results of the IBERSEIS transect
was the imaging, in the middle crust of the OMZ, of the IRB high ampli-
tude reflection bodywhichwas interpreted as a layeredmafic intrusion
(a stack of mafic sills) (Simancas et al., 2003). This suggests that the
mafic rocks that intruded the CIZ are mostly located within the mid-
lower crust, and mostly towards the south. At this respect, Carbonifer-
ous mafic rocks (both plutons and volcanics) exist in the southern end
of the CIZ (Fig. 1c), and are common in the OMZ (coherently with the
underlying IRB). These magmas, most probably used the preexisting
fault/fracture zones as pathways resulting in a strongly reflecting lami-
nated lower crust. The intrusion of the mafic material affected mostly
the flower structure, itself, and decreased to the north. Within the
flower structure, Zone I, the attitude of the fractureswould be subvertical.
This geometry is difficult to image by normal incidence deep seismic
reflection data and only patches of reflecting bodies (relatively large
boudins) are imaged (Heinonen et al., 2012). The rest corresponds to
diffractions and back scattered energy typical seismic images of the
crystalline terranes. At increasing distances from the suture zone the atti-
tude of the weak zones (fractures, faults, and shear) is more horizontal
favouring the intrusion of sill-like structures, or alternatively as the
distance from the interpreted flower structure increases the horizontal
fabric could represent anastomosing, ductile shear zones. These would
be responsible for the interpreted laminated lower crust.

The Moho discontinuity imaged over the CIZ features relatively high
amplitudes and horizontal band of reflectivity. The geometry of Moho
over the OMZ shows horizontal to flat reflections (Figs. 3d and 4a).

The horizontal geometry of the Moho discontinuity is an important
observation as it is located at the same depth, at c. 31 km, along the
IBERSEIS (Simancas et al., 2003) and the ALCUDIA transects
(Martínez-Poyatos et al., 2012; Simancas et al., 2013). This observation
indicates that the southern part of the Iberian Peninsula features a
Moho at a constant depth of 30 km from the Gulf of Cadiz to Toledo
(Carbonell et al., 2013; Diaz and Gallart, 2009). Therefore, the topogra-
phy along the ALCUDIA transect characterized by undulating long
wavelength (hundreds of km) contrasts with the lack of depth varia-
tions for the Moho discontinuity. The topography can change along
the ALCUDIA, approximately 0.5 km in average, and in the context of
the Iberian Plateau this topographic change can reach 0.7 km. Litho-
spheric scale folding (Casas-Sainz and De Vicente, 2009; Cloetingh
et al., 2002; De Vicente and Vegas, 2009) can account for the longwave-
length undulating topography and generated differential uplift/subsi-
dence in the different areas of the Iberian plate. However, the
horizontal geometry of theMoho requires that the deformation that re-
sulted in the surface topography needs to be accommodated within the
crust by the appropriate structures and or processes. The seismic image
strongly supports the partition of the strain in three different ways
which are regulated by the rheology and the physical properties (of
temperature and pressure). Near the surface and above 10–12 km the
deformation appears to be accommodated mostly by folding. These
folds are possibly cored by blind thrust which also accommodated
some amount of deformation. The faults constitute the limits of upper
crustal blocks which move mostly out of the plane of the image and
also contribute to the elevation to a small degree. The brittle to ductile
transition is the base of this blockwhere themid-lower crust is probably
represented by pods, boudins of material limited by shear zones. These
shear zones can be partially intruded by alkali mafic sills which make
them more reflective. This structure would be able to accommodate
compression by distributed amount of topographic uplift, generating
relatively long wavelength folding (Fig. 10). On the ALCUDIA stack sec-
tion the presence of the subhorizontal tectonic units indicates lateral ve-
locity variations which were not considered in case of the poststack
migration. An accurate estimation of velocity model is required to run
prestack migration to deal with sharp velocity variations (Flecha et al.,
2010). Prestack time migration (Kirchhoff) was applied on the
ALCUDIA profile but it did not provide better resolution.

6. Conclusions

In this study,we revised the processingusing an improvedworkflow
for the ALCUDIA normal incidence deep seismic profile about 230 km
long over an intracontinental part of the western European Variscan
Orogen in the Central Iberian Zone (central Spain). The reassessment
of the data enabled us to provide a high quality image and led us to an
updated and more confident geological interpretation. An optimal
estimation of the stacking velocity combined with a good estimation
of residual static, refraction static corrections, filtering and migration
was the most important processing step.

Although the geology is complex, the image showsmuch of the shal-
low and deep structure of the CIZ, as well as the deep structure of the
suture with the OMZ. The regions of significant faulting and folding
have been presented and interpreted in details along the ALCUDIA pro-
file. The seismic response of the subsurface can be differentiatedmainly
in two patterns, reflective or transparent. The contacts between the
reflective and transparent packages are interpreted as faults and in
some cases to originate from lithological variations. The transparent
sequences are interpreted to be originated from granitic bodies such
as Mora Pluton and Pedroches Batholith, each c. 3.5 km thick. In the
upper crust, the tectonic style of deformation is accommodated mainly
by folding, high angle faulting and the imbricate thrust systems. In the
north, the Toledo Fault and the Mora Fault are imaged as low angle
extensional listric features dipping to the south. In the south, the
north dipping Central Unit, associated with the CIZ/OMZ suture abuts
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against the Espiel thrust. A decollement is defined at c. 13 km, based on
the contrast in reflectivity between the upper and the mid-lower crust.
Moreover, the occurrence of imbricate thrusts, in the upper crust,
shallowing downward implies that they sole down into a subhorizontal
basal detachment. The seismic image demonstrates that the upper
and mid-lower crust responded differently to the deformation. The
reflectivity of the lower crust is typical of the continental crust, dense
and subhorizontal to flat across Zone II of the ALCUDIA. However, in-
tense deformation patterns are recognized as transpression/thrusting
across Zone I and III of the image. The ALCUDIA profile shows dipping
reflectionswedging into the uppermantle that are interpreted to repre-
sent the Tomar–Badajoz–Cordoba shear zone at depth. The Moho
discontinuity is imaged at c. 31 km depth as flat lying reflections with
minor undulations.
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Abstract 24 

A P-wave seismic velocity model has been obtained for the Central Iberian Zone, the largest 25 

continental fragment of the Iberian Variscan Belt. The spatially dense, high-resolution, wide-26 

angle seismic reflection experiment ALCUDIA was acquired in 2012 across central Iberia 27 

aiming to constrain the lithospheric structure and resolve the physical properties of the crust 28 

and upper mantle. The seismic transect, ~310 km long, crossed the Central Iberian Zone from 29 

its suture with the Ossa-Morena Zone to the southern limit of the Central System mountain 30 

range. The energy generated by 5 shots, was recorded by ~900 seismic stations. High 31 

amplitude phases were identified in every shot gather for the upper crust (Pg and PiP) and 32 

Moho (PmP and Pn). In the upper crust, the P-wave velocities increase beneath the Cenozoic 33 
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Tajo Basin. The base of the upper crust varies from ~13 km to ~20 km between the 34 

southernmost Central Iberian Zone and the Tajo Basin. However, lower crustal velocities are 35 

more homogeneous. From SW-NE, the travel-time of PmP arrivals varies from ~10.5 s to 36 

~11.8 s, indicating lateral variations in the P-wave velocity and the crustal thickness, 37 

reflecting an increase towards the north related with recent alpine tectonics and the isostatic 38 

response of the crust to the orogenic load. The results suggest that the high velocities found in 39 

the upper crust near the Central System might correspond to igneous rocks and/or high grade 40 

metamorphic rocks. The contrasting lithologies and the increase in the Moho depth to the 41 

north evidence differences in the Variscan evolution. 42 

1. Introduction 43 

One of the most important and socially relevant objectives in Solid Earth Sciences is the 44 

knowledge of the relief/topography changes and their causes. Quite often, changes in 45 

topography are the direct result of the crustal response to the interaction between deep and 46 

surface processes (including erosion and, therefore, climate). However, the crustal response to 47 

these processes is controlled by its shallow and deep structure and by its physical properties. 48 

The rocks in the shallow crust are accessible by drilling, whereas at deeper crustal levels rocks 49 

can only be investigated by indirect techniques. It is, thus, mandatory to carry out an indirect 50 

probing of the deepest parts of the crust to understand its shallowest expression, the 51 

topography. 52 

The evolution of the topography has been a major concern in Europe during the last decade, 53 

with numerous international research programs aimed to address this topic of high 54 

significance to society (e.g., TOPOEUROPE, [Cloetingh et al., 2007];  TOPOMOD, 55 

[Artemieva, 2007]; TOPOIBERIA [Carbonell TOPOIBERIA WG, 2006]). In the Iberian 56 

Peninsula, the central meseta features an average altitude of 600-700 m and, is actively 57 

increasing its elevation [Cloetingh et al., 2011]. The way these changes are accommodated is 58 

highly dependent and very much related to the internal structure and physical properties of the 59 

crust, including crustal thickness. Since the early 2000’s, the Spanish Earth Science research 60 

community has struggled to undertake multi-disciplinary studies of the crust and lithosphere 61 

in SW and central Iberia. Detailed lithospheric structures have been delineated primarily from 62 

controlled source, high-resolution, normal incidence and wide-angle seismic reflection data 63 

[Simancas et al., 2003; Carbonell et al., 2004; Flecha et al., 2009; Palomeras et al., 2009, 64 

2011a; Martínez Poyatos et al., 2012; Ehsan et al., 2014]. This manuscript aims to contribute 65 
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to this knowledge providing additional information about central Iberia, aiming to add 66 

constraints that can be used in the study of the origin and evolution of its relief.   67 

Multi-seismic experiments include normal incidence and spatially dense wide-angle seismic 68 

reflection data. Since the late 80's, these experiments are the main tool to obtain constraints 69 

and improve the knowledge on the structure and physical properties of the lithosphere [e.g., 70 

Klemperer and Matthews, 1987; Freeman et al., 1988; Pérez-Estaún et al., 1991, 1994, 1995; 71 

Carbonell et al., 1996, 1998, 2000; Ayarza et al., 1998, 2004; Cook et al., 1999, 2010; Onken 72 

et al., 2000]. The geological processes at lithospheric scale are best understood by the high-73 

resolution results obtained from deep seismic surveys. The main source of information about 74 

the physical properties and composition of the crust and upper mantle comes from wide-angle 75 

reflection prospecting, whereas the normal incidence experiments constrain the internal fabric 76 

and geometry of the crustal structure. In order to estimate the composition of the crust and 77 

even the lithosphere, the physical properties of rocks (P- and S-wave velocities, densities) 78 

measured in laboratories are compared with the ones derived from wide-angle seismic 79 

reflection data [e.g., Hawman et al., 1990,  Palomeras et al., 2009, 2011a]. 80 

The objective of this manuscript is to present the ALCUDIA wide-angle seismic reflection 81 

profile (ALCUDIA-WA), which was acquired across the central part of the Iberian Massif 82 

(Figures 1, 2 and 3). This ~310 km long transect, starts at the boundary with the Ossa-Morena 83 

Zone (OMZ) and goes across the Central Iberian Zone (CIZ) until the Central System (CS) 84 

mountain range. It constitutes the northward extension of the previously acquired IBERSEIS 85 

(Figure 1), normal incidence and wide-angle transects [Simancas et al., 2003; Carbonell et al., 86 

2004; Flecha et al., 2009; Palomeras et al., 2009, 2011a]. The present analysis of the 87 

ALCUDIA-WA data and the coincident ALCUDIA normal incidence profile (ALCUDIA-NI) 88 

[Martínez Poyatos et al., 2012; Ehsan et al., 2014] place unique constraints on the structure 89 

and composition of the crust of the CIZ (Figures 2b and 3). The main objectives of 90 

ALCUDIA-WA are: 1) to derive a well resolved P-wave velocity model; 2) to provide insights 91 

on the large scale structures/boundaries; 3) to determine the crustal thickness based on the 92 

reflections associated with the crust-mantle boundary; 4) to place key constraints on the 93 

nature and composition of the crust and upper mantle; and 5) to assess the implications of the 94 

previous points into the tectonics and evolutionary processes of the lithosphere and its 95 

topography. In summary the ALCUDIA-WA provides an excellent opportunity to study the 96 

distribution of physical properties of an old intra-continental orogenic region with limited 97 

knowledge on the nature of the structures below the surface. 98 
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  99 

2. Geological and Geophysical Setting 100 

The Iberian Massif represents an almost continuous section of the so-called Variscan-101 

Alleghanian orogen, which resulted from Late Paleozoic collision between two main 102 

paleocontinents: Laurentia-Baltica to the north and Gondwana to the south [Franke, 2000; 103 

Matte, 1986, 2001]. The Iberian Massif is made up of six continental fragments, some of them 104 

with suture units in between (Figure 1). The Cantabrian Zone (CZ) and the South Portuguese 105 

Zone (SPZ) represent the external zones, while the Western Asturian-Leonese Zone (WALZ), 106 

the Galicia-Tras-os-Mostes Zone (GTMZ), the  CIZ, and the OMZ are the internal zones of 107 

the Iberian Massif (Figure 1) [e.g. Simancas et al., 2001, 2003]. 108 

The CIZ is bounded to the south by the Badajoz-Cordoba Shear Zone [Burg et al., 1981], later 109 

redefined as the Central Unit (CU) [Azor et al. 1994]. It is a 5 km wide zone considered to be 110 

the tectonometamorphic boundary between the CIZ and the OMZ, i.e., its suture. It is limited 111 

to the south by the Azuaga fault and to the north by the Matachel fault (Figures 2a and 2b). 112 

The main geological features of the CIZ include [Martínez Catalán et al., 2004]: (1) 113 

Neoproterozoic to Lower Cambrian flysch sedimentary successions (Schist-Greywacke 114 

Complex, Serie Negra) related to the Cadomian orogeny along northern Gondwana; (2) 115 

Lower Ordovician orthogneisses (continental rifting); (3) Ordovician to Devonian succession 116 

(continental platform); (4) Devonian to Carboniferous deformation and metamorphism 117 

(Variscan collision); (5) Mississippian flysch succession related to intra-collisional extension; 118 

and (6) Pennsylvanian migmatites and granitic batholiths (syn- to late Variscan orogeny). The 119 

CIZ is subdivided into two tectonic domains [Martínez Catalán et al., 2004]: (1) in the north, 120 

the Ollo de Sapo Domain is characterized by Lower Ordovician granular gneisses and 121 

Variscan recumbent folds; (2) in the south, the Schist-Greywacke Complex Domain is 122 

characterized by a thick Neoproterozoic-Lower Cambrian flysch sedimentary succession and 123 

Variscan upright folds. The ALCUDIA-WA profile samples a complete transect of the Schist-124 

Greywacke Complex Domain (Figures 1, 2a and 2b). Towards the north, it is covered by the 125 

Tajo Basin (TB), a Cenozoic fore deep of the CS, an Alpine mountain range [de Vicente and 126 

Muñoz-Martín, 2013]. 127 

SW Iberia has been sampled by controlled-source seismic reflection experiments that include 128 

normal incidence [Simancas et al., 2003; Carbonell et al., 2004; Martínez Poyatos et al., 2012; 129 

Ehsan et al., 2014] and wide-angle [Palomeras et al., 2009, 2011a]. These were acquired 130 

within two main research programs: The IBERSEIS and the ALCUDIA projects [Simancas et 131 
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al., 2003; Carbonell et al., 2004; Martínez Poyatos et al., 2012; Ehsan et al., 2014]. Together 132 

they constitute an almost 600 km long crustal transect aimed to address the crustal structure 133 

and the physical properties of the central and the SW Iberian Massif. The images obtained 134 

from IBERSIES and ALCUDIA normal incidence profiles reveal that the crust is more 135 

reflective than the upper mantle [Simancas et al., 2003; Carbonell et al., 2004; Martínez 136 

Poyatos et al., 2012; Ehsan et al., 2014]. The crustal internal architecture is variable, thus 137 

suggesting the existence of a number of different processes, lithologies and terranes across the 138 

SW Variscan orogen. However, common features exist in both transects: 1) a prominent 139 

boundary between the upper crust and the mid-lower crust; and 2) a clear Moho discontinuity 140 

located at 10 s to 11 s two-way travel-time (twtt) [Figure 3 in Simancas et al., 2003, Figure 4 141 

in Martínez Poyatos et al., 2012; Figure 4 in Ehsan et al., 2014]. Both discontinuities are 142 

suggested to act as decoupling surfaces [Simancas et al., 2003; Carbonell et al., 2004; 143 

Martínez Poyatos et al., 2012; Ehsan et al., 2014]. The IBERSEIS normal incidence deep 144 

seismic reflection profile imaged a high amplitude reflective band, ~3-5 km thick and ~175 145 

km long, at mid-crustal levels (~4.5 s twtt) [Figure 3 in Simancas et al., 2003]. This mid-146 

crustal, sill like structure (IRB, the Iberseis Reflective Body) was interpreted as a layered 147 

magmatic body [Simancas et al., 2003] intruded along the brittle/ductile transition and was 148 

not observed to the north, in the ALCUDIA-NI seismic section [Figure 4 in Martínez Poyatos 149 

et al., 2012; Figure 4 in Ehsan et al., 2014]. In the latter, the most outstanding features are: 1) 150 

a thick and very reflective mid-lower crust with ductile boudinage structures approximately 7 151 

km long; and 2) an upper mantle wedge [Martínez Poyatos et al., 2012; Ehsan et al., 2014]. 152 

The seismic character in the vicinity of the crust-mantle transition is laterally variable: it 153 

changes from sharp, high amplitude reflectivity beneath the SPZ to diffuse and discontinuous 154 

below the OMZ and to highly reflective again under the CIZ [Simancas et al., 2003; Carbonell 155 

et al., 2004; Martínez Poyatos et al., 2012; Ehsan et al., 2014]. 156 

The IBERSEIS wide-angle seismic reflection experiment has proved to be very successful in 157 

placing constraints on the distribution of structures and physical properties in the upper 158 

lithosphere [Flecha et al., 2009; Ayarza et al., 2010; Palomeras et al., 2011a]. It consisted of 159 

two profiles (A and B), ~250 and ~300 km long, respectively, one of them coincident with the 160 

IBERSEIS normal incidence experiment [Figure 1 in Palomeras et al., 2009, 2011a]. The 161 

Moho is located at ~32 km depth although some crustal thickening is depicted around the CU, 162 

coinciding with the location of the IRB. The structural image obtained from the IBERSEIS 163 

wide-angle, low-fold stack section and from the synthetic modeling reveals a strongly 164 

65



6 

 

 

heterogeneous crust and relatively complex structures for the crust-mantle transition beneath 165 

the OMZ when compared to the SPZ and the CIZ [Flecha et al., 2009]. The S-wave structure 166 

and Poisson’s ratio models were calculated to place further constraints on the possible rock 167 

types that make up the crust in the SW Iberia [Figures 5 and 6 in Palomeras et al., 2011a]. 168 

Furthermore, multi-disciplinary potential field lithospheric modeling that included gravity, 169 

heat flow, geoid and topography provided further support to the crustal model and constrained 170 

the geometry of the lithosphere-astenosphere boundary [Figures 4 and 5 in Palomeras et al., 171 

2011b]. 172 

Different geophysical approaches have also been used to constrain the models derived from 173 

the IBERSEIS and ALCUDIA seismic experiments. A 200 km long magnetotelluric (MT) 174 

transect, overlapping the IBERSEIS normal incidence profile, was acquired across the SW 175 

Iberian Massif. The resulting models reveal distinctive electric conductivities for the SPZ, the 176 

OMZ and the southern CIZ [Figure 5 in Pous et al., 2004]. A 120 km long high conductivity 177 

layer extending along the OMZ coincides with the IRB at mid-crustal depths suggesting that 178 

the two are probably related [Pous et al., 2004]. Another MT transect was acquired 179 

overlapping the ALCUDIA-NI profile [Figure 3 in Pous et al., 2011]. It featured distinctive 180 

upper crust conductive bodies that correlate with the surface geology, and a mild but persistent 181 

mid-lower crust conductivity layer. Bouguer gravity anomaly modeling [Ayala, 2013; García-182 

Lobon et al., 2014] has also provided additional control to the shallow crustal structure 183 

studied by the ALCUDIA-NI section.   184 

The ~310 km long ALCUDIA-WA transect is the latest effort carried out to unravel the 185 

structure and composition of central Iberia. Acquired in spring 2012, it overlaps the trace of 186 

the ALCUDIA-NI transect (Figure 2a) providing the keys to establish the link between normal 187 

incidence time sections and depth sections. The integration of both datasets will contribute to 188 

establish a structural and compositional model of this internal area of the Iberian Massif, in 189 

the same way that the IBERSEIS transects achieved it for the SPZ and the OMZ. 190 

 191 

3. The ALCUDIA Wide-Angle seismic reflection profile: P-wave Data 192 

3.1. Acquisition 193 

The acquisition design included three lines of receivers, having a total length of ~350 km 194 

(Figure 2a). The main line, the so called ALCUDIA-WA (Figures 2a and 3) is ~310 km long, 195 

strikes NE-SW to NNE-SSW, it is approximately perpendicular to the structural grain. A ~40 196 

km long line of receivers that trends NNW-SSE was deployed perpendicular to the CS 197 
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mountain range (Figure 2a).  Over 900 TEXANS (single component, digital recording seismic 198 

station) from the IRIS-PASSCAL Instrument Pool were deployed from the northern boundary 199 

of the OMZ to the alpine thrust representing the southern boundary of the CS (Figure 2a). The 200 

entire ALCUDIA-WA survey had a nominal shot and receiver spacing of 70 km and 400 m, 201 

respectively. Five explosive sources (A1 to A5, Figure 2a), each one consisting in 1TM of 202 

explosive, were placed in ~55 m deep single boreholes (Table 1), providing a signal rich in 203 

high frequencies resulting in shot records characterized by high signal-to-noise ratio. The 204 

effect of improving the lateral continuity of the seismic events in the shot record sections by 205 

acquiring data with small trace spacing (e.g. 400 m) has been already illustrated by Palomeras 206 

et al. [2009] and has also been taken into account in this experiment. For this reason, these 207 

data can be qualified as a high-resolution wide-angle dataset. 208 

This manuscript analyzes the data provided by 4 shots of the ALCUDIA-WA main transect 209 

(Figures 2a and 3). The acquisition geometry with regard to shot A1 (Figure 2a) can introduce 210 

travel-time complexities and uncertainties in the quantitative interpretation. Therefore shot 211 

gather A1 was excluded in the current contribution, and only shot gathers A2-A5 are 212 

considered in the numerical modeling. 213 

GPS instruments provided the location of the seismic instruments and the shot points. The 214 

geometry of the acquisition was introduced in the trace headers, the offset was calculated and, 215 

then the seismic traces were stored using conventional SEGY format. In the ALCUDIA-WA 216 

profile (Figures 2a and 3) the selected acquisition parameters provided a continuous coverage 217 

from 0 to ~280 km offsets. The shot records are characterized by high signal-to-noise ratio, so 218 

that, clear P- and S-wave arrivals can be identified. Even though only vertical geophones were 219 

used and only P-waves will be presented here, shot records also show outstanding S-wave 220 

phases (e.g. SmS in Figure 4). Conventional labeling is used for the identified events. The 221 

arrivals on the shot records include: Ps for the P-waves travelling through the sediments; Pg 222 

for direct P-wave arrivals travelling through the basement; PiP for the P-wave phase reflected 223 

off an interface located between the upper and mid-lower crust; PmP for the P-wave reflected 224 

at the Moho discontinuity; and Pn for the P-head wave (refracted arrival) traveling within the 225 

upper mantle. The spatially dense trace sampling provides an increased lateral resolution and 226 

laterally limited structures are likely to be identified [Palomeras et al., 2009], potentially 227 

introducing further complexity in the seismic velocity models [Carbonell et al., 2004]. 228 

3.2 Processing 229 
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The lateral coherency of seismic phases has been further emphasized by the signal processing 230 

strategy. For the purpose of phase identification and travel-time picking, raw and processed 231 

shot records were analyzed throughout processing. The main focus of the processing was to 232 

enhance the P-wave phases and, for the purpose of this manuscript, special attention was paid 233 

to the first 30 s of the shot records. The processing included: amplitude corrections for 234 

spherical spreading (amplitude gain, scaling), analysis of the frequency content in order to 235 

design appropriate band pass filters (Figure 4) and, amplitude balancing. A series of tests were 236 

conducted in order to estimate a reasonable gain function in relation to the spherical 237 

divergence corrections. This processing step also minimized the source and receiver coupling 238 

differences. Attenuation of the surface waves was also performed. A reduction velocity of 8.0 239 

km/s was used for display purposes (Figures 4, 5, 6 and 7). 240 

Frequency analysis reveals that different crustal P-wave events present on the shot records 241 

feature frequencies from 4 to 25 Hz (Figures 4 and 5). The main phases, PmP and PiP have 242 

frequencies between 10-20 Hz but are already resolved by low frequency band-pass windows, 243 

from 2 to 8 Hz and from 2 to 13 Hz, respectively (Figures 5a and 5b). As the width of the 244 

band-pass filter is increased, the imaged events reveal much of the associated coda, 245 

suggesting a notable increase in the structural complexity. Note, for example, that the 246 

reflectivity just beneath the PiP is enhanced when a band pass filter of 10-20 Hz or 16-32 Hz 247 

is applied, suggesting a laminated structure between PiP and PmP. Furthermore, when high 248 

frequencies are considered, the PmP arrival can be identified at normal incidence (Figures 5c 249 

and 5d). This unusual observation in wide-angle shot records is possible thanks to the narrow 250 

trace spacing and the bandwidth of the seismic source and will contribute greatly to define the 251 

Moho. For the conventional model interpretation, a band-pass filter between 5 to 20 Hz (5-8-252 

18-20 Hz) was applied to the shot records in order to reduce source generated noise, to 253 

improve the data quality and to enhance the reflectivity of the principal arrivals. The 254 

application of a predictive Wiener deconvolution using a 250 ms operator and a 16 ms gap 255 

length had a great influence on the resolution and helped to reduce the noise, whitening the 256 

frequency content of the seismic signal. After this processing sequence (Table 2) a series of 257 

high amplitude events (retaining true relative amplitude information) are identifiable within 258 

the crust and down to Moho depths. Amplitude variations can be considered to represent the 259 

complexity of the geology and/or that related to the structure of the crust. 260 

3.3. Data description 261 
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The shot gathers (A2 to A5, from south to north, Figures 2a and 3) show good-quality and 262 

clear P-wave arrivals from the boundary between the upper and mid-lower crust, the Moho 263 

and the upper mantle (Figures 6a, 6b, 6c and 6d). The presence of laterally limited events is 264 

occasional. The identified phases can be correlated from shot to shot and therefore are 265 

interpreted to correspond to the same structure or interface. The correlation is based on the 266 

similarities between time-offset relations and amplitudes of the events. The identified phases 267 

Ps, Pg, PiP, PmP and Pn constrain a layered crustal model consisting of sediments, an upper 268 

crust, mid-lower crust and mantle. Details in the slope of the direct arrivals, Ps and Pg are 269 

consistent with surface geology (Figures 2a and 2b). The direct arrivals and the reflected P-270 

wave arrivals at the Moho (PmP) are the most outstanding events (Figure 6). A critical 271 

refraction at the Moho boundary through the upper mantle, the Pn phase, is identified for 272 

offsets larger than 120 km across all the shot gathers. 273 

In the shot record A2 (Figure 6a), the Pg phase is identifiable as first arrival between –48 km 274 

to +69 km offsets. Beyond these offsets a decrease in amplitude is observed. The P-wave 275 

reflected arrivals from the boundary between the upper and mid-lower crust (PiP) feature 276 

relatively high amplitudes. To the north (positive offsets) it is observed as a highly reflective, 277 

almost horizontal event at 4 s reduced travel-time, between +36 km to +70 km offsets. To the 278 

south (negative offsets) this event is identified from –36 km to –62 km. A series of horizontal 279 

to arcuate events are present beneath this event. The PmP phase features a high amplitude 280 

band of reflectivity, ~0.8 s long, identified at positive and negative offsets. For positive 281 

offsets, the PmP event can be followed between +60 km and +124 km offsets and at 6.2 s 282 

reduced travel-time. Beyond this, at +129 km offset, a relatively low amplitude Pn arrival 283 

(upper mantle head/refracted wave) becomes the first arrival. At negative offsets, the PmP 284 

phase features high amplitude arrivals from –34 km to –77 km and at 6.1 s reduced travel-285 

time.   286 

The Pg phase is a prominent feature in shot record A3 (Figure 6b). It can be identified 287 

between –55 km to +89 km offsets. At 4.6 s and –76 km offset, PiP can be followed for 38 288 

km. For positive offsets, the PiP phase is relatively low amplitude and can be identified from 289 

+33 km to +62 km at 4.8 s reduced travel-time. The PmP phase is identified as a high 290 

amplitude event with a coda of 0.7-1 s. At positive offsets, the highest PmP phase amplitude is 291 

located between +62 km and +131 km offsets. For negative offsets, the prominent PmP phase 292 

is identified between –60 km and –130 km offsets. The Pn phase can be clearly identified 293 

from –119 km to –140 km offset and at 6.1 s reduced travel-time. 294 
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Shot record A4 (Figure 6c) features a Pg phase at positive and negative offsets. The northern 295 

branch of Pg is located between +9 km to +65 km offsets. Below this phase the upper crust is 296 

highly reflective and a broadband of reflectivity is observed. At the bottom of this reflectivity 297 

band, the PiP is identified between +32 km to +68 km offset and at ~4.5 s reduced travel-time. 298 

A weak event (PmP) is identified at ~9.5 s reduced travel-time and near +19 km offset. It can 299 

be followed for 50 km and its low amplitude is tentatively related to its sub-critical character. 300 

The southern branch of shot record A4 is less reflective. Pg is observed over –7 km to –62 km 301 

offset. At 6.5 s and –62 km offset, high amplitude, horizontal to arcuate event is identified as 302 

PiP. The PmP phase is highly reflective between –60 km to –115 km offsets. For negative 303 

offsets, the Pn phase is seen at –115 km offset and 6.4 s reduced travel-time.   304 

Shot record A5 (Figure 6d) shows high amplitude, low apparent velocity arrivals for the Ps 305 

phase between 0 and -10 km. The Pg phase overtakes Ps at -10 km and can be followed up to 306 

–114 km offsets. At 4.9 s and –83 km offset, a simple and strong event (PiP) is identified. In 307 

this shot, the upper crust is almost transparent, whereas the mid-lower crust is highly 308 

reflective and shows a broad reflectivity band of ~4.8 s long. Below this reflective band lies 309 

the base of the crust (PmP), highly reflective between –2 km to –114 km offsets. PmP can be 310 

traced easily up to intercept the time axis at 11.8 s. For the shot record A5 (Figure 6d), the Pn 311 

phase is strong at –142 km offsets and can be followed for 60 km. 312 

Note that for shot records A2 and A3, the observed PmP intercept time is ~10.5 s reduced 313 

travel-time (Figures 6a and 6b). However, shot gather A4 (Figure 6c) reveals a clear shift in 314 

arrival times for this phase at near offsets: for the southern branch, the PmP phase identified 315 

between –7 km to –13 km offsets shows reduced travel-times of 9.5 s to 10.3 s. To the north, 316 

between +9 km to +15 km offsets, the observed reduced travel-times are higher, varying from 317 

10.9 s to 10.3 s. Finally, the recorded PmP phase intercept time for shot gather A5 is ~11.8 s. 318 

In summary, the intercept time of the PmP event varies from south to north between ~10.5 s 319 

and ~11.8. In the same way, the critical distances and times at which this phase is observed 320 

increase from 75 km and 6.2 s in shot A2 to almost 90 km and 7 s for shot A5. This implies 321 

that either the crust thickens or the velocities decrease from south to north. Also, the PmP 322 

phase features a ~1 s coda in all the shot records suggesting the existence of reverberative 323 

structures at deep crustal levels. A clear sub-crustal P-wave refracted phase (Pn) phase is 324 

identified at far offsets (higher than 120 km). This phase is more prominent in shot gathers A4 325 

and A5, where it appears dipping to the near offsets, suggesting P-wave apparent velocities 326 

above 8.0 km/s. These values could represent real P-wave velocities above 8.0 km/s or a 327 
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crustal thinning to the south. The scattering of the energy in the Moho transition explains the 328 

weak reflectivity of the Pn phase to the south [Palomeras et al., 2009]. 329 

3.4. Results: P-wave seismic velocity model 330 

A 2-D crustal velocity model was determined from the wide-angle shot records using Zelt and 331 

Smith [1992] ray tracing software. The algorithm follows a two-dimensional ray tracing 332 

approach that accounts for all arrivals in all shot records to compute a single P-wave velocity 333 

model. In this interpretation scheme, phase identification and travel-time picking are the most 334 

critical steps. The relatively high quality of the seismic arrivals was an asset for the phase 335 

identification. Note that, because of the relatively high frequency content of the source signal, 336 

qualitative assessment of the internal structure of the reflecting interfaces can be addressed 337 

taking into account the amplitude information, the frequency spectra of the reflected phases 338 

and the coda. 339 

To undertake the 2-D modeling, the source and receiver positions have been projected 340 

perpendicular onto a reference line containing offset information. The velocity and boundary 341 

nodes of the starting model were first defined, and an iterative method was adopted for the 342 

fast ray tracing travel-time computations. The ALCUDIA-NI seismic reflection profile 343 

[Martínez-Poyatos et al., 2012; Ehsan et al., 2014] was used as a starting model to 344 

parameterize the depth nodes for the major crustal phases. The starting velocity nodes were 345 

established with the help of the P-wave model presented by Palomeras et al. [2009]. We 346 

pursued a simple layer stripping approach and began with Ps and Pg phases to place 347 

constraints on the shallowest segments of the velocity model. Then, the crustal phase (PiP), 348 

the Moho and the upper mantle events were included in the model. The observed travel-times 349 

were brought into agreement with calculated travel-times by trial and error. 350 

The resulting velocity model is approximately 280 km long. Following the surface geology, it 351 

samples, from south to north (Figures 2a and 2b) the CU, the CIZ, and the TB. The resulting 352 

P-wave seismic velocity model (Figures 7b and 8b) has a layer cake velocity structure, which 353 

includes lateral velocity variations, mostly within the upper crust. This shallow velocity 354 

variations, are consistent with surface geology, and are well constrained down to ~20 km-355 

depth. 356 

In the southernmost part of the velocity model (Figure 8b), the long Pg phase features changes 357 

in its slope that allow us to identify the presence of two layers in the upper crust; first a 358 

shallow ~5 km-thick velocity gradient appears from 5.2 km/s to 5.8 km/s and could represent 359 

the CIZ low-grade metasediments. Then, from 5 km down to 13 km depths, the velocities 360 
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increase up to 6.2 km/s and may correspond to the pre-Variscan basement. PiP constrains a 361 

relatively sharp velocity contrasts between this layer and the mid-lower crust, where the P-362 

wave seismic velocity jumps to values of 6.6 km/s. In addition, the coda shown by PiP in 363 

some shot gathers (e.g., A3 and A5, Figure 6) reveals a complex transition to the next layer. 364 

This interface increases in depth towards the north. At approximately 200 km from the 365 

southern end it is located at 20 km depth. From this crustal level to the base of the crust, 366 

velocities increase from 6.6 to 7.2 km/s. PmP constrains the position of the base of the crust 367 

between 31 and 32 km in this area with a sharp velocity increase from velocities of 7.1-7.2  368 

km/s to values over 8.0 km/s. A conspicuous coda characterizes this phase in most shot 369 

gathers, also suggesting the existence of complex, reverberative structures in the lower crust 370 

and Moho. 371 

To the north, the Ps and Pg phases identified in shot records A4 and A5 place constraints on 372 

the velocities that characterize the TB (Figure 8b). The relatively thick basin (2000 m on 373 

average, but up to 3800 m in areas close to the CS [de Vicente and Muñoz-Martín, 2013]) 374 

features average P-wave seismic velocities close to 3-4 km/s. Velocities have a sharp increase 375 

to values of 6 km/s, typical of the basement, at depths over 2 km. From the base of the 376 

sedimentary basin to 15 km depth, the seismic data shows a relatively steep gradient where 377 

velocity exceeds values of 6.4 km/s in the limit with the lower crust. This part of the section 378 

also features a smooth increase in the depth of the Moho. Crustal thickness is calculated by 379 

inverted PmP phases at a depth of 35.5 km at the northern end of the transect. The lower crust 380 

occupies the interval between 20 and 35.5 km depth and shows velocities within the range of 381 

6.6-7.2 km/s, similar to those found in the southern part of the section. 382 

Note that a significant lateral velocity variation has been constrained by the seismic data 383 

(Figures 7b and 8b) in the upper crust when taking into account the entire section. This is 384 

easily identifiable by following the trajectory of the 5.8-6.4 km/s isolines, from south to north. 385 

This gradient agrees with surface geology, which reveals that important lithological changes 386 

take place. Low-grade metasediments prevail in the uppermost crust for most of the profile. 387 

However, from the Mora pluton to the north, excluding de shallow TB, felsic to intermediate 388 

plutonic rocks and high-grade metamorphic rocks are the dominant lithologies. The change in 389 

P-wave velocities is accompanied by a gradual increase in crustal thickness. Both features will 390 

be addressed in the discussion. 391 

3.5. Model resolution and uncertainties 392 
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The derived P-wave velocity model (Figure 8b) reproduces the picked travel-time branches 393 

with a very good agreement (0.1-0.2 s, Figure 7a). The observed misfits are expectable since 394 

there are always factors that contribute to the mismatch between modeled and observed 395 

travel-times, the most important of them being the acquisition geometry itself. The acquired 396 

data follows a crooked pattern that is later projected onto a straight line. This procedure 397 

enables to carry out a 2-D model but implies errors that are most important when the 398 

structures are not strictly perpendicular to the acquisition and projection line. In those cases, 399 

stations lying into a particular lithology maybe projected onto a different one. Other 400 

contributions to travel-time mismatches include the topography along the line. Note that there 401 

is a 600 m variation in the altitudes along the profile, with local oscillations (short 402 

wavelength, on the order of 10 km) that go from tens to 150 m, caused by the different 403 

outcropping lithologies or the structures. These altitude variations produce travel-time errors 404 

that may get up to 0.05 s assuming a P-wave velocity of 3 km/s. Near-surface velocity 405 

variations can also add up errors in the modeled travel-times. However, the weathering layer 406 

is very thin and most of the surface outcrops are characterized by relatively high velocities, 407 

which decrease the static shifts to values of around 0.01 s. Errors due to lack of 408 

consistency/homogeneity during the travel-time picking procedure is another source of error. 409 

This source of error is very dependent on the predominant frequencies of the arrivals, being 410 

larger at the lower frequencies. Phases with frequencies around 4-5 Hz, and an average 411 

velocity of 4000 m/s, lead to picking travel-time uncertainties of 0.05 s. The considered 412 

mismatches may account for velocity errors ranges between 0.1 to 0.2 km/s and depth 413 

uncertainties on the order of ~0.4 km, which is considered to be non-relevant for the 414 

interpretation of the model.   415 

Lateral resolution is constrained by the length of the identified phases and by that of the areas 416 

sampled by rays sampling each interface. Figure 6 shows the phases picked in every shot 417 

record, revealing that energy is sometimes followed from normal incidence (0 km offset) to 418 

offsets above 150 km. Long Pg and PmP phases are observed throughout the experiment, thus 419 

providing good constraints on the geometry of the interfaces at long offsets. Figure 7b shows 420 

the range of distances in which each interface is sampled. Note that the geometry and depth of 421 

the Moho and the crustal average velocities are controlled along most of the profile. Only the 422 

southernmost 40 km lack the information provided by incident rays. 423 

4. Bouguer anomaly gravity constraints 424 
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The 2-D projection of the Bouguer gravity anomaly (Figure 3) along a 30 km wide strip 425 

centered at the seismic transect varies from slightly positive values (10 mGal) to the south, in 426 

the CU area, to strongly negative values (-120 mGal) to the north (Figure 8c). Note that, along 427 

the profile, the average topography is relatively high, centered at, approximately, 600-700 m 428 

(Figure 8c). A qualitative analysis suggests that the regional trend of the anomaly is indicative 429 

of an increase in crustal thickness to the north. The displayed overall variability of the 430 

measurements which is revealed by the standard deviation of the projected values (Figure 8c) 431 

is, relatively low, except in the areas corresponding to the Los Pedroches and Mora 432 

Batholiths. Here, the existence of elongated granitic bodies, although perpendicular to the 433 

transect, hinders the 2-D assumption and increases the variability of the anomaly. 434 

Nevertheless, the good knowledge of surface geology assures the reliability of the model. 435 

In order to study the compatibility of the P-wave velocity model with the observed Bouguer 436 

gravity anomaly [Ayala, 2013], the velocity model was converted to densities using the 437 

empirical relations by Brocher [2005]. This formulation is applicable to most lithologies, 438 

although caution must be used when working with mafic and calcium-rich rocks. Specific 439 

average densities for the shallowest features include values of 2520 kg/cm3 for the ‘Los 440 

Pedroches’ Batholith area and, of 2300 kg/m3 for the sediments within the TB. A density range 441 

from 2600 kg/m3 to 2670 kg/m3 is calculated for the uppermost crust down to ~5 km depth 442 

(Table 3). The rest of the upper crust is characterized by a density range from 2800 in the 443 

north to 2750 kg/m3 in the south (Figure 8d). The mid-lower crust has a constant, density of 444 

2950 kg/m3. For the uppermost lithospheric mantle the density is 3300 kg/m3. Overall, the 445 

observed and calculated gravity anomalies are in relatively good agreement (Figure 8c). 446 

The most important feature of the gravity model is the northward increase in the crustal 447 

thickness and density. This feature, already identified in the P-wave velocity model, contrasts 448 

with the constant travel-time (twtt) at which the Moho is observed in the vertical incidence 449 

section. The gravity model shows how the increase in the crustal velocities to the north needs 450 

to be compensated by an increase in crustal densities and by the deepening of the Moho 451 

(increase in crustal thickness). This reflects in the decrease of the long-wavelength Bouguer 452 

gravity anomaly illustrated in Figure 8c. 453 

Regarding the short wavelength components of the anomaly, the slightly positive values at the 454 

southern end of the transect can be associated to the suture zone (the CU: high-grade 455 

metamorphics with slices of mafic rocks) and Variscan mafic igneous rocks in that area. The 456 

minimum observed at 60 km is related to the Los Pedroches batholith. Finally, the minimum 457 
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values observed to the northern end of the transect are related to the low density sediments of 458 

the TB. Even though the basin-scale wavelength of the anomaly is explained by the basin 459 

itself, the smooth northward decrease in the gravity anomaly reflects changes already 460 

constrained by the P-wave velocity model: smooth increase in crustal thickness and an 461 

increase in seismic velocities (and densities) towards the northern end of the transect. 462 

5. Discussion 463 

5.1. The crust beneath the Central Iberian Zone 464 

An intra-crustal phase (PiP) is observed in all shot gathers (for example Figures 6a, 6b, 6c and 465 

6d) along the main transect. This PiP phase placed strong constraints on the boundary between 466 

the upper and mid-lower crust. The high amplitude P-wave reflected at the Moho 467 

discontinuity, the PmP phase, identified in the shot gathers (Figures 6a, 6b, 6c and 6d) 468 

constrains the crustal thickness beneath the CIZ and the TB. The derived P-wave velocity 469 

model from wide-angle seismic reflection data (Figure 8b) reveals the presence of two crustal 470 

scale discontinuities. The first one, located approximately at 13 km depth to the south and 20 471 

km depth to the north, is defined as a mid-crustal discontinuity. The second one, the crust-472 

mantle discontinuity or Moho is located at 31 km depth to the south and 35.5 km to the north. 473 

The first interface most probably represents the brittle/ductile transition, because of its depth 474 

and because of the seismic fabrics it bounds. 475 

In the nearly coincident ALCUDIA-NI deep seismic reflection transect (Figures 2 and 3), a 476 

similar interface was depicted on top of the very reflective and laminated mid-lower crust 477 

[Figure 4 in Martínez Poyatos, et al., 2012; Figure 4 in Ehsan et al., 2014]. There, the 478 

reflection fabric changes from high dips in the upper crust to almost horizontal and probably 479 

boudinaged in the lower crust. This transect was divided in three segments depending on the 480 

seismic reflection fabric and structures identified mainly in the lower crust [Figure 4 in 481 

Martínez Poyatos, et al., 2012; Figure 4 in Ehsan et al., 2014]. Although Variscan shortening 482 

is homogeneously distributed in the upper crust [Martínez Poyatos, et al., 2012; Ehsan et al., 483 

2014], the mid-lower crust of the southern and northern segments is relatively more deformed 484 

than the central segment [Martínez Poyatos, et al., 2012; Ehsan et al., 2014]. In the central 485 

segment the upper crust features synclinal and anticlinal geological structures cored by the 486 

blind thrusts, whereas no shortening structures are identified in the mid-lower crust [Martínez 487 

Poyatos, et al., 2012; Ehsan et al., 2014]. The shortening is concentrated mainly in lower crust 488 

of the southern and central segments [Martínez Poyatos, et al., 2012; Ehsan et al., 2014]. The 489 

ALCUDIA-NI transect shows that the upper and mid-lower crust reacted differently to 490 
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shortening in different segments, thus a decoupling zone (corresponding to the brittle/ductile 491 

transition) was defined at ~13 km depth which separated the upper crust from the mid-lower 492 

crust [Martínez Poyatos, et al., 2012]. The results from experiments on shortening of layered 493 

analogue models [Davy and Cobbold, 1991; Burg et al., 1994; Brun, 2002] that incorporate 494 

the brittle/ductile rheological stratification of crustal materials reveal similar features. The 495 

localized and/or distributed deformation is largely controlled by the coupling/decoupling 496 

between brittle and ductile layers [Brun, 2002]. Similarly, in the IBERSEIS transects [Figure 497 

3 in Simancas et al., 2003; Figures 8, 9, 5 and 6 in  Palomeras et al., 2009, 2011a] acquired to 498 

the southwest of the study area (Figure 1) a mid-crustal discontinuity was also identified to be 499 

at 13-14 km depth. In the latter, the fault-associated structures imaged in the upper crust and 500 

the high reflectivity shear zones observed in the lower crust had opposing dips, flattening out 501 

at that mid-crustal boundary [Figure 3 in Simancas et al., 2003]. 502 

The wide-angle model reveals a relatively sharp velocity transition from 6.2 km/s to 6.6 km/s 503 

capable of producing the moderately reflective PiP events. The velocity contrast across this 504 

interface is less prominent towards the northern part of the profile, which might respond for 505 

the little reflectivity this event shows in the northern part of shot A3. Where the wavelet 506 

identified as corresponding to this interface features higher frequencies, a coda is observed 507 

suggesting interface changes in the internal structure, and/or the transition to a very reflective 508 

lower crust (Figure 4), i.e., a layered sequence of low and high velocity lithologies. The 509 

velocity contrast would be relatively small; however the layering should be within ¼ of the 510 

predominant wavelength of the seismic wavelet so that constructive interference should be 511 

possible. 512 

The second major interface is found at the base of the crust. The Moho boundary generates 513 

very high amplitude reflections from near vertical (0 km) offsets to over 200 km offset (Figure 514 

6). A sharp velocity increase is modeled across this interface, from 7-1-7.2 km/s to values 515 

around 8.0 km/s, thus producing a high amplitude and relatively high frequency reflection, the 516 

PmP. Pn is imaged as a first arrival for offsets in excess of 120-135 km. For reduction 517 

velocities of 8.0 km/s, it dips to the near offsets when the waves are travelling southwards 518 

(updip) and is nearly horizontal when the waves travel north (downdip), suggesting again the 519 

existence of another north-dipping boundary: the Moho. Accordingly, the velocity model 520 

reveals significant differences in the depth position of this interface between the southern and 521 

northern end of the profile. In the south, the crust-mantle boundary is located at 31 km, while 522 

to the north this interface is located at 35.5 km depth. 523 
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Finally, the first arrival (Pg) evidences an increase in the velocities of the upper crust in the 524 

CIZ from south (at the CU) to the north (at the southern boundary of the CS). These lateral 525 

variations in the crustal thickness and physical properties have not been reported previously 526 

and constitute the most significant results of the analysis and interpretation of the wide-angle 527 

seismic reflection dataset. 528 

Similar to other multi-seismic studies developed by Lithoprobe in Canada across the Trans-529 

Hudson orogen [Németh et al., 2005] and/or the normal-incidence and wide-angle seismic 530 

reflection data acquired across the southern Ural Mountains [Berzin et al., 1996; Carbonell et 531 

al., 1996, 2002], in the ALCUDIA sections there is a correlation between structures mapped 532 

by both types of seismic datasets. However, the normal-incidence seismic reflection profile 533 

[Martínez Poyatos et al., 2012; Ehsan et al., 2014] and the overlapping gravity study [García-534 

Lobón et al., 2014] did not reveal significant variation in crustal thickness from south to north. 535 

The ALCUDIA-NI profile is ~65 km shorter than the ALCUDIA-WA profile and it does not 536 

reach the TB and the southernmost boundary of the CS (Figures 2b and 3). Furthermore, no 537 

detailed wide-angle crustal velocity information was available before the current study so that 538 

reliable time-to-depth conversion could not be attempted. Once the time-migrated stack of the 539 

normal-incidence profile is converted to depth using the wide-angle velocities, a coincidence 540 

in the Moho images is resolved (Figure 8e). However, pre-stack depth migration should be 541 

carried out using the calculated P-wave crustal velocities in order to assess the accurate depths 542 

of the crustal boundaries. The normal incidence section [Figure 4 in Martínez Poyatos et al., 543 

2012; Figure 4 in Ehsan et al., 2014] reveals a high amplitude reflective fabric to the south 544 

beneath 13-15 km depth depicting a break between the poorly reflective upper crust and the 545 

laminated lower crust (Figure 8e). This boundary approximately coincides with the proposed 546 

brittle/ductile transition constrained by the wide-angle data. On the other hand, a Moho event 547 

that dips into the mantle at 60 km from the southern end of the line is not imaged by the wide-548 

angle data (Figure 8b). Further to the north and near the location of shot A4 (~200 km) the 549 

normal incidence data reveals a clear pinch-out at 20 km depth [Figure 7 in Martínez Poyatos 550 

et al., 2012; Figure 9 in Ehsan et al., 2014] interpreted as a ramp structure. This is related to a 551 

geometrically similar velocity/density anomaly detected from wide-angle and gravity 552 

modeling (Figure 8d and 8e). Finally, the poorly reflective boundary observed in the vertical 553 

incidence data and interpreted as the brittle/ductile transition is located at around 20 km in its 554 

northern end, which again overlaps the interface between the upper-mid/lower crust as 555 

deduced in the P-wave velocity model. 556 
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The crustal model (Figure 8b) obtained for the CIZ on the basis of the ALCUDIA-WA profile 557 

differs from that obtained for the southernmost CIZ using the IBERSEIS wide-angle seismic 558 

reflection dataset [Figures 5 and 6 in Palomeras et al., 2011]. The latter was acquired to the 559 

southwest of the ALCUDIA experiment and even though they structurally overlap in a section 560 

that extends 100 km to the north of the CU into the CIZ, the velocity structure is different. 561 

The IBERSEIS wide-angle seismic reflection dataset [Palomeras et al., 2009, 2011] samples 562 

an area where a high velocity mid-crustal body, the IRB, has been identified [Figure 3 in 563 

Simancas et al., 2003]. The size (175 km long) and physical properties of this laccolith-type 564 

intrusion determines some variations in the crustal thickness. The high velocities at mid-565 

crustal levels suggest the presence of mafic mantle derived rocks [Palomeras et al., 2009, 566 

2011]. In the IBERSEIS A-section, crustal thickness in the CU area is around 35 km [Figure 5 567 

in Palomeras et al., 2011]. Section B, located to the east of section A [Figure 6 in Palomeras et 568 

al., 2011], and closer to the ALCUDIA-WA profile, already shows a shallower Moho in the 569 

CU (33-34 km). In both cases, this interface shallows to the north getting to 31-32 km, the 570 

same values as those estimated by the ALCUDIA-WA profile (Figure 8b). Apart from this 571 

local difference, both experiments get similar results regarding overall crustal velocities 572 

(excluding the IRB), and crustal thickness of the southern CIZ. Together, they provide a 600 573 

km long structural and velocity model of the SW Iberian Massif. 574 

5.2. Origin of the crustal thickening/Moho deepening 575 

Two major crustal domains can be mapped from the velocity model (Figure 8b): the velocity-576 

depth function (Figure 8f) to the south of shot A4 features relatively lower velocity values for 577 

the upper crust (e.g. blue box in Figure 8b) than those obtained to the north of shot A4 (black 578 

box in Figure 8b). Note that the lower crust appears to have similar average velocities in both 579 

cases (Figures 8b and 8f). Note also that the average topography (Figure 8c) stays at nearly 580 

the same level of 600-700 m except for limited local variations due to contrasting lithologies 581 

at surface. These lateral velocity changes are accompanied by density changes (Figure 8d) and 582 

evidence a northward variation of lithologies and probably different tectonic evolution. 583 

To the north of the study area, the CS (Figure 1) represents one of the most internal domains 584 

of the Iberian Variscan Orogen. Here, Variscan crustal thickening has been important and has 585 

led to partial melting and to the production of voluminous igneous rocks [Rubio et al., 2013; 586 

Simancas et al., 2013]. Regardless of the processes involved in crustal thickening, it is clear 587 

that rocks occupying shallow crustal levels to the north are denser than those outcropping to 588 

the south and have their origin in deeper structural levels. Neoproterozoic to Early-Cambrian 589 
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metasediments, migmatitic and mylonitic Early Ordovician orthogneisses outcrop in the 590 

vicinity of shot A5 and are expected at shallow depths elsewhere. There, omphacite and rutile 591 

inclusions in garnet have been related to earlier, mid-temperature eclogite facies conditions of 592 

≈ 1.4 GPa and 725-775 ºC (Barbero and Villaseca, 2000; Villaseca et al., 2014) thus indicating 593 

a deep precedence of some near-surface rocks. This increase in density/velocity at shallow 594 

crustal depths needs of an increase in crustal thickness to explain the Bouguer gravity 595 

anomaly. The origin of this thickening might be related to the alpine tectonics affecting the 596 

area and to the orogenic load associated to the CS mountain range. However, if we consider 597 

the little change in altitude along the profile, the Moho deepening may also be related to the 598 

isostatic response of the crust to denser lithologies. Further seismic investigations to the north, 599 

across the CS, are necessary in order to address if crustal thickening/Moho deepening 600 

continues to the north and if it is related to high topographies and to the alpine tectonics. 601 

5.3. Constraints of the P-wave velocity model on the lithology 602 

The composition and nature of the subsurface rocks may be constrained by the P-wave 603 

velocities and the derived density model (Figures 8b and 8d). Laboratory measurements of 604 

seismic velocities at high temperature and confining pressures on different crustal rock types 605 

[e.g., Carmichael, 1989; Christensen and Mooney, 1995] may be compared with our P-wave 606 

velocity model in order to get hints about the lithologies conforming the subsurface. As 607 

thermal gradients and pressure have an influence on the P-wave velocity of rocks [Kern, 608 

1978; Christensen and Salisbury, 1979; Kern and Richter, 1981], laboratory velocity 609 

measurements used in this paper are corrected for the effect of temperature using a geotherm 610 

of 20°C/km, assumed to exist in the region, not too different from the one proposed to the 611 

south by Marzan [2000] and used by Palomeras et al. [2011b]. A large number of common 612 

crustal rock types have similar P-wave velocity [Christensen and Mooney, 1995], so density 613 

values will be used to partly decrease the uncertainties (Table 3).   614 

P-wave velocities are laterally variable in the upper crust and feature velocities within the 615 

range of 5.2 km/s to 6.6 km/s (Figure 8b). To the south of shot A4, the upper crust can be 616 

divided into two layers: a near surface layer, ~5 km thick, reveal a velocity gradient from 5.2 617 

km/s to 5.6 km/s. The resulting densities range from 2520 kg/m3 to 2670 kg/m3. To the north, 618 

the TB is characterized by velocities of 3.3 km/s to 4.0 km/s and an average density of 2300 619 

kg/m3. Within the CU, the CIZ and the TB, the outcropping lithologies (Figures 2a, 2b and 8a) 620 

are consistent with the velocities and densities of the proposed model. The most compatible 621 

rocks in the uppermost crust for these velocities and densities include granite, granodiorite, 622 
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slate, greywacke, schist, gneiss, sandstone, limestone, and quartzite, most of them outcropping 623 

along the section. 624 

Underneath the near surface layer, velocities increase from 5.6 km/s up to 6.2 km/s at 13-20 625 

km depth. In the model, the corresponding density ranges from 2750 kg/m3 to 2800 kg/m3 for 626 

this layer (Figure 8d). However, below the TB, P-wave velocities vary from 6.0 km/s  to 6.4 627 

km/s at 15-20 km/depth implying higher velocities with a, however, smoother gradient. These 628 

higher velocities can be explained by the presence of igneous rocks of acidic or intermediate 629 

character and/or to lithologies with a higher degree of metamorphism. The compatible rocks 630 

for this specific layer include: slate, diorite, granodiorite, gneiss, felsic granulite, and 631 

greywacke [Birch, 1960; Christensen and Mooney, 1995] and may correspond to a high-632 

grade/igneous Variscan or pre-Variscan basement. To the north, some of these lithologies are 633 

observed in local outcrops. 634 

The velocities and density values within the mid-lower crust, from 13-20 km depth to the 635 

Moho, are more homogeneous and perform small lateral changes (Figure 8b and 8d). This 636 

shows that the CIZ represent a unique pre-collisional terrane and that its Variscan orogenic 637 

evolution implies marked differences only at upper crustal levels. The fact that the mid-lower 638 

crust is slightly thinner to the north (Figure 8b), may be related to the existence of partial melt 639 

processes acting as differentiating mechanisms across the crust in this area. The ALCUDIA -640 

NI image [Figure 7 in Martínez Poyatos et al., 2012; Figure 9 in Ehsan et al., 2014] also 641 

shows the thinner mid-lower crust to the north. The tectonic interpretation of the mid-lower 642 

crustal thinning toward the north is associated with a ramp structure [Martínez Poyatos et al., 643 

2012; Ehsan et al., 2014]. The upper part of the mid-lower crust shows a velocity of 6.8 km/s 644 

and a density value of 2850 kg/m3 at 20-23 km depths. From ~20 km depth down to the Moho 645 

it features a smooth velocity gradient from 6.6-6.8 km/s to 7.2 km/s. A constant density of 646 

2950 kg/m3 for the entire layer is a good representation of the P-wave velocities obtained for 647 

this layer. The rock types that are consistent with these velocities and the computed densities 648 

include amphibolite, diabase, mafic granulite, gabbro norite, kyenite schist and gneiss 649 

[Christensen, 1965; Christensen and Mooney, 1995; Rudnick and Fountain, 1995]. 650 

The upper mantle presents P-wave velocities around 8.0 km/s and a density of 3300 kg/m3. 651 

Consistent rock types are likely a mixture of mafics and ultramafics rocks (Iherzolite, 652 

harzburgite, pyroxenite, dunite, peridotite, eclogite) [Carmichael, 1989; Christensen and 653 

Mooney, 1995; Kern et al., 1999]. The P-wave velocity model is gradual from the Moho to 654 

depths of 50 km, with a velocity range of 8.0 km/s to 8.4 km/s. However, we have no control 655 
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of the P-wave velocity gradient below 40-42 km (Figure 7b) and therefore; we cannot extract 656 

any conclusions about the composition. However, the most probable rock types interpreted at 657 

those depths include dunite, eclogite and peridotite [Carmichael, 1989]. 658 

The distribution of velocities derived from the 2-D velocity model (Figures 8b and 8f) across 659 

two sections (one to the south and a northern one) from the ALCUDIA-WA seismic reflection 660 

profile are compared with standard velocity-depth functions for different types of crust 661 

[Christensen and Mooney, 1995]. Even though the velocities in the upper crust from both 662 

profiles differ, they match those found on average continental crust. However, at mid-deep 663 

crustal levels, velocities are close to those found in rifts and extended crust [Christensen and 664 

Mooney, 1995] suggesting the existence of extensional and melting processes affecting the 665 

crust, which have been already described to the north, near the CS. 666 

The crustal composition inferred from the ALCUDIA-WA section would be greatly improved 667 

by the study of S-waves and the calculation of Poisson’s ratios. This parameter is sensible to 668 

the amount of quartz in the rocks and can establish differences between different types of 669 

igneous rocks and crustal compositions. This subject will be one of the scopes of future works 670 

to carry on with this good-quality dataset. Although the model presented here agrees with all 671 

the geophysical observables acquired up to date, the recognition of specific structures, 672 

processes and lithologies is still subject to considerable ambiguity. These issues can only be 673 

unraveled with the assistance of additional geophysical information, especially, with the 674 

acquisition of deep multi-seismic reflection data in the CS and the northern part of the CIZ. 675 

 676 

6. Conclusions 677 

Travel-time interpretation of the ALCUDIA-WA profile, acquired over the CIZ, has led to a 678 

well constrained, approximately 280 km long and, 50 km deep, P-wave seismic velocity 679 

model. The high-resolution shot gathers feature clear P-wave reflections and refractions at all 680 

crustal levels that can be correlated from shot to shot. The velocity-depth model reveals a 681 

layered velocity structure though prominent lateral velocity variations are evident in the upper 682 

crust down to ~15 km depth beneath the TB. High amplitude PiP and PmP phases suggest the 683 

existence of two major discontinuities: the brittle/ductile discontinuity at ~13-20 km and 684 

Moho boundary at ~31-35.5 km. Both of them are interpreted to act as decoupling zones and 685 

represent levels of lithological/rheological variations. The velocity model can be divided into 686 

two segments according to the velocity isolines traced for the upper crust: a) the southern part, 687 

sampling the CU and the southern CIZ, and b) the northern part, from the Toledo Anatectic 688 
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Complex to the TB. On average, the velocities for the upper crust within the CU and the CIZ 689 

range from 5.2 km/s in the surface to 6.2 km/s in the boundary with the mid-lower crust. 690 

Below the TB, P-wave velocities range from 5.4 km/s to more than 6.4 km/s revealing a 691 

significant lateral gradient that reflects the presence of high grade metamorphic rocks and/or 692 

acidic to intermediate igneous rocks near the surface. The average density for the upper crust 693 

is within the range of 2300 kg/m3 in the surface to 2800 kg/m3 at 13-20 km depth. The 694 

boundary between the upper and mid-lower crust is characterized by a velocity contrast from 695 

6.2 km/s to 6.6 km/s in the south. The velocity contrast between the upper and mid-lower 696 

crust is not significant to the north. The P-wave velocities within the mid-lower crust are more 697 

homogeneous along the entire profile, ranging from 6.6 km/s to 7.2 km/s. The density within 698 

the mid-lower crust shows a range of 2850 kg/m3 to 2950 kg/m3. The crust-mantle transition 699 

features a sharp P-wave velocity contrast from 7.2 km/s to 8.0 km/s that constrains the Moho 700 

across the CIZ. The crustal thickness, estimated from these clear reflected and refracted Moho 701 

phases, varies from ~31 km in the south to ~35.5 km to the north. This increase in Moho 702 

depth along the CIZ is associated to higher P-wave velocity values and correlates with 703 

changes in lithology in the outcropping geology. This is most probably a result of the different 704 

tectonic evolution affecting at the most internal parts of this tectonic zone of the Iberian 705 

Variscan transpressive belt. In this area, right to the south of the CS mountain range, Variscan 706 

crustal thickening resulted in generalized remobilization and partial melt, producing igneous 707 

rocks and taking structurally deep, denser, and faster rocks to shallower crustal levels. Factors 708 

contributing to the Moho deepening and/or crustal thickening may be the crustal isostatic 709 

response to denser lithologies, the orogenic load associated to the CS and the tectonics 710 

associated to the Alpine orogeny. The velocity-depth functions for the CIZ show that 711 

velocities in the upper crust match with those found in typical average continental crust. 712 

However, the mid-lower crustal velocities fit those found in rifts and extended crust. The 713 

presence of extensional tectonics indicates intrusions of possible mantle derived magmas and 714 

melting processes affecting the crust. 715 
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Figure captions: 928 

Figure 1. Map indicating the location of the study area (blue rectangle) 929 

within the Iberia. The location of normal incidence and wide-angle profiles 930 

(IBERSEIS and ALCUDIA) is indicated over the tectonic map of the Iberian 931 

massif. The study area, highlighted by a blue rectangle, is presented in 932 

more detail in Figures 2a and 3.  933 

 934 

Figure 2. (a) Geological map of the survey area with the layout of the 935 

ALCUDIA-NI and ALCUDIA-WA seismic reflection profiles. The shot locations 936 

(A1 to A5) and CDPs are also indicated along both seismic datasets. The 937 

main ALCUDIA-WA transect selected for P-wave velocity model is also marked. 938 

(b) Geological cross section along the dashed gray line in the map. The 939 

surface geological cross section is derived from the data collected in the 940 

field. 941 

 942 

Figure 3. Bouguer gravity anomaly map of the survey area showing the 943 

location of the ALCUDIA-NI and ALCUDIA-WA seismic reflection profiles. The 944 

shots point locations of the latter are also indicated. 945 

 946 

Figure 4. (a), (b), (c), and (d) Example of amplitude spectra of the main 947 

seismic events (interpreted as PiP, PmP and SmS) for raw shot gather A3. 948 

The shot gather is displayed with a reduction velocity of 8.0 km/s. Note 949 

the wide range of frequencies present in PiP (a) and its reverberative 950 

character. In general, high amplitudes exist up to frequencies of 20 Hz. 951 

 952 

Figure 5. Band-pass filter panels applied over shot A3 with a reduction 953 

velocity of 8.0 km/s. (a) Frequency filter panel: 0.25, 2, 6, 8 Hz, shows 954 

already a very conspicuous PmP, (b) Frequency filter panel: 6, 8, 12, 15 Hz 955 

brings out PiP, (c) Frequency filter panel: 10, 12, 18, 20 Hz, and (d) 956 

Frequency filter panel: 18, 20, 30, 35 Hz, shows the very reflective 957 
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character of the crust between PiP and PmP. At the low frequency panels in 958 

Figures 5a and 5b, phases can be interpreted only at far offsets. In the 959 

highest frequency panel in Figure 5c and 5d, an almost continuous band of 960 

reflectivity is observed between PiP and PmP from normal incidence to far 961 

offsets.  962 

 963 

Figure 6. (a), (b), (c), and (d) The four shot gathers, from south to 964 

north, A2, A3, A4, and A5 across the main ALCUDIA-WA reflection transect. A 965 

band-pass filter from 5 to 20 Hz was applied to enhance the reflectivity of 966 

the main P-wave arrivals (Pg, PiP, PmP, and Pn). Pg is the first P-wave 967 

arrival, PiP is the P-wave reflected phase at boundary between the upper 968 

and mid-lower crust, PmP is the P-wave reflected from the crust mantle 969 

transition (Moho discontinuity). Pn is the P head-wave travelling within 970 

the upper mantle. Data are displayed with a reduction velocity of 8.0 km/s 971 

to enhance the mantle phases. 972 

 973 

Figure 7a. Theoretical travel-time branches predicted by the P-wave 974 

velocity model generated by the Zelt and Smith [1992] algorithm. A good fit 975 

exists between the observed phases and the model prediction (red lines). 976 

Reduction velocity is 8.0 km/s. The processing parameters for data are the 977 

same as in Figure 6. 978 

 979 

Figure 7b. Raypath coverage along the main ALCUDIA-WA. Ray coverage in the 980 

upper and mid-lower crust is good. The Moho discontinuity is sampled at 981 

normal incidence in shot A5. Upper mantle sampling gets down to 40-42 km. 982 

The ray tracing diagram shows the lack of rays for the southernmost edge of 983 

the profile. 984 

 985 

Figure 8. (a) Geological cross section, and (b) crustal P-wave velocity model for the main 986 

ALCUDIA-WA obtained by iterative (layer stripping) ray tracing. Two velocity-depth 987 
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functions are estimated over the highlighted blue and black rectangles and are shown in 988 

Figure 8f. The major crustal interfaces are also highlighted (white dashed lines) on the 989 

models. (c) Observed (red line) and calculated (black line) Bouguer gravity anomaly along 990 

elevation profile, and (d) derived crustal and upper mantle density model. Note that the 991 

conversion of P-wave velocities to densities was done by using the empirical formulation 992 

from Brocher [2005]. It provides an almost perfect fit between the observed and the calculated 993 

Bouguer gravity anomaly. This complements the velocity model for a better lithological 994 

interpretation. (e) For the purpose of comparison, the ALCUDIA-NI profile, converted to 995 

depth using the P-wave velocities obtained in this work overlies the velocity model. Note the 996 

correlation (good fit) between the location of the crustal interfaces (including the Moho) in 997 

both datasets. (f) The distribution of velocities (blue and black lines) derived from the 2-D 998 

velocity model from the main ALCUDIA-WA compared with standard velocity-depth 999 

functions (red line) for average continental crust, extended crust, rifts, and continental arcs 1000 

[from Christensen and Mooney, 1995].  1001 
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Table 1 

Data acquisition parameters for ALCUDIA-WA transect. 

 

Survey parameters 

Type of survey   2D crooked line 

Recording system   IRIS-TEXANS (RT125A) 

Nominal spread   Asymmetrical split spread  

Energy source parameters 

Source type     Chemical explosive 

Nominal shot depth   50-60 m 

Nominal shot interval   60-80 km 

Nominal shot size   1000 kg 

Shot design     Single borehole 

Total No. of  shots   5 (1 TM each) 

Recording parameters 

Geophones     Single component, 10 Hz 

Nominal active channels  1000 

Nominal receiver interval  340-600 m 

Recording length   80 s 

Sampling rate    4 ms 

Total length     350 km 
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Table 2  

The principal processing parameters for ALCUDIA-WA transect 

 

Parameters         

1) Read SU data      80 s  

2) Band pass filtering      5-8-18-20 Hz  

3) Wiener deconvolution     Gap-deconvolution filter length 
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        250 ms, gap length 16 ms 

        1 % Prewhitening  

4) SD compensation      Forward    

5) Reduction Velocity      8 km/s    
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Table 3  

Corresponding Rock types for the Temperature-corrected P-wave velocities
 
and densities

a  

 

Depth (km)  Velocity (km/s) Density (kg/m
3
) Rock Types    

 

    0-5      3.3-4.0        2300  Cenozoic sediments 

      5.2-5.6        2520  granite and granodiorite  

        (Pedroches batholith), slate and 

        greywacke (7) 

      5.4-5.8    2600-2670  metasedimentary rocks: slate, 

        greywacke, schist, gneiss,  

        sandstone, limestone, quartzite 

        (7). 

           -         2900  interbedded thin layers of basalts 

        (7)   
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   5-20      5.8-6.6    2750-2800  slate, diorite, granodiorite, gneiss, 

        felsic granulite (4); greywacke 

        (1) 

 20-32      6.6-7.2    2850-2950  amphibolite, diabase, mafic  

        granulite, gabbro norite (4);      

        kyenite schist (2); gneiss (5) 

 32-50      7.2-8.2        3300  mixture of mafics and ultramafics 

        (Iherzolite, harzburgite (3, 6); 

       pyroxenite, dunite, peridotite (4);  

       eclogite (3, 6)) with a dominant  

       composition of pyroxenite 

  

 

 

a
Data modified from Hawman et al. [1990]. References: (1) Birch [1960], (2) Christensen 

[1965], (3) Carmichael [1989], (4) Christensen and Mooney [1995], (5) Rudnick and Fountain 

[1995], (6) Kern et al. [1999], and (7) García-Lobón et al. [2014] 
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Abstract 25 

The nature of the lithosphere beneath Central Iberia was assessed by a wide-angle seismic 26 

reflection transect, ALCUDIA, it samples from south to north, a suture zone (Central Unit), 27 

the Central Iberian Zone, and the Cenozoic Tajo Basin. The images were acquired using a 28 

small receiver interval and high frequency controlled sources. Although, the data were 29 

recorded using vertical component sensors, the shot records reveal well defined Sg (S-waves 30 

travelling through the basement) and SmS (S-wave Moho reflections) phases. A 2D S-wave 31 

velocity model was calculated by iterative forward modeling. The resulting crustal model 32 

reveals variations in the velocity distribution and thickness from the southern end of the 33 

Central Iberian Zone up to the Tajo Basin. The upper crustal S-wave velocities range from 3.2 34 

km/s to 3.9 km/s, beneath the Tajo Basin. Slightly lower velocities, on the order of 3.1 km/s to 35 

3.7 km/s are modeled for the upper crust across the Central Iberian Zone and the Central Unit. 36 

The Poisson's ratio map was derived from the P- and S-wave velocities. The Poison’s ratio 37 

features significant differences between the Central Iberian Zone and the Tajo Basin. The 38 

physical properties constrain the nature and composition of the crust once they are compared 39 

with laboratory measurements of rock samples. For the upper crust the analysis suggests that: 40 

the southern part is characterized by values typical of metasedimentary rocks, while the 41 

northern part is close to values typical of igneous rocks. The lower crust features values close 42 

to high-grade metamorphic rocks.  43 

1. Introduction 44 
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Our knowledge of Earth's lithosphere is mostly derived from deep geophysical prospecting. 45 

Among all the geophysical disciplines deep seismic reflection/refraction surveys provide 46 

reliable, high-resolution, and a more precise quantitative characterization of the lithosphere. 47 

The rocks present at shallow levels (less than 10 km) in the lithosphere are only accessible by 48 

drilling or through geological interpretation of geological cross-sections, whereas the rocks in 49 

the deep crust are not yet available for direct investigation. Deep seismic surveys are indirect 50 

techniques and tools to get information of shallow and deep levels of the lithosphere. Within 51 

the Variscan Iberian Massif (Figure 1), the Central Iberian Zone (CIZ) is characterized by a 52 

sinuous topography with an average height of 700-800 m. In addition, its geology is 53 

characterized by Late Paleozoic open vertical folds and granite intrusions (Figure 2), which do 54 

not allow us to infer the lithologies and structures present at deeper levels. It is, thus, 55 

mandatory to come up with techniques that help us to address the processes involved in 56 

deformation, and those that contributed to the topography/relief. Deep seismic 57 

reflection/refraction experiments have improved our views of the lithospheric structure and its 58 

physical properties, which play a significant role in the evolution of the topography. Normal 59 

incidence deep seismic reflection data provide high resolution images of the crust and upper 60 

mantle [Cook et al., 1979; Carbonell et al., 1996, 1998, 2000; Juhlin et al., 1998; Simancas et 61 

al., 2003; Martínez-Poyatos et al., 2012; Ehsan et al., 2014a] that may reveal complex internal 62 

structures, reflectivity fabrics for various tectonic terranes, and the geometry of the structures 63 

within the upper lithosphere. However, the main source of information about physical 64 

properties and composition of the lithosphere comes from the controlled source wide-angle 65 

seismic reflection/refraction experiments [Klemperer and Matthews, 1987; Freeman et al., 66 
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1988; Hawman et al., 1990; Pérez-Estaún et al., 1991, 1994, 1995; Carbonell et al., 1996, 67 

1998, 2000; Ayarza et al., 1998, 2004; Cook et al., 1999, 2010; Flecha et al., 2009; Palomeras 68 

et al., 2009, 2011a; Ehsan et al., 2014b].  69 

Physical properties models (e.g., P- and S-wave velocities and Poisson's ratio) derived from 70 

the wide-angle seismic reflection experiments place important constraints on the lithospheric 71 

structure and composition. The P- and S-wave modeled velocities can be translated to address 72 

the lithosphere's composition by comparing them with laboratory measurements of different 73 

rock types [e.g., Hawman et al., 1990, Palomeras et al., 2009, 2011a; Ehsan et al., 2014b]. 74 

However, a large number of common crustal rock types show similar P- and S-wave 75 

velocities at high temperatures and confining pressures [Christensen and Mooney, 1995], 76 

making it difficult to differentiate between them. In order to add further constraints on the 77 

composition of the lithosphere and to decrease the uncertainties related to broad range of rock 78 

types, Poisson's ratios or Vp/Vs model are required.  79 

The crustal structure and physical properties of the lithosphere within southwest Iberia have 80 

been studied, since early 2000's, by active source deep seismic reflection/refraction datasets 81 

[Simancas et al., 2003; Carbonell et al., 2004; Ayarza et al., 2010; Flecha et al., 2009; 82 

Palomeras et al., 2009, 2011a; Martínez-Poyatos et al., 2012; Ehsan et al., 2014a, 2014b]. The 83 

IBERSEIS deep seismic reflection/refraction data (Figure 1) provided a wealth of knowledge 84 

about the crustal and lithospheric architecture across suture units through the southern Iberian 85 

Massif [Simancas et al., 2003; Flecha et al., 2009; Palomeras et al., 2009, 2011a]. The 86 

multichannel ALCUDIA normal incidence (ALCUDIA-NI) seismic reflection profile (Figures 87 

1 and 2a) constituted an additional effort to constrain the crustal structure of the Iberian 88 
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Variscan orogen far from the suture units [Martínez-Poyatos et al., 2012; Ehsan et al., 2014a]. 89 

Finally, the ALCUDIA wide-angle (ALCUDIA-WA) seismic reflection data were acquired in 90 

summer 2012 to place key constraints on the physical properties of this old intracontinental 91 

orogenic region (Figure 2). The ALCUDIA-WA profile provided a well-resolved P-wave 92 

velocity model and placed initial constraints on the composition of the lithosphere in the study 93 

area [Ehsan et al., 2014b]. Even though the ALCUDIA-WA transect was acquired by single 94 

component sensors, the high quality of the shot records provided the unique opportunity to 95 

identify and interpret the S-wave high amplitude arrivals. In this manuscript we used this 96 

dataset in order to: (1) derive a well resolved S-wave velocity model, (2) estimate, where 97 

possible, Poisson's ratios from the calculated velocities, (3) place constraints on the nature and 98 

lithologies of the crust, and (4) derive new insights on the large scale structures and on the 99 

tectonic evolution of the Variscan belt of west Europe.  100 

2. Tectonic Framework and Geophysical Background  101 

The ALCUDIA-WA transect goes across, from south to north, the suture unit between the 102 

Ossa-Morena Zone (OMZ) and the CIZ (the so-called Central Unit, CU), and the CIZ, the 103 

Tajo Basin (TB) (Figures 1 and 2). The Variscan/Alleghanian Orogen is the result of the 104 

collision between two continents, Laurentia/Baltica and Gondwana during the Late Paleozoic 105 

[Franke, 2000; Matte 1986, 2001]. The Iberian Massif occupies a significant part of the 106 

Iberian Peninsula and it consists of an amalgamation of tectonic domains (Figure 1): for a 107 

more detailed explanation see Simancas et al. [2001, 2003]. The CIZ defines an arcuate 108 

structure, the Central Iberian Arc [Martinez Catalán, 2011, 2012] and constitutes a major part 109 

of the Iberian Massif. It is characterized by limited offset faults, upright folds and a variety of 110 

113



 

6 

 

 

plutonic bodies [Díez Balda et al., 1990; Martínez-Poyatos et al., 2012]. The two major 111 

domains within the CIZ are (Figure 1): Ollo de Sapo Domain to the north and Schist-112 

Greywacke Complex Domain to the south [Díez Balda et al., 1990; Martínez-Poyatos et al., 113 

2012]. The ALCUDIA-WA seismic reflection profile spans more than 200 km within Schist-114 

Greywacke Complex Domain of the CIZ.  115 

The southernmost end of the ALCUDIA-WA transect goes across the Badajoz–Cordoba shear 116 

zone, which includes the Central Unit (CU) (Figure 2a), recognized as a major tectonic 117 

contact between the CIZ and the Ossa-Morena Zone (OMZ) [Burg et al., 1981; Azor et al., 118 

1994; Simancas et al., 2001. The ~5 km thick CU consists of exhumed metasediments, 119 

orthogneisses and amphibolites [Azor et al., 1994; Ordóñez Casado, 1998; Pereira et al., 120 

2010]. The Matachel and Azuaga faults bound the CU to the north and south, respectively. 121 

The CU dips towards the northeast and it was intensely sheared and metamorphosed during 122 

the Mississippian extension in the context of the ongoing Variscan orogeny [Azor et al., 123 

1994].  124 

From a lithological point of view, the stratigraphic succession starts with the Serie Negra 125 

Formation, Late Neoproterozoic in age and consisting of graphite-rich schists, slates and 126 

metagreywackes, quartzites and amphibolites. To the north, the Alcudian succession (Vendian 127 

to Lower Cambrian) consists of slates and greywackes with conglomerates [Martínez Poyatos 128 

et al., 2001a, 2012; Rodríguez-Alonso et al., 2004]. An Ordovician to Devonian shallow 129 

marine siliciclastic succession composed of alternating quartzitic and slaty beds overlies the 130 

previous rocks [Martínez Poyatos et al., 2001a, 2012]. Moreover, the surface geology of the 131 
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CIZ features granitic plutons and a series of synclinal and anticlinal structures of different 132 

sizes (Figure 2) [Martinez Poyatos et al., 2012].  133 

Located in the northern end of the ALCUDIA-WA transect, is the Cenozoic TB (Figure 2a). 134 

The Spanish Central System (CS), a linear ENE-WSW trending Alpine mountain range, 135 

bounds the TB to the north, the Toledo Mountains to the south and the Iberian ranges to the 136 

east [de Vicente et al., 1994]. Continental environments characterize the infilling evolution of 137 

the TB and a continuous sedimentary record from the Late Cretaceous to the Upper Miocene 138 

is recognized [Alonso-Zarza et al. 2004; de Vicente et al., 2013]. The basin features a broad 139 

range of lithologies (conglomerates, sandstones, clays, marls, limestones, gypsums) and the 140 

thickness of sediments reaches ~2000 m in its southwestern margin of the basin [de Vicente et 141 

al., 2013].  142 

The nature of the lithosphere beneath the Variscan belt of southwest Iberia has been 143 

investigated since the early 1990s [Díaz et al., 1993, 1996; Monteiro-Santos et al., 1999; 144 

Simancas et al., 2003; Carbonell et al., 2004, 2013; Pous et al., 2004, 2011; Flecha et al., 145 

2009; Palomeras et al., 2009, 2011a, 2011b; Martínez-Poyatos et al., 2012; Ehsan et al., 146 

2014a]. The South Portuguese Zone (SPZ), the OMZ, and the CIZ (Figure 1) have been 147 

investigated by controlled source multiseismic experiments, namely IBERSEIS and 148 

ALCUDIA. Together, they define a ~600 km long transect that delineates the structure and 149 

physical properties of the lithosphere [Simancas et al., 2003; Carbonell et al., 2004; Ayarza et 150 

al., 2010; Flecha et al., 2009; Palomeras et al., 2009, 2011a; Martínez-Poyatos et al., 2012; 151 

Ehsan et al., 2014a, 2014b].  152 
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The IBERSEIS and ALCUDIA normal incidence transects (Figure 1) show a number of 153 

common features: (1) the upper crust is less reflective than the lower crust; (2) a decoupling 154 

zone separates the upper crust from the lower crust; (3) a complex degree of faulting and/or 155 

folding represents the internal fabric of the CU; (4) a relatively large population of arcuate 156 

reflections and crocodile type collision fabric appears in the lower crust; (5) a clear Moho 157 

discontinuity located at 10 s to 11 s two-way travel-time (twtt), and (6) a less reflective upper 158 

mantle. The crust mantle transition is recognized on both datasets as a sharp change in 159 

reflectivity from a high amplitude reflectivity fabric to an almost transparent zone [Simancas 160 

et al., 2003; Carbonell et al., 2004; Martínez-Poyatos et al., 2012; Ehsan et al., 2014a].  161 

The IBERSEIS wide-angle seismic reflection experiment consisted of two transects, ~250 and 162 

~300 km long, respectively. The models show lateral variations among the three tectonic 163 

domains (i.e., the SPZ, the OMZ, and the southernmost CIZ) and support the existence of 164 

mafic rocks within southwestern Iberian crust  [Palomeras et al., 2009, 2011a]. The 165 

integration of different geophysical datasets (seismic, gravity, geoid, and topography) 166 

provided new insights on the possible geometry of the lithosphere-asthenosphere boundary 167 

[Palomeras et al., 2011b].  The structure and composition of the lower crust and Moho have 168 

been also investigated by low-fold IBERSEIS wide-angle stack sections within southwest 169 

Iberian [Flecha et al., 2009]. The irregular distribution of the reflectivity within the lower 170 

crust can be explained by a heterogeneous distribution of physical properties [Flecha et al., 171 

2009].  172 

The ALCUDIA-WA profile provided the first detailed P-wave velocity model beneath the 173 

CIZ [Ehsan et al., 2014b]. The results reveal lateral velocity variations in the upper crust and a 174 
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sharp velocity contrast at the base of the crust. The P-wave velocities were compared with the 175 

seismic velocities of the different rocks types measured in the laboratory under high 176 

temperature and pressure in order to place initial constraints on the composition of the 177 

lithosphere across the CIZ and the TB [Ehsan et al., 2014b]. Ehsan et al. [2014c] generated 178 

low-fold stack sections of the ALCUDIA-WA seismic reflection data, in order to study the 179 

high amplitude and reverberative coda of the PmP phase (Moho reflections) and to address the 180 

gradual thickening of the crust from the CIZ to the TB. Synthetic modeling allowed us to 181 

reproduce the data based on 1-D reflectivity modeling and 2-D finite difference elastic 182 

approach. The original P-wave model [Ehsan et al., 2014b] was modified by introducing 183 

randomly distributed heterogeneities, with a layering consisting of high and low velocity 184 

layers. The seismic signature of the Moho in the shot gathers was qualitatively reproduced by 185 

introducing a degree of complexity compared to a simple smooth layered model. The 186 

synthetic seismograms suggest layering at the lower crust and discontinuous lateral layering at 187 

the crust mantle boundary [Ehsan et al., 2014c].    188 

Nearly coincident gravity and magnetotelluric (MT) studies have been also carried out [Ayala, 189 

2013; García-Lobon et al., 2014; Pous et al., 2004, 2011]. The IBERSEIS MT transect, ~200 190 

km long, reveals a high-conductivity layer extending along the OMZ at middle-lower crust 191 

[Pous et al., 2004] that nearly overlaps the Iberseis Reflective Body (IRB) interpreted in the 192 

IBERSEIS normal incidence seismic section. The high conductivity is consistent with the 193 

existence of mafic mantle derived magmas intruded during the Early Carboniferous 194 

[Carbonell et al., 2004; Pous et al., 2004]. The ALCUDIA MT transect reveals a mild but 195 
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persistent conductive lower crust and a variety of conductive and resistive bodies in the upper 196 

crust [Pous et al., 2011]. 197 

The reviewed extensive geophysical research effort has placed key constraints on the structure 198 

and composition of the lithosphere across the central and southern Variscan Massif. However, 199 

additional information about the S-wave velocities and Poisson's ratio is necessary in order to 200 

establish a reasonable and more realistic lithospheric model across the CIZ. The current paper 201 

deals with the shear wave response of the ALCUDIA-WA seismic reflection transect (Figure 202 

2a) that samples the lithosphere of the southern CIZ. This data has provided high-resolution 203 

S-wave phases that further constrain the structure and the distribution of physical properties 204 

(S-wave and Poisson's ratio) of this area. These properties further constrained the crustal 205 

composition of this internal area of the Variscan Iberian Massif.  206 

3. The ALCUDIA Wide-Angle seismic reflection profile: S-wave Data 207 

3.1. Acquisition  208 

The ~350 km long ALCUDIA-WA seismic reflection data (Figures 1 and 2a) were collected 209 

in early May 2012 across the CU, the CIZ, the TB and the CS. The dense high-resolution, 210 

dataset, was mostly acquired along a main NE-SW oriented transect (Figure 2a), ~310 km 211 

long. It was designed perpendicular to the Variscan geological contacts and structures. The 212 

transect covers the area extending from the northern boundary of the OMZ (the CU) to the 213 

southern boundary of the CS. Recording was done with ~900 vertical component autonomous 214 

digital recording seismic station (TEXANS) from the IRIS-PASSCAL Instrument Pool. The 215 

nominal receiver and shot spacing for the seismic survey was 400 m and 70 km, respectively. 216 

The impulse like source signal was achieved by using 1TM of explosives fired in single 50-60 217 
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m deep boreholes. Shot A1 (Figure 2a) has been excluded in this study, since its acquisition 218 

geometry can introduce travel-time complexities and uncertainties in the quantitative 219 

interpretation although it features high signal-to-noise ratio. For this study, we examined four 220 

shot records (A2-A5) (Figure 2a), in an effort to analyze the S-wave information contained in 221 

the shot records. A more detailed overview of the acquisition parameters is listed in Table 1; 222 

and further details are in Ehsan et al. [2014b].  223 

The shot records feature excellent lateral continuity of the seismic arrivals and provide a 224 

continuous coverage from 0 to ~280 km offsets. They reveal high-resolution laterally limited 225 

P- and S-wave phases achieved by spatially dense trace spacing. Converted phases are also 226 

observable (Figures 3 and 4). The conventional notation was used to label different P- and S-227 

wave arrivals on the shot records, which are characterized by: (1) Ps and Ss phases, the P- and 228 

S-waves travelling through the sediments; (2) Pg and Sg phases, the P- and S-wave direct 229 

arrivals travelling through the basement; (3) PiP phase, a P-wave reflected off an intracrustal 230 

interface located between the upper and lower crust; (4) PmP and SmS phases, the P- and S-231 

waves reflected at the Moho discontinuity; (5) PmS/SmP phase (converted waves), the P-232 

wave reflected off the Moho discontinuity as a S-wave or vice versa and; (6) Pn phase, the P-233 

head wave refracted within the upper mantle. 234 

3.2 Processing 235 

The ALCUDIA-WA seismic reflection data processing strategy involved conventional data 236 

processing methods such as amplitude corrections for spherical spreading (amplitude 237 

recovery, scaling), amplitude balancing, band-pass filtering, and, deconvolution (Table 2). 238 

The designed processing flow and parameters were aimed to preserve true amplitudes 239 
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preserved. The processing flow cleaned up the shot gathers and increased the signal-to-noise 240 

ratio so that P- and S-wave arrivals (Figures 3 and 4) can be easily identified and interpreted. 241 

The processing focused mainly on the top 50 s as a result it improved the lateral coherency of 242 

seismic phases (e.g., Sg and SmS, Figure 4). To aid the identification and travel-time picking 243 

of the principal arrivals raw and processed shot records were analyzed throughout the 244 

processing steps. Only S-wave arrivals are picked for this manuscript.  245 

A frequency analysis was done on shot gathers (Figure 3), the main phases (e.g., Sg, SmS and 246 

PmP feature a frequency range from 4 to 30 Hz. The amplitude spectra (Figures 3a, 3b, 3c and 247 

3d) calculated over the stacked traces reveal lateral frequency variations with highest 248 

amplitudes at frequencies about 10-12 Hz for the most prominent S-wave phases (Sg and 249 

SmS). The best frequency range estimated for the identification and interpretation of the 250 

different S-waves phases was achieved by testing different frequency panels. A band-pass 251 

filter between 2 to 11 Hz (1-2-11-15 Hz) is applied to improve the coherency of seismic 252 

events and the interpretation of the main crustal phases (Figure 4). It was noted that high 253 

frequency band-pass filters enhances the fabric of the associated coda of the seismic events, 254 

which probably represents structural complexity of interfaces and layers [Carbonell et al., 255 

2000; Palomeras et al., 2009; Ehsan et al., 2014b].  The band-pass filtering also helped to 256 

attenuate source generated noise as well as surface waves. Finally, the resolution of the shot 257 

records was significantly improved by applying predictive Wiener deconvolution, which 258 

whitened the frequency content of the seismic signal and helped to sharpen the source signal.  259 

The final processed shot gathers (Figure 4) show variations in the seismic signatures that are 260 

primarily addressed to represent the internal geological/lithological structure. Reduction 261 
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velocity of 4.6 km/s is used to display the S-wave and it is calculated by using Vs=Vp/1.73 262 

relationship (assuming an average Poisson's ratio of 0.25). 263 

3.3. Data description 264 

Phase identification and travel-time picking were critical elements for interpretation and 265 

velocity modeling. Shot records (Figures 3 and 4) reveal a laterally limited reflectivity; 266 

common when working with S-waves. The main phases (e.g., SmS, Figure 3) feature arrivals 267 

with complicated shapes (2-4 wavelets interfering with each other), which strongly suggest 268 

the complexity of the crust.  269 

On different shot records (Figure 4), the S-wave arrivals with similar amplitude and zero 270 

offset travel-times were given the same identifier. The most prominent events identified and 271 

correlated on the shot records are: (1) Ss, the S-wave travelling through sediments; (2) Sg, the 272 

S-wave arrival traveling through the upper crust; (3) SmS, the S-waves reflected off the 273 

Moho; (4) PmS/SmP arrivals, i.e., P-wave emerging as S-wave or vice versa after being 274 

reflected and converted at the Moho boundary. The Sn phase (a critical refraction at the Moho 275 

boundary through the upper mantle) is difficult to identify, therefore it was not possible to 276 

model the subcrustal S-wave velocities. On the shot records, specific arrivals (Sg, SmS and 277 

PmS/SmP) are indicated by using a two coordinate system: the two-way travel-time (twtt) and 278 

the offset (distance from the source location). The intercept time is defined at 0 km offset. 279 

Positive offsets are located to the north of the source location, and negative offsets are 280 

considered to be located to the south of the source location. The shot gathers (A2 to A5) are 281 

described from south to north.  282 
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The Sg phase is identifiable as first arrival between –10 km to –46 km offsets on the shot 283 

gather A2 (Figure 4a). A decrease in its amplitude is evident beyond –46 km offset. At 284 

positive offsets, the Sg phase features relatively high amplitude arrivals from +4 km to +37 285 

km offsets. To the south (negative offsets), the SmS phase is relatively weak although can be 286 

clearly identified from –32 km to –67 km and at 12 s reduced travel-time. For the positive 287 

offsets, the SmS phase is identified as a broad reflective band ~2 s long, at 11 s reduced 288 

travel-time and +72 km offset. The SmS phase can be followed for 66 km.  289 

Shot record A3 (Figure 4b) reveals clear, high amplitude S-wave arrivals. The Sg phase can 290 

be followed from –4 km to –108 km offsets. At positive offsets, the Sg phase is identified 291 

from +3 km to +82 km offsets. A high amplitude SmS phase is observed from –4 km to –108 292 

km and at ~11 s reduced travel-time. To the north, SmS phase is seen at ~11 s reduced travel-293 

time and identified between +65 km to +115 km offsets. In both cases, this phase shows a 294 

~1.5 s coda. 295 

In shot record A4 (Figure 4c), clear head wave arrivals (the Sg phase) are seen between –15 296 

km to –68 km offsets. The SmS phase feature high amplitudes from –52 km to –116 km and 297 

at ~12 s reduced travel-time. The northern branch of shot A4 is less reflective, however a 298 

relatively weak SmS phase is identified at +23 km offset and at 13 s reduced travel-time. It 299 

can be followed for 26 km to the north.  300 

Shot record A5 (Figure 4d) features high amplitude S-waves travelling through the sediments 301 

(the Ss phase). The Ss phase is identified between –3 to –10 km offsets. The Sg phase is 302 

located between –11 km to –134 km offsets. The SmS phase is imaged as a simple wavelet, 303 

~1.2 s long, at –50 km offsets and it reveals a sudden decrease in amplitudes at near offsets. 304 
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The SmS phase in this shot is very weak at offsets less than 20 km, however, a weak 305 

reflectivity is identified beyond –50 km offsets that can be traced until –20 km offset at a 306 

reduced travel-time of ~18 s. The converted reflected wave at the Moho (PmP/SmP) is 307 

recognized on all the shot gathers (Figure 4). The intercept time for PmP/SmP phase is ~14-15 308 

s twtt.  309 

In shot records A2 and A3 (Figures 4a and 4b), the SmS intercept time is ~17.2 s. The surface 310 

geology features a change from the CIZ to the TB, thus influencing the two branches of shot 311 

gather A4 (Figure 2a and 4c). Its southern branch (negative offsets) (Figures 2a, 4c and 5), 312 

sampled the crustal structure of the CU and the CIZ, whereas the northern branch (positive 313 

offsets) images the TB. Accordingly, clear time shift of ~1 s for the SmS phase is observed at 314 

near offsets (Figure 4c) in this shot gather. The time shift in the PmP arrival is more 315 

prominent in the shot gather A4 (Figure 4c and 5). The PmP waveform identified for the 316 

southern branch (negative offsets) at near offsets, between –8 km to –20 km, shows a travel-317 

time range from ~10.3 s to ~10.5 s. For the northern branch (positive offset), the PmP is 318 

identified between +8 km to +20 km offsets, and the observed travel-times are slightly higher, 319 

varying from ~10.8 s to ~11.3 s, i.e., a time shift of ~0.6 s can be observed for the PmP phase 320 

in shot gather A4 (Figures 4c and 5). However, this phase’s moveout is steeper to the south 321 

than to the north suggesting that either velocity is higher to the north or the crust gets thinner. 322 

The SmS phase at near offsets (less than 20 km) features relatively low amplitudes in shot 323 

gather A5 (Figure 4d). However, taking into account the trend of the weak reflectivity, the 324 

SmS phase can be traced to normal incidence travel-time. From south to north, the SmS phase 325 

intercept time varies from 17.5 to ~20 s as evident in the shot gathers (Figure 4).  326 
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3.4. Results: Shear wave seismic velocity and Poisson's Ratio models 327 

The interpretation procedure undertaken to develop the 2-D S-wave velocity structure model 328 

is based on a forward modeling approach by ray tracing trial and error methodology [Zelt and 329 

Smith, 1992]. The forward modeling algorithms use simple layer cake models and relatively 330 

simple parameterization for velocity and boundary nodes. However, only wide-angle shot 331 

records with large trace spacing (greater than 1 km) can be easily interpreted using 2-D layer 332 

cake models techniques. On the other hand, the densely spaced ALCUDIA-WA transect 333 

reveals a heterogeneous image of the crust (Figure 4) since close trace spacing allows 334 

sampling of laterally limited structures [Palomeras et al., 2009; Ehsan et al., 2014b].  335 

On shot records A2-A5, the laterally limited reflections may result from velocity contrasts 336 

generated by the laterally discontinuous layers (Figures 3 and 4). These events are identified 337 

along small offsets (Figures 3 and 4) and therefore have a lesser chance of being picked 338 

during interpretation. Hence, layer cake velocity models are more difficult to reconcile when 339 

shot records feature higher resolution. The travel-time variations, amplitude and waveform 340 

changes of the Sg phase indicate the seismic complexity of the upper crust. Shot gathers A2-341 

A5 (Figure 4) feature prominent intracrustal (e.g., the PiP) and subcrustal (the Pn) P-wave 342 

reflected/refracted phases. However, no intracrustal and subcrustal S-wave reflected phases 343 

have been observed. Accordingly, the S-wave model relies on the P-wave results at these 344 

levels.  345 

The 2-D ray tracing technique was initiated by defining a reference transect followed by the 346 

perpendicular projection of source and receiver locations onto the reference line in order to 347 

preserve the offset information. A 2-D model was obtained using a simple layer striping 348 
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approach. The travel-time picks of the Sg and SmS phases, the original offset information, 349 

error in travel-time picking and the phase identification number were required for the 2-D 350 

modeling. For each shot, the arrival times of the Sg and SmS phases were included in the 2-D 351 

model and a trial and error method was used in order to get a good fit between the observed 352 

and modeled arrival times. This procedure has been repeated individually for all the shot 353 

records. Finally, a single model was obtained that accounts for all the arrivals in the four shot 354 

gathers (Figure 6b and 7c). The P-wave velocity model [Ehsan et al., 2014b] provided the 355 

basis (Figure 7b) to develop the S-wave starting velocity model. The P-wave velocities were 356 

transformed to S-wave velocities by using the Vp/Vs = 1.73 relationship which assumes a 357 

Poisson's ratio of 0.25. Later one, the crustal boundaries were kept whereas the S-wave 358 

velocities were varied. The Sg phase identified in the shot gathers at large offsets (greater than 359 

80 km, e.g., Figure 4d) placed strong constraints on the upper crustal velocities. The SmS 360 

phase was used to adjust the lower crustal velocities. Since no S-wave subcrustal reflections 361 

were identified in the shot gathers, the S-wave velocity model is limited to the Moho.  362 

The resulting S-wave velocity model shows a distribution of values that is consistent with the 363 

surface geology and with upper crustal features (Figures 7a, 7b and 7c). In order to describe 364 

the velocity model (Figure 7c), it has been subdivided into southern and northern segments. 365 

The southernmost segment is ~210 km long and it represents the velocity structure beneath 366 

the CU and the CIZ. This part of the S-wave velocity model is constrained by the shot gathers 367 

A2 and A3, and also by the southern branch of the shot gather A4 (Figures 4 and 7c). The Sg 368 

phase identified in the shot gathers (Figure 4) reveals two prominent slopes, which indicates 369 

the presence of at least two layers within the upper crust. There, the S-wave velocity appears 370 
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to range from 2.9 km/s to 3.35 km/s down to ~5 km depths. A velocity gradient from 3.4 km/s 371 

to 3.7 km/s is observed from ~5 km down to ~13-18 km depths. These two layers identified 372 

within the upper crust are interpreted to represent the CIZ metasediments and the pre-373 

Variscan basement, respectively [Ehsan et al., 2014b]. The ALCUDIA-NI seismic profile 374 

[Ehsan et al., 2014a] and the P-wave velocity depth structure (Figure 7b) reveal the boundary 375 

between the upper and lower crust is not a horizontal one. The thickness of the upper crust 376 

increases toward the north as evident from the long offsets at which Pg and Sg are observed 377 

(e.g., shot A5, Figure 4d) and from the resulting P- and S-wave velocity depth models 378 

(Figures 7b and 7c). At approximately 200 km from the southern limit of the models, this 379 

interface reaches down to ~18 km depths. The modeled S-wave velocities show an increase in 380 

the velocity range from 3.7 km/s to 3.9 km/s for the upper to lower crust boundary, although it 381 

is less constrained due to the lack of SiS phase. The lower crust is characterized by a 382 

homogeneous velocity increase from 3.9 km/s to 4.3 km/s. The SmS phase seen on the shot 383 

gathers (Figures 3 and 4) features a broad reflective band (reverberative energy of the coda), 384 

which was taken as evidence for the existence of complex structure in the lower crust and 385 

Moho. For the southern part of the S-wave velocity model, the base of the crust is established 386 

at ~31-33 km depths. The crust mantle transition features a sharp velocity gradient from 4.2-387 

4.3 km/s to 4.7 km/s, although again, the upper mantle velocity is less constrained due to the 388 

lack of Sn phases. 389 

The northern segment of the S-wave velocity model is ~70 km long and it is strongly 390 

constrained by the shot gather A5 and northern branch of the shot gather A4 (Figures 4c, 4d 391 

and 7c). This segment goes across a major geologic domain, namely the TB, which features 392 
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low S-wave velocities in the range of 1.9-2.3 km/s. The Ss phase identified in the shot gather 393 

A5 (Figure 4d) placed key constraints on the velocity depth structure of the sedimentary cover 394 

of the TB. Beneath the TB, the S-wave velocities are higher compared to the southern 395 

segment of the velocity model (Figure 7c). The Sg phase identified on the shot gathers A4 and 396 

A5 constrains the upper crust below the TB (Figures 4c and 4d). The basement shows a sharp 397 

increase in S-wave velocity to a value of 3.5 km/s down to ~5 km depths. From ~5 km down 398 

to ~20 km depths, a velocity gradient from 3.5 km/s to 3.9 km/s is observed as evidenced 399 

from the slightly concave geometry of Sg phase (Figures 4 and 7c). The lower crust extends 400 

from ~20 km down to the Moho and reveals homogeneous velocities. The P-wave velocity 401 

model indicates that the transition from the upper to lower crust does not feature a sharp jump 402 

in velocities beneath the TB. Accordingly, the lower crust shows a smooth increase in S-wave 403 

velocities within the range of 3.9 km/s to 4.3 km/s. To the north, the Moho velocity contrast is 404 

constrained by the SmS phase identified in the seismic data (Figure 4 and 7c). The Moho 405 

discontinuity is slightly deeper towards the north along the S-wave velocity depth structure. 406 

From south to north, a smooth increase in crustal thickness from ~31 km to ~35.5 km is 407 

represented on the S-wave velocity model (Figure 7c). At the northern end of the S-wave 408 

velocity model, the crust mantle transition is characterized by a sharp velocity jump from 4.2-409 

4.3 km/s to 4.7 km/s.  410 

For an isotropic medium the Poisson’s Ratio (σ) as a function of Vp and Vs is defined as: 411 

     412 

    σ = 1/2 [ 1 – 1/ ( ( Vp/Vs )
2 
– 1 ) ]   (1) 413 
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Accordingly, a Poisson’s ratio model (Figure 7d) has been computed from the P-wave [Ehsan 414 

et al., 2014b] and S-wave velocity models. The results indicate that, in general, this part of the 415 

CIZ features low Poisson's ratios (less than 0.25) although they are in close agreement with 416 

those obtained by Palomeras et al., [2011] for neighboring areas, except locally in the middle 417 

crust. The upper crust is characterized by lower Poisson's ratio values within the CU and the 418 

CIZ than beneath the TB.  To the south, the upper crust shows a Poisson's ratio of 0.24 within 419 

the CU and CIZ, whereas it increases up to 0.25 below the TB. The Poisson's ratio values 420 

increase to values of 0.26 within the TB. On the Poisson's ratio model, a change in values is 421 

observed between 170 km to 190 km, as do P- and S-wave velocities (Figures 7b, 7c and 7d). 422 

The information provided by surface geology (Figures 2a and 7a) reveals that in this region, 423 

an important lithological variation from metasedimentary to igneous rocks occurs. A sharp 424 

change in Poisson's ratios values, from 0.22 to 0.24, is seen at the upper to lower crust 425 

transition level (Figure 7f). The lower crust, from ~13-20 down to the Moho level, is more 426 

homogeneous and features Poisson's ratio values up to 0.24.  427 

3.5. Model resolution and uncertainties 428 

The S-wave velocity model is used to reproduce theoretical travel-time branches (Figure 6a). 429 

The observed phases (Ss, Sg and SmS) and model predictions (Figure 6a) show a good 430 

agreement (±0.2 s). The factors that contributed to the mismatch between the observed and 431 

modeled travel-times include: acquisition geometry, small-scale geological features below the 432 

seismic resolution, near surface variations, topography, and errors in travel-time picking. The 433 

ALCUDIA-WA transect was acquired in relatively high velocity crystalline crust following a 434 

crooked line geometry. The crooked line acquisition geometry follows roads and paths and 435 
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does not necessarily run perpendicular to the strike of major lithologies and structures 436 

everywhere. Since, the S-wave velocity depth model is based on a straight-line 2-D 437 

interpretation approach, this procedure reduced the 3-D crooked line seismic data coverage to 438 

a 2-D setup. The 3-D seismic data projected onto a 2-D straight line may substantially affect 439 

the true locations of the receivers and produce errors in the modeled travel-times. The 440 

resolution of the seismic survey (400 m) reveals the accuracy to which a geological feature 441 

can be imaged. Small-scale geological features are below the resolution of the wide-angle 442 

seismic imaging.  443 

Beneath the CU and CIZ, the weathering layer is ~100 m thick and features a P-wave velocity 444 

of ~2.9 km/s. The bedrock is characterized by relatively high P-wave velocity value of ~5 445 

km/s [Ehsan et al., 2014a]. The weathered layer is less than 500 m thick and consists of a 446 

broad range of unconsolidated sediments within the TB. Along the ALCUDIA-WA transect, 447 

the topography (Figure 7e) is characterized by short wavelength (on the order of 10-15 km) 448 

variations and the maximum altitude reaches up to ~850 m. These near surface variations in 449 

the velocities and altitudes produce travel-time errors and the corresponding shot and receiver 450 

static shifts range from ±0.02 to ±0.05 s. The error in travel-time picking of the S-wave phase 451 

largely depends on predominant frequencies of the arrivals. The phases with lowest 452 

frequencies produce largest errors in travel-time picking and vice versa. These factors add up 453 

to produce a mismatch of ±0.2 s between the observed and modeled arrivals (Figure 6a). The 454 

resulting errors corresponding to these uncertainties have been found to be of the order of  455 

±0.15 km/s and 0.5 km for velocity and depth, respectively.  456 
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On the other side, the S-wave velocity model is well controlled by ray coverage along the 457 

whole ALCUDIA-WA transect (Figure 6b). The Sg and SmS phase identified in the shot 458 

gathers (Figures 4 and 6b) placed constraints from normal incidence to long offsets. The 459 

crustal velocities of each interface are well resolved by the picked phases in every shot gather 460 

(Figure 6b). However, the southernmost part of the velocity model between 0 and 40 km, is 461 

characterized by reduced ray coverage (Figure 6b).  462 

The Poisson's ratio is an elastic constant estimated from the P- and S-wave velocity depth 463 

function (Figures 7b, 7c and 7d). The Poisson's ratios are directly related to the volume 464 

percentage of mineral constituents in the rocks and associated P- and S-wave velocities 465 

[Palomeras et al., 2011; Hawman et al., 1990]. The fracture network, applied stresses, crack 466 

porosity, and voids in a rock mass have great influence on the Poisson's ratio [Walsh, 1965; 467 

Bai and Pollard, 2000; Gereck, 2006]. The observation that Poisson's ratio is pressure 468 

dependent seems to have less effect on crystalline rocks at high confining pressure 469 

[Christensen, 1996]. A large number of rock types may have similar P- and S-wave velocities, 470 

which can be narrowed by the Poisson's ratio. The uncertainties related to the P- and S-wave 471 

velocity depth models produce standard errors in the calculation of the Poisson' ratio. 472 

Considering the uncertainty estimates, ±0.1 km/s and ±0.15 km/s, for the P- and S-wave 473 

velocity models respectively, the Poisson's ratio error range between 0.023 and 0.026.    474 

4. Discussion 475 

4.1. Crustal structure 476 

Surface geology shows a major Late Variscan igneous intrusion (the Pedroches granitic 477 

batholith), within the southernmost CIZ (Figures 2a and 2b). The ALCUDIA-NI profile 478 
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imaged the Pedroches batholith as a transparent body with lack of internal reflectivity [Figure 479 

4 in Ehsan et al., 2014a]. This granitic body soles out at less than 4 km depth [Ehsan et al., 480 

2014a]. The ALCUDIA-NI seismic section does not show any other large plutonic body 481 

within the upper crust [Ehsan et al., 2014a], till the northern boundary of the Navalucillos 482 

syncline (the Mora Fault), ~110 km to the north (Figures 2a and 2b). Accordingly, the upper 483 

crust of this area of the CIZ is characterized by low-grade metasedimentary rocks and a 484 

relatively scarce amount of the acidic igneous rocks (Table 3). To the north, the Mora 485 

batholith and the Toledo Anatectic complex crop out and define a system of major granitic 486 

bodies (Figures 2 and 7a). The southernmost part of the Toledo Anatectic complex marks the 487 

northernmost limit of the ALCUDIA-NI profile. Therefore, the continuation of the plutonic 488 

bodies toward the north cannot be constrained by the ALCUDIA-NI profile (Figure 2a). 489 

However, the prevailing lithologies outcropping just south and north of the TB (migmatities 490 

and granitoids) (Figure 2a) suggest the same for the rock basement beneath the TB (Figure 491 

2b). The S-wave velocity model and the P-wave velocity model [Ehsan et al., 2014b] derived 492 

from the ALCUDIA-WA seismic reflection profile reveal that the upper crust (from ~2 km 493 

down to ~15 km) feature relatively higher velocities beneath the TB than within the rest of the 494 

profile (Figures 7b, 7c). The rocks outcropping to the north (metasediments, migmatites, 495 

granitoids and orthogneisses) are denser and feature a higher metamorphic grade than those 496 

outcropping to the south [Ehsan et al., 2014b]. These denser rocks occupying shallow crustal 497 

levels may have their origin in the deeper crust [Ehsan et al., 2014b]. The integration of field 498 

geology together with derived physical properties models (Figures 7b, 7c, 7d and 7f) from 499 

ALCUDIA-WA transect suggest that acidic to intermediate igneous rocks (e.g., granite, 500 
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granodiorite) and, locally, high grade metamorphic rocks exist in the upper crust beneath the 501 

TB [Birch, 1960; Christensen and Mooney, 1995; Wencai, 2013]. Thus, from south to north, 502 

an increase in the amount of the igneous rocks and in the grade of metamorphism would 503 

explain the high velocities within the upper crust, beneath the TB.  504 

The 2-D P-wave velocities [Figure 8f in Ehsan et al., 2014b] found for the lower crust match 505 

those found in extended tectonic environments (for example, Basin and Range in US) 506 

[Christensen and Mooney, 1995]. This implies that melting processes may have been active in 507 

the crust across the area. Partial melting processes related to mantle derived intrusions would 508 

extract silica from the in situ rocks, and would leave behind more mafic material [Rudnick 509 

and Fountain, 1995]. However, these high P-wave velocities are accompanied by high S-wave 510 

velocities and accordingly, relatively low Poisson's ratios (0.24) (Figures 7b, 7c and 7f) in the 511 

upper crust, beneath the TB. This suggests that the amount of quartz in the rocks is high and 512 

mafic rocks are not common beneath the TB. The derived models (Figures 7b, 7c, 7d and 7f) 513 

reveal that the lower crust, from ~13-20 km down to the Moho, is more homogeneous than the 514 

upper crust. This indicates that the CIZ is characterized by prominent differences that are 515 

preserved only at upper crustal levels, whereas the lower crust remains homogeneous. This 516 

implies that even though the orogenic evolution of the CIZ seems to have been different to the 517 

north and south of the Toledo Anatectic complex during the Variscan orogeny, it represents a 518 

unique precollisional terrane, i.e., part of Gondwana.  519 

The P- and S-wave velocity models and Poisson's ratios (Figures 7b, 7c and 7d) reveal a clear 520 

interface, ranging from ~13-18 km depths. This crustal scale discontinuity is interpreted to 521 

represent the brittle/ductile transition and it is constrained by the PiP phase identified in the 522 

132



 

25 

 

 

shot gathers (Figure 4). The IBERSEIS and ALCUDIA (Figure 1) normal incidence datasets 523 

[Simancas et al., 2003; Carbonell et al., 2004; Martínez-Poyatos et al., 2012; Ehsan et al., 524 

2014a] show an upper crust located at similar depths decoupled from the reflective lower 525 

crust. In the latter, the upper crust shows that shortening accommodated homogeneously by 526 

upright folds [Figure 4 in Martínez Poyatos, et al., 2012; Figure 4 in Ehsan et al., 2014]. 527 

However, the lower crust concentrates deformation mainly in two segments, to the north and 528 

south of the profile, and the central segment is relatively less deformed [Martínez Poyatos, et 529 

al., 2012; Ehsan et al., 2014].  The upper and lower crust reacted differently to shortening, 530 

therefore, a decoupling zone exists and coincidences with the top of the lower crust defined at 531 

~13-18 km depth along the ALCUDIA-NI profile [Martínez Poyatos, et al., 2012]. 532 

Experiments of layered analogue models [Davy and Cobbold, 1991; Burg et al., 1994; Brun, 533 

2002] reproduced similar features. Beneath the CIZ, the upper to lower crust boundary is 534 

characterized by a sharp P-wave velocity transition from 6.2 km/s to 6.6 km/s and accordingly 535 

a contrast from 3.7 km/s to 3.9 km/s, has been inferred for S-waves. This velocity transition 536 

from upper to lower crust is not prominent beneath the TB. This observation probably 537 

suggests changes in the physical properties of the lithologies surrounding this detachment. 538 

Shot gather A5 and the northern branch of shots A3-A4 feature less reflectivity for the PiP 539 

phase [Figure 6 in Ehsan et al., 2014b], which is a result of smaller velocity contrast. 540 

However, the existence of destructive interferences, i.e., the thickness of structures/layering is 541 

smaller than ¼ of the predominant wavelength cannot be ruled out. 542 

The S-wave velocities (Figure 7c) are less constrained in the lower crustal levels since no 543 

intracrustal reflections (i.e., SiS) are identified on the shot gathers. However, a PiP phase has 544 
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been identified in all shot gathers and partly constrains the P-wave velocities in the lower 545 

crust across the ALCUDIA-WA transect (Figure 7c). Thus, P-wave velocities have been 546 

transformed into S-wave velocities in order to provide initial values.  547 

The high amplitude SmS phase identified in the shot gathers (Figure 4) provided additional 548 

constraints for the depth and velocity nodes at lower crustal levels. On shot gathers A2-A4 549 

(Figures 4a, 4b and 4c), the SmS phase is identified from near normal incidence offsets to far 550 

offsets (larger than 150 km). However, in shot gather A5 (Figure 4d), the SmS phase is less 551 

prominent at near offset and reveals relatively weak amplitudes. The resolution of deep 552 

structures (e.g., the crust mantle boundary) imaged from the deep seismic reflection/refraction 553 

data largely depends on the dense station interval and the frequency content of the source 554 

signal [Carbonell et al., 1998, 2013]. The northern end of the high-resolution ALCUDIA-WA 555 

transect samples ~70 km of the Cenozoic TB (Figure 2b). Its sedimentary thickness is ~2 km 556 

in the southwestern margins of the TB. The decrease in the reflectivity for the SmS phase at 557 

near offset in the shot gather A5 (Figure 4) can be explained by the S-wave attenuation in the 558 

TB especially in the unconsolidated sediments in the uppermost 500 m.  559 

The P- and S-wave velocity models (Figure 7b and 7c) feature a sharp velocity gradient from 560 

7.2 km/s to 8.0 km/s, and 4.3 km/s to 4.7 km/s respectively, for this interface (crust to mantle 561 

transition). The high amplitude converted reflections from the Moho boundary (PmP/SmS 562 

phase) constrain this sharp increase in velocity.  563 

In shot gathers A2 to A5, the SmS phase normal incidence travel-time range from ~17.5 s to 564 

~20 s, from north to south (Figure 4). This change in intercept time is also identified in the 565 

PmP phase [Ehsan et al., 2014b], which from south to north, varies from ~10.5 s to ~11.8 s in 566 
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the shot gathers (A2-A5) [Ehsan et al., 2014b]. This suggests variations in the P- and S-wave 567 

velocity distribution and/or the crustal thickness from the SW to the NE along the ALCUDIA-568 

WA transect. Also, the existence of the TB plays an important role. The travel-time variations 569 

of mantle reflections are explained in the velocity models (Figures 7b and 7c) by: (1) a change 570 

in the Moho depth from south to north; (2) an increase in the upper crustal velocities to the 571 

north; and (3) the effect of the TB. These three reasons together condition the travel-times and 572 

moveout differences in the PmP and SmS phases.  573 

The crust mantle boundary is located at ~31 km in the south and ~35.5 km depth in the north. 574 

The alpine tectonics and/or the orogenic load associated to the CS mountain range might 575 

explain the smooth increase in crustal thickness toward the north. The isostatic response of the 576 

crust to denser lithologies may also be responsible for the Moho deepening [Ehsan et al., 577 

2014]. In the shot gathers no subcrustal phase (Sn) are recognized thus, it is not possible to 578 

model the S-wave velocities below the Moho. The S-wave velocity that the upper mantle 579 

shows in the model is constrained only by SmS and by the P-wave velocity. Accordingly, it 580 

does not allow making assumptions about the Poisson’s ratio at that depth. 581 

4.2. Constraints on crustal composition   582 

The composition and nature of the continental crust of the CIZ along the ALCUDIA-WA 583 

transect is constrained by the calculated physical properties models (Figure 7b, 7c, 7d and 7f). 584 

The P-wave velocities were converted to densities [Ehsan et al., 2014b] in order to fit the 585 

observed gravity anomaly [Ayala, 2013]. Density values (Figure 7f) were later used to 586 

partially constrain the crustal composition beneath the CIZ and the TB [Ehsan et al., 2014b]. 587 

P- and S-wave velocities and derived densities as well as the Poisson's ratios are used now to 588 
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address the composition of the crust (Table 3) by comparing them with published laboratory 589 

measurements on different crustal rock types [e.g., Carmichael, 1989; Christensen and 590 

Mooney, 1995; Christensen, 1996]. In general, the low Poisson’s ratio values obtained in this 591 

work suggest that rocks have a high content in SiO2. An important factor to consider during 592 

this process is the thermal gradient of the region. The P- and S-wave velocities measured in 593 

the laboratory on different rock types have shown to be sensitive to temperature and pressure 594 

corrections. Accordingly, it is required to correct the velocity measurements for the effect of 595 

thermal regime in the area. Therefore, a geotherm of 20°C/km [Marzan, 2000] is used to 596 

correct the laboratory velocity measurement for the effect of temperature.  597 

The P- and S-wave velocity models feature significant lateral velocity variations from south to 598 

north (Figures 7b and 7c). To the north, they are characterized by steep gradient from the base 599 

of sedimentary cover (the TB) down to ~15 km depths. Beneath the CU and the southernmost 600 

CIZ, the P- and S-wave velocity models feature velocities within the range of 5.2 km/s to 5.7 601 

km/s and 3.0 km/s to 3.35 km/s, respectively, for the shallowest ~5 km thick crustal layer. The 602 

corresponding densities range from 2520 kg/m
3
 to 2750 kg/m

3
 and the Poisson's ratios vary 603 

from 0.21 to 0.24. These physical properties for the near surface layer, suggest low to, locally, 604 

high-grade metasedimentary rocks and magmatic rocks, which include: schist, quartzite, 605 

gneiss, granite, and granodiorite [García-Lobón et al., 2014]. Some sedimentary rocks such as 606 

sandstone, limestone and greywacke are also reported within this crustal level [García-Lobón 607 

et al., 2014]. The interpreted rock types for the near surface layer are consistent with the 608 

outcropping lithologies (Figures 2 and 7a). From ~5 km down to 18 km depths, the P- and S-609 

wave velocity increases up to 6.2 km/s and 3.7 km/s, respectively. The densities range from 610 
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2750 kg/m
3 

to 2850 kg/m
3 

and Poisson's ratios are 0.217 to 0.242. The most compatible rocks 611 

for these P- and S-wave velocities, densities and Poisson's ratios are greywacke, gneiss, and 612 

slate [Birch, 1960; Christensen and Mooney, 1995; Wencai, 2013].  613 

To the north, the TB features P- and S-wave velocities in the range of 3.0 km/s to 4.0 km/s 614 

and 1.8 km/s to 2.3 km/s, respectively. The densities and Poisson's ratio values for 615 

sedimentary cover are 2300 kg/m
3
 and 0.22 to 0.26. Beneath the TB, from ~2 km down to 5 616 

km depths, the basement features a P- and S-wave velocity gradient from 5.4 km/s to 6.0 km/s 617 

and 3.2 km/s to 3.5 km/s, respectively. The resulting densities and Poisson's ratio range from 618 

2670 kg/m3 to 2750 kg/m3 and 0.24 to 0.25. Consistent rock types (Table 3) with these values 619 

include: granite, granodiorite, and greywacke [García-Lobón et al., 2014]. Below this layer, 620 

from ~5 km down to ~19 km depth, the P- and S-wave velocities increase from 6.0 km/s to 621 

6.6 km/s and 3.5 km/s to 3.85 km/s, respectively. The corresponding densities and Poisson's 622 

ratio range from 2750 kg/m
3 

to 2800 kg/m
3 

and 0.22 to 0.24. These values are compatible with 623 

granite, granodiorite, gneiss, felsic granulite, greywacke, slate, and diorite [Birch, 1960; 624 

Christensen and Mooney, 1995; Wencai, 2013].  625 

The lower crust along the ALCUDIA-WA transect is quite homogeneous and features a small 626 

lateral change in P- and S-wave velocity models (Figures 7b and 7c). The lower crust reveals 627 

P-wave velocity gradient from 6.6 km/s to 7.1 km/s and S-wave velocities range from 3.9 628 

km/s to 4.3 km/s. The densities and Poisson's ratios range from 2850 kg/m
3
 to 2950 kg/m

3
 and 629 

0.21 to 0.24. The most compatible rocks for these physical properties include kyenite schist, 630 

gneiss, and diorite [Christensen, 1965; Rudnick and Fountain, 1995; Wencai, 2013].  631 
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The crust mantle transition is modeled as a sharp jump in P- and S-wave velocities (Figures 632 

7b and 7c). The Moho boundary has P- and S-wave velocity gradients of 7.1 km/s to 8.0 km/s 633 

and 4.3 km/s to 4.7 km/s, respectively. The crust mantle transition features densities range 634 

from 2950 kg/m
3 

to 3300 kg/m
3
. The compatible rock types for the upper mantle are: 635 

Iherzolite, harzburgite, dunite [Carmichael, 1989; Kern et al., 1999; Wencai, 2013; Price and 636 

Morgan, 2000].  637 

5. Conclusions 638 

The ALCUDIA-WA transect acquired over the central Iberian Massif features high-amplitude 639 

S-wave arrivals on all the shot gathers. A ~280 km long, crustal S-wave velocity model has 640 

been well constrained by the first S-wave arrivals (Sg), and the Moho reflection (SmS). The 641 

S-wave velocity model shows a layered velocity structure from the surface to the Moho. 642 

Lateral velocity variations are evident in the upper crust down to ~15 km depth. Based on 643 

these variations, the S-wave velocity model can be divided into two segments: the southern 644 

portion of the S-wave velocity-depth model is ~200 km long and it samples the CU and the 645 

southernmost CIZ; the northern portion, ~80 km long, samples from the Toledo Anatectic 646 

Complex to the TB. The average S-wave velocities within the southern part of the profile 647 

feature a gradient from 3.0 km/s to 3.7 km/s for the upper crust to the boundary with the lower 648 

crust. Within the TB, the S-wave velocities range from 1.8 km/s to 2.3 km/s. However, below 649 

the TB, a significant lateral gradient shows a range from 3.2 km/s to 3.8 km/s. The S-wave 650 

velocities in the lower crust are more homogeneous and feature little differences across the 651 

model. They range from 3.9 km/s near the upper crust to 4.3 km/s next to the Moho. The S-652 

wave velocities features a sharp contrast from 4.3 km/s to 4.7 km/s for the crust to mantle 653 
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transition, although the S-wave value for the mantle is not well constrained since no Sn phases 654 

were available. From the SW to the NE, the crustal thickness varies from 31 km to 35.5 km.  655 

A well resolved Poisson's ratio model is calculated using P- and S-wave velocities. The 656 

derived Poisson's ratios are predominantly low and show differences for the upper crust from 657 

south to north. On average, the upper crustal Poisson's ratio values range from 0.21-0.24 658 

within in the CU and CIZ, which is lower than below the TB (~0.22-0.25). The TB is 659 

characterized by Poisson's ratios range from ~0.23-0.26. However, the Poisson's ratio values 660 

features small difference for the lower crust. Poission’s ratio section shows values that are 661 

comparable to those obtained in the neighbouring Ossa-Morena and South Portuguesse Zones. 662 

The crustal composition of the CIZ is constrained by the calculated physical properties and 663 

the outcropping geology. To the north, below the TB, the interpreted compositional section 664 

suggests the existence of deep, denser and faster igneous rocks. These rocks have been 665 

described at the surface in the neighboring areas. The small differences in S-wave velocities 666 

and Poisson's ratio values in the lower crustal levels across the CIZ indicate a seismically and 667 

probably compositionally homogeneous lower crust. From south to north, the crustal 668 

thickening can be related to the orogenic load associated to the CS mountain range and to 669 

alpine tectonics.  670 
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Figure captions: 936 

Figure 1. Map of the main tectonic zones of the Variscan Iberian Massif. The location of 937 

normal incidence and wide-angle profiles (IBERSEIS and ALCUDIA) is shown over the 938 

tectonic map. The study area is highlighted by a blue rectangle and presented in Figure 2a.  939 

Figure 2. (a) Geological map of the study area. The ALCUDIA-NI transect with CDP 940 

numbers is highlighted by a thick black line. The layout of the ALCUDIA-WA transect with 941 

five shots (A1-A5) is shown over the map. (b) Geological cross section constructed from 942 

surface information collected in the field along the dash gray line marked on the map. 943 

Figure 3. Raw shot gather A4 displayed with a reduction velocity of 6.0 km/s. (a), (b), (c) and 944 

(d) Amplitude spectra of the main seismic phases (Sg, SmS and PmP) calculated over the 945 

highlighted windows in the raw shot gather A4. The seismic phases show high amplitudes up 946 

to frequencies of 20 Hz.  947 

Figure 4. (a), (b), (c) and (d) From south to north, the four shot gathers (A2-A5) displayed 948 

with a reduction velocity of 4.6 km/s, across the ALCUDIA-WA transect. A band-pass filter 949 

of 2-10 Hz was applied in order to enhance the reflectivity of the S-wave arrivals. Sg is the 950 

first S-wave arrival, SmS is a S-wave reflected from the crust mantle, Pg is the first P-wave 951 

arrival, PiP is the P-wave reflected phase at boundary between the upper and mid-lower crust, 952 

PmP is the P-wave reflected from the Moho discontinuity, PmS /SmP is the P wave incident 953 

at the Moho discontinuity and converted to a reflected S-wave or vice versa (converted 954 

waves) and Pn is the P head-wave travelling within the upper mantle. 955 

Figure 5. (a) Uninterpreted shot gather A4, (b) Interpreted PmP phase (red circles) on the shot 956 

gather A4 for the near offset travel-times along the ALCUDIA-WA transect. The negative 957 
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offsets (southern branch) of the shot gather A4 samples the Central Iberian Zone, whereas the 958 

positive offsets (northern branch) display the crust and upper mantle beneath the Tajo Basin. 959 

For the southern branch, the interpreted PmP phase at near offsets (–8 km to –20) reveals 960 

travel-time range from ~10.3 to ~10.5 s twtt (two-way travel-time). However, for the northern 961 

branch, the PmP phase is identified at slightly higher travel-times, varying from ~10.8 s to 962 

~11.3 s, for the near offsets (+8 to +20 km). This corresponds to a travel-time shift of ~0.6 s 963 

for the PmP phase which can been seen at near offsets from south to north. A band-pass filter 964 

of 2-10 Hz was applied on the shot gather A4. 965 

Figure 6a. The theoretical traveltime branches predicted by the S-wave velocity model 966 

generated by the Zelt and Smith [1992] algorithm, in order to illustrate the agreement between 967 

the observed phases and the model prediction (red lines). The data have the same processing 968 

as in Figure 4 and a reduction velocity of 4.6 km/s is used to display shot gathers (A2-A5). 969 

Figure 6b. Ray path coverage along the ALCUDIA-WA transect for the direct waves and for 970 

the reflected waves at the Moho. The ray coverage shows the lack of rays for the 971 

southernmost part of the ALCUDIA-WA transect.  972 

Figure 7. (a) Generalized geological cross section along the ALCUDIA-WA transect. (b) 973 

Crustal P-wave velocity model computed along the ALCUDIA-WA transect [after Ehsan et 974 

al., 2014b]. (c) S-wave velocity model obtained by iterative ray tracing technique along the 975 

ALCUDIA-WA transect. (d) Poisson's ratio model derived from the P- and S-wave velocity 976 

models. The black triangles and white dashed lines represent the shot positions and the major 977 

crustal interfaces, respectively. (e) The observed (red line) and calculated (black line) 978 

Bouguer gravity anomaly along elevation profile, and (f) derived crustal and upper mantle 979 

153



 

46 

 

 

density model from the P-wave velocities [after Ehsan et al., 2014b]. 980 
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Table 1 
Data acquisition parameters for ALCUDIA-WA transect 
 
Survey parameters 
Type of survey   2D crooked line 
Recording system   IRIS-TEXANS (RT125A) 
Nominal spread   Asymmetrical split spread  
Source type     Chemical explosive 
Nominal shot depth   50-60 m 
Nominal shot interval   60-80 km 
Nominal shot size   1000 Kg 
Shot design     Single borehole 
Total No. of  shots   5 (1 TM each) 
Geophones     Single component, 10 Hz 
Nominal active channels  1000 
Nominal receiver interval  340-600 m 
Recording length   80 s 
Total length     350 km 
Date acquired    01/05-15/05, 2012 
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Table 2  
The principal processing parameters for ALCUDIA-WA transect 
 
Parameters         
1) Read SU data      80 s 
2) Resampling       4 ms  
2) Band pass filtering      1-2-11-15 Hz  
3) Wiener deconvolution     Gap-deconvolution filter length 
        250 ms, gap length 16 ms 
        1 % Prewhitening  
4) SD compensation      Forward    
5) Reduction Velocity      4.6 km/s    
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Table 3  
Corresponding Rock types beneath the Central Unit, the Central Iberian Zone, and the Tajo 
Basin, constraints from the temperature-corrected P- and S-wave velocities, densities and 
Poisson's ratioa    
 

Central Unit and Central Iberian Zone 
 

Depth             Vp            Vs           Density           Poisson's  Rock Types 
(km)             (km/s)   (km/s)       (kg/m3)           Ratio    
   
   5                    5.2-5.7    3.0-3.35     2520-2750         0.213-0.249  schist, quartzite (7);  
         granite, granodiorite 
         (Pedroches batholith) (7); 
         gneiss, sandstone, limestone, 
         greywacke, (7) 
 
 5-18                 5.8-6.2    3.4-3.7       2750-2850         0.217-0.242  greywacke (1); gneiss, (4); 
         slate (8),  
 
18-31                6.6-7.1    3.9-4.3       2850-2950         0.208-0.238  kyenite schist (2); gneiss (5); 
         diorite (8)     
    
31-33                7.1-8.0    4.3-4.7          3300                0.239b  Iherzolite, harzburgite,  
         dunite (3, 6, 8, 9) 
 

Tajo Basin  
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   2 3.0-4.0    1.8-2.3          2300        0.228-0.268 Clastic sediments 
            
 2-5 5.4-6.0    3.2-3.5       2670-2750          0.245-0.251  granite, granodiorite  
         (Mora batholith), and  
         greywacke (7)  
  
5-19 6.0-6.6    3.5-3.85     2750-2800          0.228-0.248  granite, granodiorite, gneiss, 
         felsic granulite, greywacke 
         (1,4); slate, diorite (8) 
 
19-33 6.6-7.1    3.9-4.3       2850-2950          0.211-0.238  kyenite schist (2); gneiss (5); 
         diorite (8)  
 
33-36 7.1-8.0    4.3-4.7          3300                0.239b  Iherzolite, harzburgite,  
         dunite (3, 6, 8, 9) 
 

 

 
aData modified from Hawman et al. [1990]. References: (1) Birch [1960], (2) Christensen 
[1965], (3) Carmichael [1989], (4) Christensen and Mooney [1995; 1996], (5) Rudnick and 
Fountain [1995], (6) Kern et al. [1999], (7) García-Lobón et al. [2014], (8) Wencai [2013] and 
Price and Morgan [2000] 
bLaboratory measurement, since no Sn phase is identified in the shot gathers, no realistic 
information about Poisson's ratio can be obtained at this level.  
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Abstract 16 

In order to investigate the internal structure of the Moho beneath the Central Iberian Zone and 17 

Tajo Basin, P- and S-wave stacks of the ALCUDIA wide-angle reflection data has been used. 18 

The Moho reflections (PmP) are the most prominent phases and feature high amplitude, 19 

relatively low frequency (4 Hz to 14 Hz) wavelet and a broadband of reflectivity ~1.5. The 20 

standard processing sequence consisted of: (1) trace normalization and amplitude corrections; 21 

(2) band-pass filtering; (3) CMP Sorting; (4) NMO corrections without stretch; and (5) 22 

Stacking. Reflectivity modelling is carried out in order to investigate the high amplitudes 23 

related to the PmP and SmS phases. The reflectivity modelling provided a qualitative estimate 24 

of the impedance contrast at the Moho level. The 2-Dimensional bimodal velocity distribution 25 

better simulated the synthetic seismograms in which the PmP phase is qualitatively 26 

comparable to the PmP phase observed in the shot records. The P- and S-wave stacks reveal 27 
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that the seismic character of the Moho is highly variable: less reflective to reflective, 28 

subhorizontal to flat, discontinuous to diffuse. The images show gradual deepening from 10.2 29 

s two-way travel-time (~31 km) in the Central Iberian Zone to 11.8 s two-way travel time 30 

(~36 km) beneath the Tajo Basin for the Moho discontinuity. High amplitude subhorizontal 31 

Moho discontinuity imaged on the wide-angle seismic stacks supports that: (1) the Moho is 32 

the result of the thermal and/or isostatic re-equilibration processes; (2) the Moho is probably a 33 

late-orogenic feature in the Permian times.  34 

1. Introduction 35 

Andrija Mohorovičić (1857–1936) discovered the Moho boundary in early 1900's 36 

(Mohorovičićic, 1910) as a seismic discontinuity where a relatively sharp increase in P-wave 37 

velocity takes place, from values within the range of 6.5-7.1 km/s to values of, approximately 38 

8.0 km/s (see Carbonell et al., 2013 for a review). This boundary evidences a change in the 39 

physical properties suggesting an overall compositional layering as the over all structure of 40 

the Earth. This discontinuity has been identified as the base of the crust, a compositional 41 

differentiation from the mantle (see Prodhel and Mooney 2012; Thybo and Artemieva 2013 42 

for a complete review on the Moho). This compositional differences across the discontinuity 43 

define the mechanical properties which make the Moho the key element and one of the most 44 

important players in understanding the physics behind the dynamic processes acting in the 45 

Earth's interior. It marks an important change in behaviour, in most cases, material above this 46 

feature moves upward while material beneath it, usually moves downward. Thus, it plays a 47 

very significant role in the implications and consequences of mantle dynamics. 48 

Because of its global significance since its discovery the Moho has been and, still is, a 49 

relevant research target for the Earth Science community. Therefore, since early 1900's the 50 

base of the crust has been imaged by seismic experiments. These include: the analysis of 51 

broad band passive seismic records (Langston, 1979; Vinnik, 1977; Dueker and Sheehan, 52 

1997; Kosarev et al., 1999; Bostock and Rondenay, 1999; Frederiksen and Revenaugh, 2004; 53 

among many others); specially dedicated early refraction and wide-angle seismic reflection 54 
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studies (Prodel and Mooney, 2012, Clowes et al., 2005; Carbonell et al., 1998; Palomeras et 55 

al., 2009, among many others) and normal incidence seismic reflection transects (see for 56 

example: Carbonell et al., 2000, 2002; Cook, 2002; Eaton, 2006; Hammer and Clowes, 1997; 57 

Mooney and Meissner, 1992; Klemperer et al., 1986; Valaesk et al., 1991, 1997;  Cook et al., 58 

2010). These data have provided a series of different interpretations about the origin, 59 

structure, nature, depth, and topography of the Moho discontinuity (e.g., Hammer and 60 

Clowes, 1997; Carbonell et al., 1998, 2002, 2013; Cook, 2002). The derived seismic images 61 

of the crust mantle transition (the Moho) for different regions contain a large amount of new 62 

ideas/aspects that are relevant to understanding the formation, growth and deformation of the 63 

lithosphere (Cook et al., 2010; Carbonell et al., 2013). 64 

Only a handful of studies have been able to characterize the Moho by using shear-waves (e.g. 65 

Carbonell et al., 2000; Palomeras et al., 2011a). Because of its role as the contact/limit 66 

between the Earth's crust and the mantle its physical properties play a key role in the mantle 67 

dynamics and its interaction with the crust. The composition of the continental crust is 68 

estimated by comparing P-wave average seismic velocities from controlled source 69 

experiments (indirect or remote methods) with velocities measured in the laboratories using 70 

rock samples (direct method) (e.g., Shillington et al., 2004; Palomeras et al., 2009). In the 71 

case of crystalline rocks the range of P-wave velocities is very narrow making it very difficult 72 

to be able to differentiate different rock types (Carmichael, 1989; Christensen and Mooney 73 

1995). S-waves provide an additional constraint which helps untangle the correlations 74 

between indirectly measured velocities and rock types (lithologies). 75 

This contribution aims to provide an image, and characterize the Moho beneath the Central 76 

Iberian Zone (CIZ) and Tajo Basin (TB) (Fig. 1) by generating low-fold stack sections of the 77 

wide-angle shot records (Carbonell et al., 1998, 2002) acquired within the ALCUDIA wide-78 

angle (ALCUDIA-WA) experiment (Ehsan et al., 2014b). This wide-angle seismic dataset 79 

was acquired as part of the seismic characterization which is being carried out in Iberian 80 

Peninsula. So far a series of high-resolution normal incidence and wide-angle seismic 81 
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reflection experiments (IBERSEIS, Simancas et al., 2003; Palomeras et al., 2009; and 82 

ALCUDIA, Martinez-Poyatos et al., 2012; Ehsan et al., 2014a) have been carried out (Fig. 1). 83 

The main aim of this effort is to constrain the structure and physical properties of the 84 

lithosphere in SW-Iberia the detailed objectives of each research program can be found in the 85 

specific publications already referenced. The seismic characteristics of the Moho are highly 86 

variable and lack significant topography across most of the Central and Southern Iberian 87 

Massif (see for example: Simancas et al., 2003; Flecha et al., 2009; Diaz and Gallart, 2009; 88 

Martínez Poyatos et al., 2012). The IBERSEIS low-fold wide-angle stack provided first 89 

general outlines of the Moho depth and an overview of its structure and geometry within the 90 

external tectonic domains of the southern Iberian Massif (Flecha et al., 2009). The 91 

ALCUDIA-WA low-fold P- and S-wave images presented in this study constitute first 92 

attempts to provide well-resolved images of the Moho beneath an old intracontinental orogen 93 

(the CIZ), and the TB geological domain.  94 

2. Study Area: Geodynamic setting 95 

The Iberian Massif formed as a result of the collision of two major continents, Laurentia-96 

Baltica and Gondwana, during the Late Paleozoic (Franke, 2000; Matte 1986, 2001). Specific 97 

details on the different tectonic domains, that form this Massif can be found elsewhere (see 98 

for example: Simancas et al., 2003, 2013, and references therein). The part of the Iberian 99 

Massif sampled by the ALCUDIA-WA transect include the major part of the CIZ, from the 100 

Badajoz-Cordoba Shear Zone (Burg et al., 1981) in the south to the TB in the north (Fig. 1b). 101 

The TB covers relatively a large area (over 20,000 km2) and it is triangular in shape (de 102 

Vicente et al., 2013). The basin is bounded by major thrust faults and it was filled during the 103 

Cenozoic (Cloetingh et al., 2002; de Vicente et al., 2013).  104 

Multi-disciplinary geophysical high resolution datasets have been acquired in Iberia since the 105 

early 1990's (for example: Díaz et al., 1993, 1996; Monteiro-Santos et al., 1999; Simancas et 106 

al., 2003; Carbonell et al., 2004; Pous et al., 2004; Palomeras et al., 2009, 2011a, Martínez 107 

Poyatos et al., 2012; Ehsan et al., 2014a, 2014b) in order to constrain the structure and nature 108 
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of the crust and upper mantle. The ALCUDIA normal incidence (ALCUDIA-NI) seismic 109 

reflection images in the study area have been discussed and interpreted by Martínez Poyatos 110 

et al. (2012) and Ehsan et al. (2014a). In these images the PmP features relatively high 111 

amplitudes and it is approximately, ~1.0 s long within the CIZ. This phase marks a nearly 112 

horizontal geometry with minor undulations for the base of the crust across the CIZ. This 113 

Moho discontinuity is suggested to be approximately ~1.5-2.1 km thick (Martínez Poyatos et 114 

al., 2012; Ehsan et al., 2014a). 115 

Ehsan et al. (2014b) presents the seismic P-wave velocity model derived from iterative 116 

forward modelling of the ALCUDIA-WA transect. The PmP and SmS reflected events could 117 

be clearly identified on the high quality wide-angle shot records. Therefore, it is appropriate to 118 

attempt a P- and S-wave low-fold wide-angle stacks in order to constrain specific features 119 

related to the geometry and internal structure of the Moho, similarly to the seismic signature 120 

of the Moho in the IBERSEIS wide-angle (Palomeras et al., 2009). The data along the 121 

ALCUDIA-WA transect reveals PmP events which features a ~0.5–1.5 s long coda (Ehsan et 122 

a., 2014b). The width of the PmP phase (including the coda arrival) suggests a relatively 123 

complex and heterogeneous crust mantle transition beneath the CIZ. Flecha et al. (2009) and 124 

Palomeras et al. (2009) discuss similar features for the northern end of the IBERSEIS wide-125 

angle shot records. The PmP and SmS wide-angle reflections identified in the shot records 126 

place constraints on the internal structure, thickness and physical properties of the Moho, for 127 

approximately ~210 km beneath the CIZ and ~70 km beneath the TB.  128 

4. Data: Acquisition and Processing 129 

In summer 2012, a wide-angle seismic reflection experiment, the ALCUDIA, was acquired 130 

across the CIZ from the Badajoz-Cordoba shear zone, the southernmost limit of the CIZ until 131 

the centre of the TB. The experiment features a total length of ~350 km. The ALCUDIA-WA 132 

transect was laid perpendicular to the surface geological dominant fabric exposed within the 133 

CIZ (Fig. 1b). The seismic data was recorded by almost 900 Reftek 125a  (TEXANS), vertical 134 

component digital recording stations, from the IRIS-PASSCAL Instrument Center. The 135 
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nominal shot and receiver spacing was of, approximately 65 km and 400 m, respectively. To 136 

achieve high-resolution required for deep levels (over 40 km depth), explosive sources were 137 

used. The 1TM of explosive were emplaced for each shot in a single 50-60 m deep borehole. 138 

In total, five source locations (Fig. 1b) were designed distributed along the ALCUDIA-WA 139 

transect from south to north (Table 1).  140 

For stacking, a straight CMP line was defined going across the traces of the ALCUDIA 141 

experiment (Fig. 1b); it mostly follows the location of the receiver and shot positions. The 142 

final CMP spacing is 180 m. This was used for binning the traces according to the midpoint 143 

locations. The focus of the processing was to retrieve a high-resolution image of the Moho. 144 

The key processing steps (Table 2) prior to stacking the data involved; (1) trace normalization 145 

and balancing; (2) Spherical divergence corrections; (3) band-pass frequency filtering; (4) 146 

deconvolution; (5) CMP sorting; (6) hyperbolic move-out corrections without stretching; and 147 

(7) stacking. Note the specificity of the data, which is relatively large, offset wide-angle 148 

seismic reflection. In order to stack these data, it is very important to avoid the stretching of 149 

the shallow events, in particular first arrivals. Therefore, a constant shift, which is different 150 

from trace to trace, is applied to all the time samples pertaining to the same trace. The shift is 151 

calculated by the hyperbolic move-out equation (1) that governs the reflection event that is the 152 

point of interest (Carbonell et al., 1998), the PmP or SmS in this case. 153 

    t0 = sqrt [ t0² -(x²/v²) ]      (1) 154 

where t0 is the time for offset x = 0.0 km; x is the offset of the trace and v is an average 155 

velocity of the crust above the target event. The intercept time of the PmP event (Fig. 2a) is, 156 

10.3 s, 10.3 s, 10.3 s, 10.5 s, and 11.3 s for shot records A1, A2, A3, A4, and A5, respectively. 157 

The intercept time of the SmS event (Fig. 2b) is, 17.83 s, 17.83 s, 17.66 s, 18.18 s, and 20.2 s 158 

for shot records A1, A2, A3, A4 and A5, respectively. For the PmP and SmS, the average 159 

velocity is of 6.2 km/s and 3.58 km/s, respectively (Figs. 2a and 2b).  160 

The processing flow applied resulted in high quality images which were effective in resolving 161 

the reflected phases from the Moho, the PmP, SmS and, also the converted PmS (Valaesk et 162 
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al., 1991, 1997; Carbonell et al., 1998; Flecha et al., 2009). The raw and processed shot 163 

gathers were analysed throughout processing. The trace balance was used to normalize/scale 164 

the traces. A reasonable gain function in relation to the spherical divergence corrections was 165 

applied in order to recover true amplitude and minimize the amplitude variations caused by 166 

offset. In order to increase lateral coherency and to obtain high signal-to-noise ratio a band-167 

pass filter was designed together with the predictive Wiener deconvolution. The frequency 168 

analysis revealed the useful frequency content for the shot gathers range from 4 Hz to 25 Hz. 169 

On the vertical record sections, the PmP arrivals represent P-wave phase reflected as a P at the 170 

Moho discontinuity. The shots records A1 to A5 reveal relatively simple arrival (one or two 171 

wavelets) for the PmP at near offsets. The PmP phase exhibits a 0.7 s to 1.5 s broad reflective 172 

band at longer offsets. A band-pass filter from 5 Hz to 18 Hz (5-8-12-18) was utilized to 173 

identify high quality PmP phase whereas to better identify the SmS phase a band-pass filter 174 

with frequencies range from 1 Hz to 10 Hz (1-2-11-12) was applied on the shot gathers. 175 

Furthermore, the traces in the shot gathers were resorted on a common midpoint between 176 

sources and receivers to form CMP gathers. The non zero-offset travel-times in the CMP 177 

gathers were corrected by a non-linear hyperbolic time shift (Carbonell et al., 1998, 2002; 178 

Flecha et al., 2009). This time shift was designed separately for the PmP and SmS phases. The 179 

conventional NMO corrections produce large artifacts that are not negligible at large offsets 180 

and deep levels. As a result of the preferred hyperbolic time shift, the reflections stacked 181 

coherently at the Moho level within the data. The stacked images, ~280 km long, reveal a 182 

prominent and high amplitude Moho with a ~0.7-1.5 s long coda across the CIZ and the TB 183 

(Figs. 3a and 3b).  184 

The hyperbolic time shift for the PmP and SmS phases was applied on the shot gathers and 185 

the vertical component records are displayed in the CDP domain (Figs. 2a and 2b). The CDP 186 

gathers show mostly high signal-to-noise with prominent high-amplitude PmP/SmS phases or 187 

the Moho reflection and can be correlated in all record sections. The PmP and SmS phases 188 
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appear as shorter coda at nearer offsets and it appears as a thick reflective band at far offsets. 189 

The CMP gathers A1 to A5 (Figs. 2a and 2b) are described from south to north.  190 

The CMP gather A1 features PmP phase identified between CDPs 100 to 170 (Fig. 2a). The 191 

PmP phase is relatively thin, ~0.3 s long, and at 10.1 s travel-time. The PmP arrival is highly 192 

reflective from CDPs 320 to 500. The SmS phase (Fig. 2b) is imaged as a weak event between 193 

CDPs 100 to 140 and at 17.2 s. A strong event representing SmS is seen at CDP 390 that can 194 

be followed for 22 km toward north.  195 

In the CMP gather A2 (Fig. 2a), a prominent and clear PmP phase can be identified between 196 

CDPs 240 to 440 and located at 10.1 s. The PmP phase appears as a highly reflective 197 

horizontal to arcuate event, ~1 s long, from CDPs 620 and 800 and at same time value (Figure 198 

2a). The SmS event is imaged as a weak event from CDPs 320 to 390 at 17.8 s traveltime 199 

while to the north it becomes a thicker event (Fig. 2b). It can be followed between CDPs 620 200 

to 820 as a burst of energy with a ~1.8 s long coda.  201 

The PmP phase is identified in the CMP gather A3 as clearly defined arrival over large 202 

distance (from CDPs 540 to 710) at 10.2 s (Fig. 2a). Between CDPs 1030 to 1220, the PmP 203 

phase features relatively a broadband of reflectivity 0.8-1.2 s. The SmS is prominent feature 204 

in the CMP gather A3 (Fig. 2b) that can be followed from CDPs 520 to 660 and 1000 to 1210 205 

and at 17.5 s traveltime. The SmS is identified as a high amplitude event with duration of ~2 206 

s.  207 

The CMP gather A4 features PmP phase identified between CDPs 870 to 1060 (Fig. 2a). The 208 

PmP phase is highly reflective, ~1.5 s long, and at 10.6 s travel-time. The PmP arrival is less 209 

reflective from CDPs 1250 to 1370. This weak event is identified below the lower crustal 210 

reflectivity at ~10.5 s. The SmS phase (Fig. 2b) is identified as a broadband of reflectivity 211 

between CDPs 860 to 1070 and at 18.1 s. A weak event representing SmS is seen at CDP 212 

1290 which can be followed for 22 km toward north.  213 

A clear PmP phase is identified in the CMP gather A5 between CDPs 1160 to 1590 and at 214 

11.9 s travel-time. The PmP is high amplitude and features a ~1.0 thick reflective band. The 215 
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SmS phase in the CMP gather A5 is very weak. Although this lower amplitude arrival is 216 

identified at CDP 1280 and at 19.9 s travel time. The SmS phase can be followed for 24 km 217 

toward north. From south to north, the PmP and SmS arrivals identified on the CMP gathers 218 

varies from 10.1 s to 11.9 s and 17.8 s to 19.9 s, respectively (Figs. 2a and 2b). The difference 219 

in arrival times for the PmP and SmS phases across the CMP gathers suggests an increase in 220 

crustal thickness.   221 

5. Synthetics Seismic Modelling 222 

Two series of modelling exercise have been carried out with the target to constrain the 223 

geometry of this important geological boundary, the Moho discontinuity. The first series of 224 

models were aimed to make a physically reasonable guess on the vertical 1-D structure; this is 225 

to assess the range of thickness that can be constrained by the dynamic characteristics of the 226 

reflected phases, the PmP and the SmS. A qualitative analysis of the magnitude of the 227 

amplitudes was also considered in order to come up with an estimate of the impedance 228 

contrast across the layering. Once a series of compatible models were obtained the modelling 229 

was extended to account for 2 dimensionality, constraints of the model will be the critical 230 

distance, maximum offsets of the reflected phases and the average amplitude variation with 231 

the offset. We are aware that the details upon which our analysis is based are relatively weak, 232 

if we take into consideration that there are very large number of factors that can contribute to 233 

the details of the analysis. Nevertheless this is what can be done without further constraints.    234 

For these models to be some how useful a statistical basis has been used. The modelling 235 

processes takes into account the self-similarity of the media. Note that for example Brodie and 236 

Rutter (1987) already state that for the deep crust the interbanding/interlayering of the 237 

different rock types (metamorphic) occurs at all scales from the micro scale to layers on the 238 

order of hundreds of meters. This is also observed by Fountain and Salisbury (1981) 239 

describing that the heterogeneity is evident on all scales by laterally limited banding on the 240 

scales of meters to hundreds of meters in the Ivrea Zone, classic example of the outcrop of the 241 

lower crust and Moho within the Alps. This heterogeneous media is usually described by its 242 
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stochastic properties accounted for the autocorrelation, which reflect the statistical measure of 243 

the spatial correlation and the magnitude of the fluctuation of the media. In order words it 244 

describes the degree of similarity of the medium's physical parameters. The Fourier transform 245 

of the autocorrelation results in the power spectra density function. In the literature, the 246 

correlation functions most commonly used are: the Gaussian, the von-Karman and the 247 

exponential correlation functions. The Gaussian correlation function describes a low-pass 248 

filtered white noise. This function is poor in short wavelength components and thus too 249 

smooth to represent the heterogeneities in the earth. A more accurate description when 250 

modelling the earth's interior is given by the von-Karman correlation function. It describes a 251 

self-similar and self-defined medium. This is rich in short wavelength components. It provides 252 

a fractal spatial description of a fabric over a wide scale range, and is commonly used to 253 

model geological structures (Goff and Holliguer, 1999). In the 1-D case the power spectra of 254 

the von-Karman distribution is: 255 

     P (k) = 1/exp (k²a²)     (2) 256 

In this case the k corresponds to the Hurst number and a is the correlation length. The 257 

motivation for using power law functions to model heterogeneity and reflectivity scaling in 258 

velocity/wavefields comes from studies that have observed similar distributions in crustal 259 

well-logs and in geological maps of outcrops of continental lower crust. Studies that report 260 

such observations include: Leary (1991), Holliger and Levander (1992), Holliger et al. (1993), 261 

Levander et al. (1994), Holliger and Levander (1994a), Holliger and Levander (1994b), Goff 262 

and Levander (1996), Holliger (1996), Dolan and Bean (1997), Dolan et al. (1998), Goff and 263 

Holliger (1999). A specific power law function was seen to reasonably fit the observed spatial 264 

correlations, namely the von-Karman autocorrelation function (Goff and Jordan, 1988; 265 

Holliger, 1996). Thybo (2006) and Nielsen and Thybo (2006) suggested that a von-Karman 266 

type upper mantle (Low Velocity Zone) structure could also best explain observations of a 267 

pronounced coda in seismograms of controlled source deep-seismic experiments. The von-268 

Karman function is suitable because it describes scale invariance and it allows a band limited 269 
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description of power law scaling. Fractal dimensions of 2.7 and autocorrelation length of 800 270 

and 200 m (aspect ratio of 4) have been reported for the Ivrea zone (Holliger and Levander, 271 

1992).  Note that the fractal dimension (D) and the Hurst number (k) are related by: 272 

     D = 3-k      (3)  273 

Therefore, stochastic models of the lower crust and Moho can be modelled by inverse 274 

transforming the random field, which has previously multiplied by the corresponding power 275 

spectra of the von-Karman function with specific correlation lengths. The correlation lengths 276 

are the key targets of this modelling exercise.   277 

1-D von-Karman function (Goff and Holliger, 1999) was the strategy used to obtain a variety 278 

of 1-D Vp, Vs, and density series as a function of depth with thicknesses governed by the 279 

correlation length parameter. The layered structure was considered to represent the Moho and 280 

it was incorporated to 1-D modelling approach to simulate synthetic seismograms. In order to 281 

investigate the lateral variability of the seismic reflection field in the wide-angle records, 2-D 282 

models were required. These models included a 3 km thick Moho structure characterized by a 283 

vertical and a horizontal correlation length. A qualitative analysis of the observed seismic 284 

signature was carried out. The seismic qualitative characteristics of the PmP and SmS where 285 

used to estimate compatible correlation lengths (vertical and horizontal) and velocity 286 

distributions. 287 

The 1-D seismic modelling was carried out using a reflectivity algorithm and over 40 different 288 

models were used to explore the model space. The objective was to estimate average, 289 

predominant layer thickness and compatible velocities that would generate qualitatively 290 

similar seismic wave fields. The 1-D models that more closely simulate the characteristics of 291 

the PmP in the shot records feature layering with correlation lengths around ¼ of the 292 

predominant wavelength (for example from 200-1000 m). The coda of the PmP and SmS is 293 

determinant of the velocity contrasts to be expected within the Moho structure when the 294 

velocity distribution approaches a bimodal one, with characteristic velocities that simulated a 295 

interbanding of lower crustal and upper mantle rocks. When values of the velocities are 296 
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intermediate the amplitude reflections are not high enough and the coda is not as energetic as 297 

in the observed/recorder shot records (Figs. 4 and 5). 298 

The two dimensionality of the Model of the Moho can be considered a critical aspect when 299 

discussing the possible origin, role, of the Moho discontinuity. The correlation axis, horizontal 300 

and vertical, are very significant when discussing if the Moho involves vertical or horizontal 301 

structures and processes. In the neighbourhood of ridges vertical features will most probably 302 

characterize the Moho and therefore vertical correlation length should dominate the structure. 303 

Under areas characterized by extensional tectonics the internal structure of the Moho will 304 

most probably be dominated by horizontal structures. In order to take into account the PmP 305 

and the SmS signature of the Moho structure 2-D elastic finite difference solver of the wave 306 

equation was used to explore the model space and its seismic response. The elastic finite 307 

difference models reveal that in order to be able to reproduce the seismic fabric of the PmP 308 

and the SmS and the coda characteristics an internal architecture for the Moho which is 309 

characterize by horizontally laminated heterogeneous media with correlation length between 310 

1000 m to 4000 m for the horizontal dimension and on the order of 200-1000 m is the most 311 

appropriate (Fig. 6). A significant and diagnostic feature of the seismic shot records is the 312 

burst of relatively high amplitude PmP and SmS energy, which is characteristic of the shot 313 

records, and it can be identified at approximately 80 to 100 km offsets. The energy of this 314 

laterally limited burst of event and its coda is qualitatively reproduced by the heterogeneous 315 

structure proposed characterized by a bimodal velocity distribution consisting of interlayering 316 

of high velocities, close to mantle values, and low velocities close to crustal values. Models of 317 

the laminated Moho structure consisting of gradient and or intermediate velocities models are 318 

not capable to reproduce energetic structures at the identified offsets (Fig. 7). 319 

6. Discussion 320 

A structural image of the Moho is obtained across the central Iberian massif by the low-fold 321 

wide-angle stack sections (Figs. 3a and 3b). The P-wave stack (Fig. 3a) reveals relatively high 322 

amplitude band of reflectivity defined as the crust mantle transition (the Moho). The P-wave 323 
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stack can be divided into two parts: (1) the CIZ and (2) the TB, based on the difference in the 324 

seismic signature (amplitude and waveform) of the Moho and the travel-time variations of this 325 

arrival. The wide-angle Moho below the CIZ and the TB shows variability in character and 326 

travel-time. The changes in the reflectivity pattern of the Moho along the P-wave stack may 327 

indicate local difference in the tectonic processes and/or existence of lithological/rheological 328 

variations. Within the CIZ, reflection geometry of the Moho is sharp and relatively flat and in 329 

the time range of 10.2 to 10.8 s (~31 to 32 km depth). The wide-angle Moho from the P-wave 330 

stack (Fig. 3a) located beneath the TB, between CDPs 1040 to 1440, shows a thin band of 331 

reflectivity, ~0.8 s long coda and its travel-time range from 10.8 s to 11.8 s (~32 to ~36). The 332 

IBERSEIS wide-angle reflection data (Transect A and B) acquired south of the study area 333 

imaged the Moho discontinuity over the three major tectonics domains (the SPZ, the OMZ, 334 

and the southernmost CIZ) (Flecha et al., 2009; Palomeras et al., 2009, 2011a). The P-wave 335 

stack from the IBERSIES wide-angle Transect B imaged the Moho discontinuity over the 336 

southernmost CIZ for approximately 100 km (Flecha et al., 2009) and shows similar features 337 

for the Moho discontinuity; a thick high amplitude continuous event, located at ~10 s (Flecha 338 

et al., 2009).  339 

The ALCUDIA-WA transect overlaps the traces of the ALCUDIA-NI transect (Fig. 1b). This 340 

provided an excellent opportunity to compare the Moho reflectivity imaged by the two 341 

datasets (Figs. 3a and 3b). A number of different geometrical relationships and regional 342 

variations have also been identified between the reflection Moho and the wide-angle Moho in 343 

other areas such as the Basin and range province of western United States and across Canada 344 

(Klemperer et al., 1986; Cook et al., 2010). A correlation of the high amplitude PmP phase of 345 

the wide-angle reflection and the normal incidence reflection Moho (Ehsan et al., 2014a) is 346 

shown in Figure 3. The resulting depth estimates of the wide-angle Moho coincide with the 347 

normal incidence reflection Moho (Figs. 3a and 3c). The reflection Moho imaged by the 348 

ALCUDIA-NI is high amplitude, ~1.5 km thick, subhorizontal to flat and varies smoothly 349 

with an exception where a zone of dipping reflectivity (a singular wedge structure) into the 350 
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upper mantle is identified (Martínez Poyatos et al., 2012; Ehsan et al., 2014a). The P-wave 351 

wide-angle stack shows relatively sharp horizontal aligned band of reflections that define the 352 

Moho discontinuity at this location. However, the wedge feature that was imaged in the 353 

ALCUCIA-NI stack is not visible on the P-wave wide-angle stack. The multichannel 354 

ALCUDIA-NI reflection stack (Fig. 3c) reveals high quality and continuous crust mantle 355 

transition (the Moho discontinuity) beyond the resolution of the images generated by the low-356 

fold wide-angle stack (Fig. 3a).  357 

The ALCUDIA-WA stacks feature a clear Moho that extends laterally toward the north for 358 

almost 80 km into the TB (Figs. 3a and 3b). The ALCUDIA-NI image (Fig. 3c) shows a high 359 

amplitude laminated lower crust and the Moho discontinuity is characterised by two high 360 

amplitude bands of horizontal reflectivity from CDPs 11000 to 13000. The Moho is split into 361 

double band of reflectivity toward the north of the CIZ (Martínez Poyatos et al., 2012; Ehsan 362 

et al., 2014a). The P-wave wide-angle stack (Fig. 3a) reveals similar feature: a relatively high 363 

amplitude subhorizontal reflectivity, just above the Moho, between CDPs 900 to 1060 is 364 

identified, which most probably represent the split of the Moho into two reflectors.  365 

The ALCUDIA-WA stacks reveal diffused reflectivity pattern for the Moho between CDPs 366 

100 and 350, ~45 km long (Figs. 3a and 3b). In the Iberian Massif of the Variscan belt (Fig. 367 

1), a suture unit (the Tomar–Badajoz–Cordoba shear zone), ~5 km thick, is defined between 368 

the CIZ and the OMZ (Burg et al., 1981; Azor et al., 1994: Simancas et al., 2001, 2003). The 369 

internal tectonic domains (the CIZ and the OMZ) of the Variscan belt bounded by a major 370 

suture zone (the CU) represent transpressional deformation extends over ~70 km toward the 371 

interior of the Iberian Massif (Simancas et al., 2001, 2003; Martínez Poyatos et al., 2012; 372 

Ehsan et al., 2014a). On the southwestern end of the ALCUDIA-NI stack (Fig. 3c), the lower 373 

crust and Moho is faintly recognized from CDPs 100 to 2300. This result is consistent with 374 

that of ALCUDIA-WA stack sections. Within the CU and the CIZ, the lack of localized 375 

events and low amplitude reflectivity in the lower crust of the ALCUDIA-NI transect (Fig. 376 

3c) is identified and interpreted as corresponding to the OMZ crust (Martínez Poyatos et al., 377 
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2012; Ehsan et al., 2014a). The differences in the crust mantle reflectivity suggest that, the 378 

low amplitude band of reflections within the southern part of the ALCUIDA-WA stacks may 379 

represent the OMZ Moho.  380 

The S-wave wide-angle stack shows local differences in the seismic signature of the Moho 381 

across the CIZ and the TB and it is well defined beneath the CIZ (Fib 3b). The Moho 382 

discontinuity features average amplitude band of reflections, ~0.8 s long coda, in the S-wave 383 

stack (Fig. 3b). The Moho is characterised by high reflectivity beneath the CIZ from CDPs 384 

330 to 1040. The geometry of this broad band of reflectivity within the CIZ is horizontal 385 

although not totally flat and in a time range from ~17.8 to ~18.4 s (~31 to 32 km depth). 386 

However, the Moho beneath the TB features a diffused reflectivity pattern between CDPs 387 

1040 to 1440. The S-wave wide-angle stack (Fig. 3b) imaged a single relatively weak event 388 

located at ~19.6 (~34 km depth) from CDPs 1150 to 1230, which provided an opportunity to 389 

extend the Moho toward the north below the TB. The high lateral and vertical resolution of 390 

the seismic reflection/refraction images of the Moho structure strongly depends on a number 391 

of acquisition parameters, which included frequency content of the source, receiver geometry 392 

and density (Carbonell et al., 1998, 2013). However, the S-wave attenuation in the upper most 393 

sedimentary deposits might explain the weak SmS arrival and the corresponding diffuse Moho 394 

reflectivity toward the northern end of the S-wave wide-angle stack (Fig. 3b). The thick 395 

sedimentary cover may also account for the decrease in reflectivity coda length for the P-wave 396 

stack beneath the TB (Fig. 3a). Note that the crustal thickness beneath the TB is mainly 397 

constrained by the PmP arrival identified at near offsets in the CMP gather A5 (Fig. 2a). The 398 

difference in the Moho character, highly reflective to diffuse, is evident from the ALCUDIA-399 

WA and ALCUDIA-NI stacks (Figs. 3a, 3b and 3c). The relatively sharp and subhorizontal 400 

Moho (Fig. 3) across the CIZ and the TB is most probably a late-orogenic feature, reset 401 

mainly as a result of thermal re-equilibrium and/or isostatic re-equilibrium of the crust 402 

(Simancas et al., 2003; Carbonell et al., 2004, 2013; Flecha et al., 2009; Cook et al., 2010; 403 

Martínez Poyatos et al., 2012). Though, the age of the Moho discontinuity is not well 404 
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constraint along the southwest Iberia. However, the resetting time of the Moho related to 405 

thermal re-equilibrium is considered to be Permian (Simancas et al., 2003; Carbonell et al., 406 

2004; Flecha et al., 2009; Martínez Poyatos et al., 2012).             407 

6. Conclusions 408 

The ALCUDIA wide-angle reflection dataset provided an excellent opportunity to analyse the 409 

internal geometry of the Moho discontinuity across the central Iberian Massif. The P- and S-410 

wave stack images helped understanding the origin and nature of the Moho and the tectonic 411 

processes affecting it. The observed amplitudes of the PmP and SmS phases in the shot 412 

records are reproduced by 1-D reflectivity model. The analysis suggests that introducing 413 

layering with correlations length between 200 m to 1000 m and an interbanding lower crustal 414 

and upper mantle velocity distribution can simulate the characteristics of the Moho arrivals. 415 

However, the coda associated to the PmP and SmS events and the lateral variability in their 416 

seismic characteristics is better reproduced using 2-D full-wave forward modelling. The 417 

bimodal velocity distribution provided more realistic simulations and accounted for the broad 418 

reflective packages related to the Moho.  419 

From the southern end of the Central Iberian Zone to the Tajo Basin, the P-wave stack reveals 420 

Moho arrival times range from 10.2 s to 11.8 s, while the S-wave stack reveals Moho arrival 421 

times range from 17.8 s to 20.2 s. The lateral differences in the Moho arrival times as evident 422 

from the P-and S-wave wide-angle stacks strongly suggest an increase in crustal thickness. 423 

The Moho is located at 31-33 km beneath the Central Iberian Zone and at 35.5 km beneath the 424 

Tajo Basin. The Moho depth estimates from the wide-angle P- and S-wave stacks are 425 

consistent with the normal incidence reflection Moho. The seismic character of the Moho is 426 

highly variable: being continuous, sharp and reflective beneath the Central Iberian Zone to 427 

less reflective beneath the Tajo Basin. The geometry of the Moho is subhorizontal to flat as 428 

imaged by the ALCUDIA wide-angle stacks. The lateral variability and the flat geometry of 429 

the Moho is indicative of its reset mainly as a result of thermal re-equilibrium and/or isostatic 430 

re-equilibrium of the crust during the Permian. 431 
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Figure captions: 642 

Figure 1. (a) Map of the main zonal division of the Variscan Iberian Massif. The location of 643 

normal incidence and wide-angle profiles (IBERSEIS and ALCUDIA) is shown over the 644 

tectonic map. The study area is highlighted by a red rectangle and presented in Figure 1b. (b) 645 

Geological map of the study area. The ALCUDIA-NI transect with CDP numbers is 646 

highlighted by a thick black line. The layout of the ALCUDIA-WA transect with five shots 647 

(A1-A5) is shown over the map. The midpoint traces of the ALCUDIA-WA transect are 648 

stacked along a straight CDP line marked with red colour on the map. 649 

Figure 2a. Shot gather A1 to A5, displayed in the CDP domain. A hyperbolic shift using an 650 

average crustal velocity of 6.2 km/s was applied on the PmP phase in the shot gathers. For 651 

shot gathers, A1, A2, A3, A4, and A5, the intercept time of the PmP phase is 10.3, 10.3, 10.3, 652 

10.5 and 11.3, respectively. 653 

Figure 2b. Shot gather A1 to A5, displayed in the CDP domain. A hyperbolic shift using an 654 

average crustal velocity of 3.58 km/s was applied on the SmS phase in the shot gathers. For 655 

shot gathers, A1, A2, A3, A4, and A5, the intercept time of the SmS phase is 17.83 s, 17.83 s, 656 

17.66 s, 18.18 s, and 20.2 s, respectively. 657 

Figure 3. (a) and (b) The ALCUDIA-WA low-fold P- and S-wave stack sections. (c) The 658 

ALCUDIA-NI deep seismic reflection profile, postmigrated stack section. The ALCUDIA-659 

WA transect overlaps the traces of the ALCUDIA-NI transect for about 200 km (blue bar), 660 

providing the keys to establish link between the two datasets. The Moho discontinuity imaged 661 

by the ALCUDIA-WA P-wave stack and ALCUDIA-NI stack shows a good correlation (red 662 

circle).  663 

Figure 4. (a), (b), (c) and (d) Synthetic seismograms using the 1-D reflectivity method. The 664 

layering that model better simulates the seismic signature of the PmP corresponds to relatively 665 

thick layers with a bimodal distribution of velocities (Figures 4a and 4b). The low velocities 666 

are close to the lower crustal values and the high velocities are close to the mantle values. 667 

Note that the data is displayed with a hyperbolic move-out so that the reflected PmP is nearly 668 
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horizontal for comparison purposes with the shot records in Figure 2a. 669 

Figure 5. (a), (b), (c) and (d) Synthetic seismograms using the 1-D reflectivity method. The 670 

layering that model better simulates the seismic signature of the SmS corresponds to relatively 671 

thick layers with a bimodal distribution of velocities (Figures 5a and 5b). The low velocities 672 

are close to the lower crustal values and the high velocities are close to the mantle values. 673 

Note that the data is displayed with a hyperbolic move-out so that the reflected SmS is nearly 674 

horizontal for comparison purposes with the shot records in Figure 2b. 675 

Figure 6. (a) A bimodal velocity distribution characterized by a horizontally laminated and 676 

heterogeneous layering. Note that the bimodal velocity distribution was able to reproduce the 677 

seismic fabric of the PmP phase and the layering structure for the Moho. Note also the 678 

amplitude of the SmS reverberatory wave train that is reflected form the Moho and that will 679 

be recorded at 80-100 km offsets. (b) Synthetic seismic record section generated by a Moho 680 

consisting of laterally heterogeneous layering with a bimodal velocity distribution. The 681 

synthetic data is displayed with a hyperbolic move-out so that the reflected PmP is nearly 682 

horizontal for comparison purposes with the shot records in Figure 2a. 683 

Figure 7. (a) A gradient velocity distribution characterized by a laterally heterogeneous, 684 

layering, i.e., a velocity distribution function consisting of a gradient going from a crustal 685 

velocity to a mantle velocity values. Note that the gradient velocity model is not able to 686 

reproduce the seismic fabric of the PmP phase. (b) Synthetic seismic record section generated 687 

by the homogeneous refraction velocity model. The synthetic data is displayed with a 688 

hyperbolic move-out so that the reflected PmP is nearly horizontal for comparison purposes 689 

with the shot records in Figure 2a. 690 
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Table 1 
Data acquisition parameters for ALCUDIA-WA transect 
 
Type of survey    2D crooked line 
Recording system   IRIS-TEXANS (RT125A) 
Source type     Dynamite 
Nominal shot depth   50-60 m 
Nominal shot interval   60-80 km 
Nominal shot size   1000 Kg 
Shot design     Single borehole 
Total No. of  shots   5 (1 TM each) 
Geophones     Single component, 10 Hz 
Nominal active channels  900 
Nominal receiver interval  340-600 m 
Recording length   80 s 
Total length     350 km 
Date acquired    01/05-15/05, 2012  
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Table 2  
The principal processing parameters for ALCUDIA-WA transect 
 
Parameters         
1) Read SU data      80 s 
2) Resampling       4 ms 
3) Apply geometry      Straight CDP line   
4) Band pass filtering      2-4-12-18 Hz (for PmP) 
        1-2-11-12 Hz (for SmS)  
5) Wiener deconvolution     Gap-deconvolution filter length 
        250 ms, gap length 16 ms 
        1 % Prewhitening  
6) SD compensation      Forward 
7) Velocity analysis      6.2 km/s (for PmP) 
        3.58 km/s (for SmS) 
8) Hyperbolic time shift     Without stretch 
9) CMP Stacking      Unity     
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3.1. Discussion

The ALCUDIA-NI deep seismic reflection profile (Figures 8 and 9) acquired in the CIZ provides a 

high-resolution (60-70 fold, Figure 8a) reliable image of the crust and upper mantle down to about 

45 km (15s twtt) depth. However, the stack section reveals a few vertical stripes (Figure 8c) of 

about 10 km width where signal-to-noise ratio is low. The surface geological observations (Figures 

2b and 9b) reveal five well marked synclines (Guadalmez syncline, Almadén syncline, Herrera del 

Duque syncline, Guadarranque syncline and Navalucillos syncline), which are cored by Ordovician 

to  Devonian alternating slates  and quartzites.  The vertical  stripes (zones  of low signal-to-noise 

ratio)  roughly  coincidences  with  these  synclines.  The  data  quality  observed  beneath  the 

Guadarranque syncline is relatively better than data resolution beneath other synclines. Beneath the 

synclines,  the  seismic  reflectivity  for  the  shallowest  part  (less  than  3  km)  is  characterized  by 

enhanced  amplitudes,  which  can  be  attributed  to  contrasting  impedance  in  the  Ordovician  to 

Devonian successions and/or structures shallowing with depth. Subhorizontal fold hinges can be 

clearly imaged by the seismic reflection method, however, the image quality over steeply dipping 

limbs of folded structures features low signal-to-noise [Heinonen et al., 2012; White et al., 2000]. 

The vertical strips can also be explained by the limitation of seismic reflection method over such 

folded structures. 

During the Middle to Late Devonian times, the CIZ overthrust the OMZ, resulted in the formation 

of large scale recumbent folding and thrusting with decoupling of the lower crust in the footwall, 

and  back-folding  and  back  shearing  in  the  hanging  wall  [Simancas  et  al.,  2001,  2003].  The 

IBERSEIS-NI and ALCUDIA-NI seismic transects (Figures 6 and 9c) show similar structures at the 

boundary between the OMZ and the CIZ. The surface geological observation, regional geological 

knowledge and seismic reflectivity patterns led us to interpret the upper crust across the ALCUDIA-

NI transect. The low angle reflectivity beneath CDPs 11800 to 13100 identified in the upper crust 

toward the southern end (the Zone III) of the ALCUDIA-NI transect correlates with the surface 

structures, thus interpreted as normal faults. The ALCUDIA-NI transect features high amplitude, 

horizontal to subhorizontal, laterally coherent reflectivity and gently to steeply dipping reflections 

for the lower crust. The Zone I across the ALCUDIA-NI transect (Figure 9c) features a dipping 

band of weak reflectivity beneath CDP 1500 at lower crustal levels. This dipping band extends to 

the surface near  the southern border of the Pedroches  Batholith at  CDP 2500. This indicates a 

possible association of this feature with the batholith. This band of weak seismic reflectivity can be 

interpreted as channel/pathway that would feed the batholith with necessary granitic magma. Other 

features  which  are  relevant  to  point  out  are:  a  relatively  large  population  of  arcuate  reflection 
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segments within the lower crust as a result of inter-network of shear zones and a singular wedge 

structure  between  CDPs  2800  to  3900,  which  involves  the  Moho  discontinuity.  The  boundary 

between the OMZ and the CIZ is a suture/transpressive shear zone, the Tomar-Badajoz-Cordoba 

shear zone that includes the CU. The singular wedge is interpreted to reflect or constitute evidence 

of  the  collision-suture  at  Moho  depth  [Martínez-Poyatos  et  al.,  2012;  Simancas  et  al.,  2013]. 

Beneath Zone I, the upper crust shows a bivergent system of faults and the south vergent pathway 

characterized  by  zone  of  weak  reflectivity  and  the  complex  structure  at  the  Moho.  These 

observations can be integrated to define a crustal scale deformed flower structure generated during 

the transpressive,  strike slip tectonics. Crustal scale transpressive shear zones and/or large-scale 

strike-slip faults constitute major structures that are able to involve the upper mantle [Zengqian et 

al.,  2003;  Pirajno,  2010].  Along  these  structures  the  mantle  material  channels  into  the 

subcontinental lithospheric and/or they can indirectly provide heat that results in the melting of 

lithospheric material.  These processes induce igneous activity that is characterized by magmatic 

products,  ranging from mafic-ultramafic  to  granitic  [Zengqian et  al.,  2003;  Pirajno,  2010].  The 

weak zones and pathways (fracture zones) can be reactivated by any other tectonic activity in the 

area. 

The Almadén Mercury mine is located ~100 km north of the southern end of the ALCUDIA-NI 

transect. It is located on the southern steeply dipping flank of the Almadén syncline, in the Almadén 

district. The genesis of the mercury is related to the pre-Variscan diagenetic environment and the 

age of Hg mineralization is centered at 360-340 Ma, with some contributions to the mineralization 

during the Pennsylvanian. The origin of Almadén Mercury deposit is associated to hydrothermal 

activity or to alkali mafic volcanics [Saupe, 1990; Hall et al., 1997; Higueras et al., 2000; Jebrak et 

al.,  2002].  A direct  link  between  mercury  mineralization  and  mantle  derived  alkaline  basaltic 

volcanics is introduced by investigating other mercury deposits in the Almadén area [Hernandez, 

1984; Ortega, 1986; Ortega and Hernandez, 1992]. In the vicinity of Almadenejos (a village), at 

least one feeder pipe of the alkaline basalts and presumably also of the mercury mineralization is 

known [Heinze et al., 1985]. The origin of the Mercury deposits in Almadén may be related to 

intrusions and emplacement of the mantle derived alkali mafic magmas in a continental intraplate 

setting. The IBERSEIS-NI transect [Carbonell et al., 2004; Simancas et al., 2003] identified a mid-

crustal magmatic intrusion (the IRB, Figure 6). The ALCUDIA-NI transect corresponds to northern 

extension of the IBERSEIS (Figure 5) and it does not show evidence of IRB extending further to 

the north. The ALCUDIA-NI seismic transect suggests the underlying structure of the Almadén 

district might have developed some fractures and faults. The existence of fractures and faults could 

have provided the tectonic link with lower crust and mantle and presumably the pathways for the 
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alkaline basaltic magma during the Late Ordovician to Early Devonian. The plume activity farther 

emphasized the mineralization in Early Carboniferous. 

The ALCUDIA-NI transect (Figure 9c)  shows a highly reflective and strongly laminated lower 

crust.  The reflectivity  in  the lower crust  can be explained by the intrusion of felsic  and mafic 

magmatic  material  during  the  extensional  tectonics  as  well  as  pervasive  ductile  shearing 

[Allmendinger  et  al.,  1987;  McCarthy  and  Thompson,  1988;  Mooney  and  Meissner,  1992; 

Meissner,  1999]. The  ALCUDIA-NI  transect  suggests  that  the  CIZ  has  not  been  affected 

importantly by extensional tectonics during the Variscan (Paleozoic) evolution.  This extensional 

tectonic would allow massive intrusion of igneous material at deep crustal levels [Martínez Poyatos 

et al., 2012]. However, the SPZ, the OMZ and the southernmost CIZ have been affected by the D2 

(Mississippian extension) that might  have partly heated the CIZ [Simancas et al., 2003; Martínez 

Poyatos et al., 2012]. The mid-crustal IRB body is (Figure 6) high amplitude and strongly reflective 

located within the OMZ. It is interpreted as a layered mafic intrusion that formed as a result of a 

relatively large heat flow anomaly during Carboniferous. This suggests that within the CIZ, the 

mafic rock intrusions are mostly located in the lower crust and mostly to the southernmost area. The 

Bouguer gravity anomaly shows maximum value near the southern end of the ALCUDIA-NI profile 

(Figure 8b). A difference of ~40 mgal can be determined from the southern end of the transect up to 

CDP 13300 (northern end of transect) over a distance of ~200 km. The average topography is 500 m 

and the Moho is almost horizontal located at ~31-33 km depth along the ALCUDIA-NI transect. 

This is indicative of a change in the physical properties (in particular density) or an increase in 

crustal thickness toward the north. The CIZ crust features higher content of mafic materials within 

the vicinity of the proposed flower structure until CDP 3000. From CDP 3000 up to 11000, the 

Bouguer gravity anomaly is almost horizontal (~40 mgal) suggesting a constant content of mafic 

material in the crust. A minima near the northern end of the transect indicates the crust is less mafic 

in this region. The surface geological observations (Figure 2a) demonstrate Carboniferous mafic 

rocks (plutons and volcanics) in the southern end of the CIZ. The attitude of the fractures within the 

flower structure (the Zone I) would be subvertical and it was largely affected by the intrusion of the  

mafic material. The southernmost vertical strip (low signal-to-noise zone) beneath CDPs 1900 to 

2300, corresponds to this high angle geometry, which is difficult to image by NI reflection data, 

however patches of reflecting bodies are imaged [Heinonen et al., 2012]. The reactivation of the 

preexisting weak zones and pathways (fault/fracture zones) would channel these magmas, resulting 

in a strongly reflected laminated lower crust.  To the north of the suture zone, the attitude of the 

weak zones is more horizontal indicating sill-like structures. The horizontal seismic fabric observed 

north of the interpreted flower structures could also represent anastomosing, ductile shear zones, 
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which would be responsible for the laminated lower crust. 

The characteristics of deformation (e.g., shortening) near the edges of colliding old and present 

continents can easily be recognized. The lower crust sink/underplate into the mantle at suture zone 

thus  compensating upper crustal  shortening [Martínez Poyatos  et  al.,  2012].  The IBERSEIS-NI 

transect (Figure 6) across the SPZ and the OMZ structures describes this  shortening, where an 

important part of the deformation is resolved by a southwest vergent imbricate thrust system with 

numerous  thrusts  featuring  small  displacement  [Simancas  et  al.,  2003].  However,  the  study  of 

shortening accommodation at different crustal levels in intracontinental areas is challenging. In such 

areas, geological processes have rarely exhumed deep rocks to surface and where relatively simple 

surface geology only allows control/knowledge on the structure beneath the first few kilometers. 

The  ALCUDIA-NI  profile  provided  a  unique  opportunity  to  explain  the  characteristics  of 

deformation for the whole crust in intracontinental areas far away from suture zones. The Zone III 

across the ALCUDIA-NI profile (Figure 9c), features least compression deformation, however a 

prominent  thrust  affected  the  lower  crust.  Beneath  CDP 13100  and  at  ~23  km depth,  a  high 

amplitude reflector rises toward the southwest and reaches CDP 11000 at ~15 km, defining a flat-

ramp-flat  structure  which  enabled  extension  at  surface  [Martínez  Poyatos  et  al.,  2012].  The 

subhorizontal reflection fabric beneath CDP 11000 is truncated by the ramp and the reflection fabric 

is horizontal to south dipping above the ramp. These geometrical relationships indicate a flat-ramp-

flat structure and constrains the thrust displacement to ~35 km [Martínez Poyatos et al., 2012]. The 

thrust climbed from ~23 km to ~15 km along the footwall ramp. This suggests a crustal thickening 

of ~7 km which is correlateable with the upward displacement of the top of the reflective crust. The 

hanging wall of the lower crustal thrust features low amplitude and discontinuous reflectivity and it 

is highly deformed. A series of thrust faults with small displacement truncates the southwest dipping 

reflectivity of the hanging wall. Beneath the Zone I, a crustal mantle wedge located underneath the 

prominent Pedroches Mississippian (D2) sedimentary basin affected the lower crust. The singular 

wedge structure shows a shortening of ~30 km and a crustal thickening of ~8 km [Martínez Poyatos 

et al., 2012]. Along the ALCUDIA-NI transect, ~230 km long, two major structures are identified in 

the lower crustal levels. The structures accumulated a shortening of ~65 km, thus representing 23% 

shortening of the lower crust.  Shortening during the deformation is  regularly distributed in  the 

upper crust and it is difficult to estimate. However, the style of folding cored by the blind thrusts in 

upper crust suggests similar order of shortening. The shortening in upper and lower crust seems to 

be equally compensated. However, the way orogenic shortening is accommodated is different in the 

upper and lower crust [Martínez Poyatos et al., 2012]. 

The ALCUDIA-NI transect (Figure 9c) was divided into three zones (Zone I, Zone II and Zone III) 
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based  on  the  seismic  reflection  fabric  in  crust  (in  particular  at  lower  crustal  levels)  and  the 

observations from the surface geology. The upper crust (~13-18 km thick) along the ALCUDIA-NI 

transect features the tectonic style of deformation is accommodated mainly by folding, high angle 

faulting and imbricate thrust systems. Thus, indicates the Variscan shortening is homogeneously 

distributed in the upper crust. The lower crust of the Zone II is relatively less deformed than the 

Zone I and Zone II. The upper crustal shortening, i.e., synclinal and anticlinal geological structures 

cored by the blind thrusts, seems to have no counterpart in the lower crust. Beneath Zone II, no 

shortening  structures  are  identified  in  the  lower  crust,  suggests  the  shortening  is  concentrated 

mainly  in  the  lower  crust  of  Zone  I  and  Zone  II.  The  upper  and  middle-lower  crust  reacted 

differently to the Variscan shortening in different zones [Martínez Poyatos et al., 2012]. Thus, a 

decoupling zone (corresponding to the brittle/ductile transition), at ~13-18 km depth, in coincidence 

with the top of the reflective lower crust is required, separating the upper crust from the middle-

lower  crust  across  the  ALCUDIA-NI  profile  [Martínez  Poyatos  et  al.,  2012].  Experiments  on 

shortening of layered analogue models  [Davy and Cobbold, 1991;  Burg et al., 1994; Brun 2002] 

reveal similar features. The analogue model incorporates the vertical heterogeneities and anisotropy 

of  a  continental  lithosphere  containing  discontinuities.  According  to  the  analogue  models,  the 

existence  of  a  coupling/decoupling  in  between  brittle  and  ductile  layers  largely  controls  the 

localized versus distributed deformation. 

The ALCUDIA-WA transect provided the first detailed P-wave velocity information beneath the 

CIZ (Figure 14b). Thus, a reliable time-to-depth conversion was not possible before the current P-

wave velocity model calculated from the ALCUDIA-WA transect. This velocity information was 

utilized to perform a time-to-depth conversion on the ALCUDIA-NI post stack time migrated sec-

tion. However, in order to access the accurate depths of the crustal boundaries a prestack depth mi-

gration must be carried out. A slight increase (less than 2 km) in crustal thickness/Moho deepening 

toward the north, from CDPs 10300 to 13300, is determined once the time-migrated stack of the 

ALCUDIA-NA profile was converted to depth (Figure 15c). However, this increase in Moho depth 

does not imply a change in its geometry. Post Variscan (Mesozoic and Tertiary) tectonic evolution 

has strongly conditioned the current topography of the Iberian plate [Casas-Sainz and Corté, 2002, 

Cloeting et al., 2002; Verges and Fernandez, 2006]. The topography of CIZ, above 700 m in aver-

age,  and most of the Iberian Plateau is  characterized by sinuous (synclinal and anticlinal)  long 

wavelength (hundreds of km). The ALCUDIA-NI image reveals a high amplitude, horizontal to flat 

Moho located at ~31-34 km depth over the OMZ and the CIZ. The Moho discontinuity imaged by 

IBERSEIS-NI [Simancas et al., 2003] and ALCUDIA-NI transects (Figures 6 and 9c) features hori-

zontal to flat band of reflectivity located at ~31 km depth. The Moho discontinuity imaged by the 
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passive and active source experiments lacks significant topography in the Iberian Plateau [Diaz and 

Gallart,  2009; Carbonell et al.,  2013].  The southern part of Iberian Peninsula, from the Gulf of 

Cadiz to Toledo, the Moho discontinuity is located at a constant depth of ~30 km [Diaz and Gallart, 

2009; Carbonell et al., 2013]. The undulating long wavelength (hundreds of km) topography along 

the ALCUDIA-NI, contrasts with the lack of depth variations for the Moho discontinuity (Figures 

8b and 9c).  Lithospheric scale folding has been suggested based on this large scale folding that 

caused differential uplift/subsidence of different areas of the Iberian plate [Casas-Saiza and de Vi-

cente, 2009; Cloetingh et al., 2002; de Vicente and Vegas, 2009]. The horizontal geometry of the 

Moho, within SW and central Iberia, indicates that the surface topography caused by the recent in-

ternal deformation is limited and mostly accommodated by the appropriate structures within the 

crust. The ALCUDIA-NI image reveals the deformation in the upper crust appears to be accommo-

dated mostly by folding cored by the blind thrusts, that sole down into a subhorizontal basal detach-

ment (brittle/ductile transition) whereas it  is represented by pods, boudins of martial limited by 

shear zones in the lower crust. The high reflectivity of the shear zones in lower crust most probably 

indicates intrusions of alkali mafic sills. The structures reveal the partitioning of strain in three dif-

ferent ways, which are regulated by the rheology and the physical properties. The age of the Moho 

discontinuity is not well constrained within SW Iberia. The horizontal Moho may be related to slow 

re-equilibration of crust due to isostatic and tectonic reasons. The resetting time has been most 

probably post Permian [Martínez et al., 2012]. Magmatic underplating or a significant thermal re-

equilibration is required to reset a Moho [Cook et al., 2010]. In that case the resetting time would be 

Permian [Martínez et. al., 2012]. 

3.1.1. Crustal Structure of the Central Iberian Zone

The shot gathers across the ALCUDIA-WA transect (Figures 2a and 3) were modeled using Zelt and 

Smith  [1992]  ray  tracing  software.  This  interpretation  procedure  provided  a  good approach  to 

compute 2-D P- and S-wave velocity models (Figures 14b and 14c). The resulting velocity models, 

approximately 280 km long, are well constrained by the four shot gathers (A2-A5). The P-wave 

velocity model is ~50 km deep; as no subcrustal S-wave phase was identified on the shot gathers 

thus the S-wave model is constrained down to the Moho level (Figures 14b and 14c). From south to  

north,  the velocity  models samples the CU, the CIZ, and the TB. The P- and S-wave velocity 

models have a layer cake velocity structure though lateral velocity variations are prominent most 

within the upper crust  (Figures 14b and 14c).  The velocities models are divided into two parts 

according to the velocity isolines traced for the upper crust: (1) the southern segment and (2) the 
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northern segment. The southern velocity segment, ~210 km long, is well constrained by the shot 

gathers A2 and A3, and also by the southern branch of the shot gather A4 (Figures 10 and 11). 

Following the surface geology, the southern segment samples the CU and the southern CIZ, from 

south to north. The Pg and Sg phases are identified at large offsets (Figures 10 and 11) and reveal 

changes in their slopes that allow us to identify the presence of two layers in the upper crust. A near 

surface layer, ~5 km thick, is characterized by P- and S-wave velocities in the range from 5.2 km/s 

to 5.8 km/s and 2.9 km/s to 3.35 km/s respectively. The near surface layer could represent the CIZ 

low-grade metasediments. A deep crustal layer, from ~5 km thick down to ~18 km depth, reveals P- 

and S-wave velocities range from 5.8 km/s to 6.2 km/s and 3.4 km/s to 3.7 km/s, respectively. This 

layer may correspond to the pre-Variscan basement. The P- and S-wave velocity models reveal a 

sharp velocity contrast at the boundary between the upper crust and lower crust, ranging from 6.2 

km/s  to  6.6  km/s  and  3.7  km/s  to  3.9  km/s,  respectively.  This  sharp  velocity  contrast  is  well 

constrained by the PiP phase identified in shot gathers across the ALCUDIA-WA transect (Figure 

10). The PiP phase features ~0.5 s long coda in some shot gather, suggesting complex transition to 

the next layer. This interface increases in depth from ~13 km in the south to ~20 km in the north. 

The lower crust features small differences in P- and S-wave velocities and it is characterized by a 

more homogeneous velocity increase, ranging from 6.6 km/s to 7.1-7.2 km/s and 3.9 km/s to 4.3 

km/s, respectively. The base of the crust features a sharp velocity increase and it is established at 

~31-33 km in this area. The P- and S-wave velocity range from 7.2 km/s to 8.0 km/s and 4.3 km/s to 

4.7 km/s, respectively. The PmP and SmS phases constrain the position of the base of the crust and 

reveal broad reflective band, approximately  ~1-1.5 s long,  suggesting the existence of complex, 

reverberative structures at deep crustal levels. 

The northern velocity segment, ~70 km long, starts from the Toledo Anatectic Complex and goes 

across the TB. This segment is well constrained by the shot gathers A4 and A5 (Figures 14b and 

14c). The Ps and Ss phases identified in the shot gathers A4 and A5 constrain the velocities within 

the TB. The P- and S-wave velocities within TB range from 3.0 km/s to 4.0 km/s and 1.8 km/s to  

2.3 km/s, respectively. From the base of the sedimentary basin down to 18 km depth, the velocity 

models reveal a relatively steep gradient where P- and S- wave velocities exceed values of 6.4 km/s  

and 3.8 km/s, respectively in the limit to lower crust. The lower crust shows P- and S-wave veloci-

ties within range of 6.6 to 7.2 km/s and 3.9 km/s to 4.3 km/s, respectively. The base of the crust is 

located at 35.5 km depth and it is well constrained by the PmP an SmS phases. The P- and S-wave 

velocity models reveals a sharp velocity jump for this interval, ranging from 7.1 km/s to 8.0 km/s 

and 4.3 km/s to 4.9 km/s, respectively similar to those found in the southern segment. The northern 

part of the velocity section features a smooth increase in the depth of the Moho.
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From north to south, significant lateral P- and S-wave velocity variations in the upper crust along 

the entire section have been constrained by the seismic data. In the P-wave velocity model (Figure 

14b) this can be easily identifiable by following the trajectory of the 5.8-6.4 km/s velocity isolines 

whereas in the S-wave velocity model (Figure 14c) this is represented by the trajectory of the 3.4-

3.8 km/s velocity isolines. In the uppermost crust, from the CU to the southern CIZ, the surface 

geological  observations  (Figure  14a)  reveals  low-grade  metasediments,  while  from  the  Mora 

Batholith to the TB, felsic to intermediate plutonic rocks and high grade metamorphic rocks are the 

dominant lithologies. This is indicative of the agreement between the velocity gradient in the upper 

crust and surface geology, which reveals important lithological changes, from south to north. The P- 

and S-wave velocities  are  utilized  to  compute  Poisson’s  ratio  model  along the  ALCUDIA-WA 

transect (Figure 14b, 14c and 14d). The Poisson’s ratio model reveals noticeable difference in upper 

crust from south to north. From CU to the southern CIZ, the Poisson’s ratio values range from 0.213 

to 0.249, for the near surface layer, down to ~5 km depth. For the deep crustal layer, from ~5 km 

down to ~18 km depth, the Poisson’s ratios range from 0.217 to 0.242. The Poisson’s ratios feature 

a sharp change from 0.223 to 0.242 at the upper crust to lower crust boundary. The Poisson’s ratio 

values show small differences from ~13-20 km depth down to the Moho level, ranging from 0.208 

to 0.237. To the north, the Poisson’s ratio values increase to maximum values of 0.267 within the 

TB. From the base of the sedimentary cover to ~19 km, it ranges from 0.229 to 0.251. From ~20 

down to the base of the crust, Poisson’s ratio values range from 0.211 to 0.238. 

The ALCUDIA-NI and WA datasets show a good correlation between structures imaged across the 

Central  Iberian  Massif.  The  ALCUDIA-WA transect  is  ~65 km longer  than  the  ALCUDIA-NI 

profiles (Figure 2a). The ALCUDIA-NI transect samples the CU and the CIZ but it does not reach 

to the TB and the southernmost boundary of the CS mountain range (Figure 2a). The resulting P- 

and S-wave velocity-depth models (Figures 14b and 14c) across the ALCUDIA-WA transect reveal 

an increase in crust thickness from south to north. However, the ALCUDIA-NI transect and the 

overlapping gravity study [Garcia-Lobón et al., 2014] did not show significant increase in crustal 

thickness  from  south  to  north.  Since  no  detailed  wide-angle  crustal  velocity  information  was 

available before thus the P-wave velocity information from the ALCUDIA-WA transect is used to 

perform a reliable time-to-depth conversion of the ALCUDIA-NI poststack time migrated stack. 

The depth converted ALCUDIA-NI stack shows a coincidence in the Moho boundary (Figure 15c). 

The ALCUDIA-NI seismic results suggest a horizontal discontinuity/boundary between the upper 

and  lower  crust  (corresponding  to  the  brittle/ductile  transition),  at  ~13-16  km  depth,  which 

approximately coincides with the proposed brittle/ductile transition constrained by the ALCUDIA-

WA transect. To the north, this interface is located at ~20 km depth on the ALCUDIA-NI, which 
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overlaps the brittle/ductile transition as deduced in the P-wave velocity model (Figure 15c). The 

Zone III across the ALCUDIA-NI profile (Figure 9c), features a prominent thrust at ~20 km depth, 

interpreted as a flat-ramp-flat structure [Martínez-Poyatos et al., 2012], that affected the lower crust. 

In the P-wave velocity model, beneath shot A4 (~200 km), a geometrically similar velocity anomaly 

can be related to this ramp structure. However, the  singular wedge structure, which involves the 

Moho discontinuity imaged by the ALCUDIA-NI transect, between CDPs 2800 to 3900 (Figure 9c), 

is not imaged by the ALCUDIA-WA transect.

The IBERSEIS-NI and ALCUDIA-NI profiles provide ~550 km long structural model of the SW 

Iberian Massif going across from north to south the SPZ, the OMZ, the CIZ and their associated  

sutures (Figures 1, 5 and 16). The IBERSEIS-WA transects [transect A and transect B, Figures 1, 5 

and 6 in Palomeras et al., 2009] were acquired to the southwest of the ALCUDIA-WA transect. The 

northern end of the IBERSEIS-WA, transect A and B, samples the CU and the southernmost CIZ for 

about 100 km. Even though, the IBERSEIS-WA transect B is closer to the ALCUDIA-WA transect 

and  both  transects  structurally  overlap,  the  P-  and  S-wave  velocity  structures  feature  local 

differences in this region. The transect A, sample an area where a high velocity mid-crustal body, 

the IRB, has been identified in IBERSEIS-NI transect [Simancas et al., 2003]. The high velocities 

related to the IRB suggest presence of mafic mantle derived rocks and determines some variations 

in the crustal thickness [Palomeras et al., 2009]. The CU features a crustal thickness of ~35 km and 

~33 km across the IBERSEIS-WA transect A and B, respectively [Figures 6 and 7 in Palomeras et  

al., 2009]. However, to the north the Moho shallows reaching to ~31-32 km depth in velocity-depth 

models obtained from the IBERSEIS-WA transect A and B. The Moho depth estimates from the 

IBERSEIS-WA data are  same as those estimated by the ALCUDIA-WA profile.  Overall  crustal 

velocities  and  thickness  obtained  from the  IBERSEIS-WA [Palomeras  et  al.,  2009,  2011]  and 

ALCUDIA-WA datasets show similar results across the southern CIZ. 

The Bouguer gravity anomaly (Figure 3) was projected  along a 30 km wide strip centered at the 

ALCUDIA-WA transect. The resulting standard deviation is computed and displayed in Figure 14e 

as error bars. The variability of the measurements revealed by the standard deviation is relatively 

low, except in the areas corresponding to the Los Pedroches and Mora Batholiths (Figures 14a and 

14e). The 2-D assumption is hindered by the existence of elongated granitic bodies.  The Bouguer 

gravity  anomaly  features  slightly  positive  values  (10  mGal)  to  the  south  beneath  the  CU,  and 

strongly negative values (100 mGal) to the north along the ALCUDIA-WA transect. The topography 

is  relatively high,  centered at  600-700 m along the profile.  The regional  trend of  the  anomaly 

suggests increase in crustal thickness to the north based on the qualitative analysis.  

The  P-wave  velocity  model  has  been  converted  to  densities,  using  the  empirical  relations  by 
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Brocher  [2005],  in  order  to  study the compatibility  of  the  velocity  with  the observed Bouguer 

gravity anomaly [Ayala, 2013]. This formulation must be used with some caution when working 

with mafic and calcium-rich rocks. The shallowest features, the TB is characterized by an average 

density of 2300 kg/m3 and the Los Pedroches Batholith and Culm has been modeled with a density 

of 2520 kg/m3  (Figure 14f). The uppermost crust down to ~5 km depth is characterized by density 

range from 2600 kg/m3 to 2670 kg/m3. From ~5 down to ~18 km depth, the calculated density range 

from 2800 kg/m3  in the north to  2750  kg/m3 in the south. The lower crust is characterized by a 

constant, density of 2950 kg/m3. The density is 3300 kg/m3 for the uppermost mantle. The observed 

and  calculated  gravity  anomalies  are  in  relatively  good  agreement  (14e).  The  P-wave  velocity 

model features an increase in seismic velocities and a smooth increase in crustal thickness toward 

the northern end of the ALCUDIA-WA transect (Figure 14b). A smooth decrease in gravity anomaly 

to the north reflects changes already constrained by the P-wave velocity model.  The crust mantle 

boundary is located at 31 km in the south, while to the north this interface is located at 35.5 km 

depth. Within the CIZ, the upper crustal P- and S-wave velocities feature an increase from south (at 

the CU) to north (at the southern boundary of the CS). The most significant results of the analysis 

and interpretation of the ALCUDIA-WA transect constitutes these lateral variations in the crustal 

thickness and physical properties that are reported for the first time. 

The distribution of velocities estimated from the 2-D P-wave velocity model across two sections are 

compared with standard velocity depth functions (Figures 15a and 15b) for different types of crust 

[Christensen and Mooney, 1995]. The velocity-depth functions are obtained to the south of shot A4 

(beneath the CIZ) and to the north of shot gather A4 (beneath the TB). The velocity-depth function, 

beneath the CIZ (blue box in Figure 8b), features relatively lower velocity values for the upper crust 

than those obtained beneath the TB (black box in Figure 8b).  The lower crust  features  similar 

average velocities in both cases. Though, the upper crustal velocities from both sections differ, they 

match those found in average continental crust [Christensen and Mooney, 1995]. The lower crustal 

velocities are close to rifts and extended crusts. This is indicative of existence of extensional and 

melting  processes  affecting  the  crust.  This  indicates  that  the  crust  have  been  affected  by  the 

extensional and melting processes. The topography across the ALCUDIA-WA transect stays nearly 

the same level about 600-700 m (Figure 14e). The local variations in topography are might be due 

to contrasting lithologies. Toward the north of the ALCUDIA-WA transect, the lateral variations in 

velocities  are  accompanied  by  density  changes.  These  lateral  changes  in  physical  properties 

evidence a northward variation of lithologies and most probably different tectonic evolution. In the 

CS mountain range, the Variscan crustal thickening has led to partial melting and to the production 

of voluminous igneous rocks [Rubio et al., 2013; Simancas et al., 2013]. The surface geological 
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observations (Figure 14a) reveal existence of denser rocks to the north and have their origin in 

deeper crustal levels.  The Bouguer gravity anomaly features a 100 mgal difference between the 

maxima near the southern end and the minima near the northern end of the ALCUDIA-WA transect.  

The increase in P- and S-wave velocities and densities in the upper crust requires an increase in 

crustal thickness in oder to explain the Bouguer anomaly. The alpine tectonic activity that affected 

the area and/or The orogenic load associated to the CS mountain range would explain the origin of 

crustal thickening to the north. The isostatic response of the crust to denser lithologies may also 

result in the Moho deepening. The origin of crustal thickening/Moho deepening,  if it is related to 

high topographies and to the alpine tectonics and its northward extension can only be addressed by 

further seismic investigation across the CS.   

The  standard  errors  for  the  calculated  P-  and  S-wave  velocities  are  ±0.1  and  ±0.15  and  the 

corresponding Poisson’s ratio errors range from 0.025 to 0.026. The resulting depth errors related to 

these velocities are less than 0.5 km. The standard errors with regard to mismatch between the 

observed  and  modeled  travel-times  include:  are  generated  by  following  factors:  acquisition 

geometry,  small-scale  geological  features  below the  seismic  resolution,  near  surface  variations, 

topography and errors in the travel-time picking. 
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Figure 14.  (a) Geological cross section,  (b) and (c) crustal  P- and S-wave velocity models for 
ALCUDIA wide-angle (WA) seismic reflection profile obtained by iterative ray tracing. The major 
crustal  interfaces  are  also  highlighted  (white  dashed  lines)  on  the  models.  (d) Poisson’s  ratio 
calculated from the P- and S-wave velocity models. (e) The observed (red line) and calculated 
(black  line)  Bouguer  gravity  anomaly  and  topography  along  the  ALCUDIA-WA profile.  (f) 
Derived crustal and upper mantle density model. The empirical formulation from Brocher [2005] 
was used to convert P-wave velocities into densities and it provides an almost perfect fit between 
the observed and the calculated Bouguer gravity anomaly, further validating the velocity model. 
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Figure 15. (a) Two velocity-depth functions are calculated over the highlighted blue and black 
rectangles in the P-wave velocity model. (b) The distribution of velocities (blue and black lines) 
derived from the 2-D P-wave velocity model is compared with standard velocity depth functions 
(red line) for average continental crust, extended crust, rifts, and continental arcs [Christensen and 
Mooney, 1995]. (c) The ALCUDIA normal incidence (NI) seismic reflection profile was converted 
to depth using the P-wave velocities (Figure 15a) for the purpose of comparison. The ALCUDIA-
NI  profile  overlies  the  ALCUDIA velocity  model.  Both  dataset  shows  good  fit  between  the 
locations of crustal interfaces (including the Moho).

3.1.2. The Nature of the Crust: Crustal Composition

The P- and S-wave velocity models (Figures 14b and 14c) calculated from the ALCUDIA-WA 

transect are the most detailed ones that have been produced for the central Iberian Massif.  The 

velocity models and the derived density and Poisson’s ratio values (Figures 10d and 10f) placed key 
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constraints on the composition and nature of the subsurface rocks. The physical properties models 

contain a large amount of information that is relevant to the lithospheric evolution of this region. A 

comparison  between  the  published  laboratory  measurements  of  physical  properties  (seismic 

velocities, densities and Poisson’s ratio) at high temperature and confining pressure on different 

crustal rock types [e.g., Carmichael, 1989; Christensen and Mooney, 1995] and with our physical 

properties models is carried out in order to constrain the possible crustal composition. The thermal 

gradient of the region is an important factor during the inversion of the physical properties values 

calculated from the WA seismic data in the composition. The dependence of velocity on temperature 

and pressure is expressed in terms of the values of partial derivatives of velocity with respect to 

temperatures  [Kern,  1979;  Christensen  and  Salisbury,  1979;  Kern  and  Richter,  1981].  The 

laboratory measurements of velocities decrease nonlinearly at temperature above 500 °C, because 

of thermal cracking. Since the thermal gradients and pressure directly affect the velocity of rock, the 

laboratory velocity  measurements  need to  be corrected for  the effect  of  the thermal  regime.  A 

geotherm of 20°C/km is utilized [Marzan, 2000; Palomeras et al., 2011b] for the laboratory velocity 

measurements to correct for the effect of temperature. The Poisson’s ratio model is calculated from 

the P- and S-wave velocity depth function (Figures 14b, 14c and 14d). The volume percentage of 

minerals constituents and the related P- and S-wave velocities have direct influence on Poisson’s 

ratio values [Hawman et al., 1990]. Poisson’s ratio are directly related to fracture network, applied 

stresses, crack porosity and voids in the rock mass [Walsh, 1965; Bai and Pollard, 2000; Gereck,  

2006]. Poisson's ratios are pressure dependent, however, crystalline rocks at high confining are less 

affected  by this  observation  [Christensen,  1996].  Crack porosity  does  not  close  until  pressures 

exceed  more  than  100-200 MPa (i.e.,  6-7  km depth)  in  most  of  the  rocks.  Consequently,  our 

Poisson’s ratio model is affected only in the uppermost crust. A prominent nonuniqueness may exist 

while inferring rock types from calculated P-wave velocities alone,  since broad spectra of rock 

composition would have similar velocities. Other physical properties (S-wave velocity, Poisson’s 

ratio and density) are used to decrease the uncertainties and nonuniqueness (Table 3).

The upper crustal velocities (Figures 14b and 14c) feature lateral variations from south to north. A 

steep velocity gradient from the base of the TB down to ~15 km depth is observed in the P- and S-

wave  velocity  models.  The  crustal  thickness  is  well  constrained  by the  PmP and  SmS phases 

identified in the shot gathers and varies from ~31 km in the south to ~35.5 km in the north (Figures 

10, 11, 13, 14b and 14c). Beneath the TB, a smooth increase in crustal thickness/Moho deepening is 

evident.  The  lateral  velocity  variations  in  the  upper  crust  and  an  increase  in  crustal  thickness 

suggest a change in lithology/rock types from south to north. 

Beneath the CU and the CIZ (Figures 14b and 14c), the upper crust can be divided into two layers: a 
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near surface layer, ~5 km thick and a deep upper crustal layer, from ~5 km down to ~18 km depth. 

For the near surface layer, the P- and S-wave velocities range from 5.2 km/s to 5.7 km/s and 3.0 

km/s to 3.35 km/s, respectively. The Poisson's ratio values range from 0.213 to 0.249 and the de-

rived densities vary from 2520 kg/m3  to 2720 kg/m3. The most compatible rocks in the uppermost 

crust (the near surface layer) for these physical properties are: low to high-grade metasedimentary 

rocks and magmatic rocks, which include slate, schist, quartzite, gneiss, granite, and granodiorite 

[García-Lobón et al., 2014]. This layer also contains some sedimentary rocks such as sandstone, 

limestone and greywacke [García-Labon et al., 2014]. The outcropping lithologies (Figure 14a) are 

consistent with the inferred rock types from the calculated physical properties models. The deep up-

per crustal layer, from ~5 km down to ~18 km depth, features P- and S-wave velocities range from 

5.7 km/s to 6.2 km/s and 3.35 km/s to 3.7 km/s, respectively. The corresponding Poisson’s ratios are 

0.217 to 0.242 and densities range from 2750 kg/m3 to 2850 kg/m3. The compatible rocks for this 

specific layer include: greywacke, gneiss and slate [Birch, 1960; Christensen and Mooney, 1995; 

Wencai, 2013].

Within the TB, the P- and S-wave velocities range from 3.0 km/s to 4.0 km/s and 1.8 km/s to 2.3 

km/s, respectively. Within the sedimentary cover (~2 km thick), The Poisson’s ratio values vary 

from 0.228 to 0.268 and the derived density is 2300 kg/m3, for the TB. Beneath the TB, From ~2 

km down to ~5 km depth, the P-wave velocity range 5.4 km/s to 6.0 km/s and the S-wave velocity 

range from 3.2 km/s to 3.5 km/s. The derived Poisson’s ratios range from 0.245 to 0.251 and density 

range from 2670 kg/m3 to 2750 kg/m3. The most compatible rocks for this region include: granite, 

granodiorite, slate, and greywacke [García-Lobón et al., 2014]. Below this layer, The P- and S-wave 

velocity increase from 6.0 km/s to 6.6 km/s and 3.5 km/s to 3.85 km/s, respectively, from ~5 km 

down to ~19 km depth. Poisson’s ratio range from 0.228 to 0.248 and densities range from 2750 

kg/m3 to 2800 kg/m3. The compatible rocks for this specific layer include: granite, granodiorite, 

gneiss, felsic granulite, greywacke, slate, and diorite [Birch, 1960; Christensen and Mooney, 1995; 

Wencai, 2013].

A sharp P- and S-wave velocity gradient from 6.2 km/s to 6.6 km/s and 3.7 km/s to 3.9 km/s, re-

spectively is determined to the south for the upper to lower crust transition (Figures 14b and 14c). 

However, this feature is not very prominent beneath the TB to northern end of the velocity models. 

The velocity variations in the lower crust are more homogeneous. The P- and S-wave velocities 

range from 6.6 km/s to 7.1-7.2 km/s and 3.9 km/s to 4.3 km/s, respectively within the lower crust.  

The corresponding Poisson’s ratios range from 0.208 to 0.238 and densities range from 2850 kg/m3 

to 2950 kg/m3. The most compatible rocks for the lower crust include: kyenite schist, gneiss, green-

schist basalt, and diorite [Christensen, 1965; Rudnick and Fountain, 1995; Wencai, 2013]. The P- 
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and S-wave velocities feature a sharp jump for the crust mantle transition and range from 7.1 km/s 

to 8.0 km/s and 4.3 km/s to 4.7 km/s, respectively. The derived Poisson’s ratio range from 0.208 to 

0.237 and densities vary from 2950 kg/m3 to 3300 kg/m3. The composition of the upper mantle is 

only constrained by the P-wave velocities, since no subcrustal S-wave phase was identified on the 

shot gathers. The upper mantle features P-wave velocities higher than 8.0 km/s from the Moho 

down to approximately 42 km depth. The most consistent rocks for upper mantle include: mixture 

of mafics (Iherzolite, harzburgite, dunite), dunite, eclogite and peridotite [Carmichael, 1989; Kern 

et al., 1999; Wencai, 2013]. The physical properties models derived from the ALCUDIA-WA tran-

sect provide a well-constrained lithological model for the central Iberian Massif.
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Table 3 
Corresponding Rock types beneath the Central Unit, the Central Iberian Zone, and the Tajo Basin, 
constraints from the temperature-corrected P and S wave velocities, densities and Poisson's ratioa   

Central Unit and Central Iberian Zone

Depth             Vp            Vs           Density           Poisson's Rock Types
(km)             (km/s)   (km/s)       (kg/m3)           Ratio   
  
   5                    5.2-5.7        3.0-3.35        2520-2750         0.213-0.249      slate, schist, quartzite (7); granite,

granodiorite (Pedroches
batholith) (7); gneiss, sandstone, 
limestone, greywacke, (7)

 5-18                 5.8-6.2        3.4-3.7          2750-2850         0.217-0.242 greywacke (1); gneiss, (4); slate 
(8), 

18-31                6.6-7.1        3.9-4.3          2850-2950         0.208-0.238 kyenite schist (2); gneiss (5); 
greenschist basalt, diorite (8)

     
31-33                7.1-8.0        4.3-4.7             3300                    0.239b Iherzolite, harzburgite, dunite 

(3, 6, 8)

33-50            7.2-8.2             3300 mixture of mafics and ultramafics 
(Iherzolite, harzburgite (3, 6);
pyroxenite, dunite, peridotite (4); 
eclogite (3, 6)) with a dominant 
composition of pyroxenite

Tajo Basin 

   2            3.0-4.0        1.8-2.3             2300        0.228-0.268 Clastic sediments
          

 2-5            5.4-6.0        3.2-3.5          2670-2750         0.245-0.251 granite, granodiorite 
(Mora batholith), slate and 
greywacke (7)

 
5-19            6.0-6.6        3.5-3.85        2750-2800         0.228-0.248 granite, granodiorite, gneiss, 

felsic granulite, greywacke (1,4);
slate, diorite (8)

19-33            6.6-7.1        3.9-4.3          2850-2950         0.211-0.238 kyenite schist (2); gneiss (5); 
greenschist basalt, diorite (8) 

33-36            7.1-8.0        4.3-4.7             3300                     0.239b Iherzolite, harzburgite, dunite 
(3, 6, 8, 9)

36-50                7.2-8.2             3300 mixture of mafics and ultramafics 
(Iherzolite, harzburgite (3, 6);
pyroxenite, dunite, peridotite (4); 
eclogite (3, 6)) with a dominant 
composition of pyroxenite

aData  modified  from  Hawman et  al.  [1990].  References:  (1)  Birch  [1960],  (2)  Christensen  [1965],  (3) 
Carmichael [1989], (4) Christensen and Mooney [1995; 1996], (5) Rudnick and Fountain [1995], (6) Kern et 
al. [1999], (7) García-Lobón et al. [2014], (8) Wencai [2013] and Price and Morgan [2000].b Laboratory mea-
surement, since no Sn phase is identified in the shot gathers, no realistic information about Poisson's ratio  
can be obtained at this level. 
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3.1.3 Discontinuities within the Crust: The Seismic View 

The ALCUDIA-NI and WA dataset (Figures 9c, 14b and 14c) reveal the presence of two crustal 

scale discontinuities: a mid-crustal discontinuity corresponding to brittle/ductile transition located at 

~13 km depth to south and ~20 km depth to the north and the crust mantle transition or the Moho 

discontinuity  located  at  ~31  km  depth  to  the  south  and  ~35.5  km  depth  to  the  north.  The 

ALCUDIA-NI transect (Figure 9c) shows a subhorizontal reflective band located at  ~13-14 km 

depth, which separated the upper crust from the lower crust. The shot gathers along the ALCUDIA-

WA transect present clear intracrustal P-wave arrivals (the PiP phase, Figure 10). The PiP phase 

most probably represents the brittle/ductile transition, as inferred from its seismic fabric and depth. 

The  PiP  phase  identified  in  the  shot  gathers  placed  strong  constraints  on  the  mid-crustal 

discontinuity. The P- and S-wave velocity models (Figures 14b and 14c) reveal a relatively sharp 

velocity jump from 6.2 km/s to 6.6 km/s and 3.7 km/s to 3.9 km/s, for the upper to lower crust 

transition in the south. This velocity contrast is capable of producing highly reflective PiP events as 

evident in the shot gathers A2 and southern branch of shot gathers A3, A4 and A5 (Figure 10). To 

the north, the P-wave velocity model does not reveal similar velocity increase; rather a smooth 

velocity  increase  is  determined.  At  positive  offsets,  the  shot  gather  A3  and  A4  reveal  weak 

reflectivity for the PiP phase, which corresponds to less prominent velocity contrast in the north. 

The PiP phase have frequencies between 10-20 Hz and reveals a laminated structure, i.e., a layered 

sequence of low to high velocity lithologies. The PiP phase identified in shot gathers (e.g., A2, A3 

and A5) shows a ~0.5 s long coda that indicates a more complex internal structure and/or transition 

to a very reflective lower crust. In order to get constructive interference the layering should be 

within ¼ of the predominant wavelength of the seismic wavelet if the velocity contrast is relatively 

small. 

The ALCUDIA-NI transect (Figure 9c) reveals the Moho discontinuity located at ~31-34 km depth 

as horizontal to flat lying reflections with minor undulation. The PmP and SmS phases (Figures 10 

and 11) identified in the shot gathers (A2-A5) are high amplitude with a coda of ~1-1.5 s suggesting 

the existence of complex, reverberative structures in the lower crust and Moho. The Moho disconti-

nuity is well constrained by the highly reflective PmP and SmS phases. The P- and S-wave velocity 

models reveal a velocity increase from 7.1 km/s to 8.0 km/s and 4.3 km/s to 4.7 km/s, respectively 

for the crust mantle transition. An increase in crustal thickness between the southern and northern 

ends of the profiles is also evident on the velocity models (Figures 14b and 14c). The Moho discon-

tinuity is located at ~31 km in the south, while it is located at ~35.5 km depth to the north.

The P- and S-wave low-fold ALCUDIA-WA stack sections (Figures 13a and 13b) placed additional 

constraints on the structure of the Moho discontinuity across the CIZ and the MB. This study placed 
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key  constraints  on  the  observed high amplitudes  and reverberative  coda  of  the  PmP and SmS 

phases. The seismic signature (i.e., amplitude and waveform) of the Moho and its arrival time is 

variable from south to north across the P and S-wave ALCUDIA-WA stack sections. In the P-wave 

stack section (Figure 13a), the Moho discontinuity reveals sharp and flat geometry beneath the CIZ 

and the corresponding travel-time range from ~10.2 s to ~10.8 s. The Moho discontinuity shows a 

relatively thin coda, ~0.5 s long, beneath the TB, from CDPs 1190 to 1590. The Moho travel-times 

range from ~10.8 s to ~11.8 s beneath the TB. A correlation between the P-wave ALCUDIA-WA 

stack section and ALCUDIA-NI stack section, for of the high amplitude Moho reflections (the PmP 

phase), is presented in Figures 13a and 13c. The Moho depth estimated from the ALCUDIA-WA 

transect  coincides with ALCUDIA-NI reflection Moho. The ALCUDIA-NI transect  (Figure 9c) 

imaged  a  singular  wedge  structure  between  CDPs  2800  to  3900,  which  involves  the  Moho 

discontinuity, however, this feature is not identified in the P-wave ALCUDIA-WA stack section 

(Figure 13a). The ALCUDIA-NI transect reveals a high amplitude Moho that splits into double 

band of reflections to the north beneath Zone III (Figure 9c). Similar feature is observed in the P-

wave ALCUDIA-WA stack section, between CDPs 1040 to 1200. Above the Moho, a relatively 

high  amplitude  subhorizontal  reflectivity  is  interpreted  to  represent  the  split  of  the  Moho into 

double band of reflections. The P- and S-wave ALCUDIA-WA stack sections reveal diffuse and 

discontinuous  reflectivity  pattern  beneath  CDPs  100  to  350  for  the  Moho.  The  ALCUDIA-NI 

transect (Figure 9c) shows a lack of localized events and low amplitude reflectivity, between CDPs 

100 to 2300, in the lower crust. The faintly recognized reflections are interpreted to represent the 

OMZ crust [Martínez-Poyatos et al., 2012]. This is indicative that most probably the low amplitude 

band of reflections in the P- and S-wave stack sections (Figures 13a and 13b), beneath CDPs 100 to 

350, represent the OMZ Moho. The S-wave ALCUDIA-WA stack section (Figure 13b) reveals a 

well-defined Moho from CDPs 350 to 1190 beneath the CIZ. However, to the north beneath the TB, 

the Moho is weak and diffuse. The Moho features a horizontal geometry although not totally flat 

beneath the CIZ. The travel-time of the Moho is ~17.8 s in the south and ~18.1 s in the north. 

Between CDPs 1190 to 1590, the Moho is characterized by a diffused reflectivity pattern. The S-

wave attenuation in the thick sedimentary cover can explain the weak Moho reflectivity  to the 

north. 

The P- and S-wave velocity models (Figures 14b and 14c) obtained using forward modeling are the 

most  detailed ones  available  in  the study area.  The 2-D ray tracing approach based on simple 

layered cake models are efficient to delineate major boundaries in the lithosphere. The velocities 

calculated from 2-D forward modeling techniques constrain layered and large homogeneous crustal 
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Figure  17.  A  bimodal  velocity  distribution  characterized  by  a  horizontally  laminated  and 
heterogeneous layering.  Note that  the  bimodal  velocity  distribution  was able  to  reproduce the 
seismic fabric of the PmP phase and the layering structure for the Moho. Note also the amplitude 
of the SmS reverberatory wave train that is reflected form the Moho and that will be recorded at  
80-100  km  offsets.  (b)  Synthetic  seismic  record  section  generated  by  a  Moho consisting  of  
laterally  heterogeneous  layering  with  a  bimodal  velocity  distribution.  Hyperbolic  moveout  is 
applied to display the synthetic data.
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Figure 18. A gradient velocity distribution characterized by a laterally heterogeneous, layering, i.e., 
a velocity distribution function consisting of a gradient going from a crustal velocity to a mantle  
velocity values. Note that the gradient velocity model is not able to reproduce the seismic fabric of  
the PmP phase.  (b) Synthetic seismic record section generated by the homogeneous refraction  
velocity model. Hyperbolic moveout is applied to display the synthetic data.
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structures.  However,  the  wide-angle  dataset  acquired  with  dense  trace  spacing  image  laterally 

variable reflected phases and would increase interpretable complexity. The velocity depth function 

derived from layered crustal models represents and average crustal velocity. The calculated P- and 

S-wave  velocity  models  (Figures  14b  and  14c)  suggest  a  simple  crust  mantle  transition 

characterized  by  a  step  in  velocity  from  7.2  km/s  to  8.0  km/s  and  4.3  km/s  and  4.7  km/s, 

respectively. However, this velocity information was not enough to reproduce reverberative energy 

(multiple arrivals interfering each other) associated with the PmP and SmS events. The coda is 

indicative of complex internal structure of the Moho and required laterally heterogeneous velocity 

structure.  The  deep  crustal  rock  types  represent  interbanding/interlayering  from micro  scale  to 

layers  on the  order  of  hundreds  of  meters  [Brodie  and Rutter].  Fountain  and Salisbury  [1981] 

present a classic example of the outcrops of the lower crust and Moho within the Alps (Ivrea Zone). 

The outcrops reveal laterally limited banding on the scales of meters  to hundreds of meters as 

evident from the outcrops [Fountain and Salisbury, 1981]. In order to constrain the internal structure 

of the Moho discontinuity two series of modeling exercise have been carried out. A statistical basis 

has been used for these models to be useful and self-similarity of the media is also incorporated. 

The stochastic properties describe the heterogeneous media and provide the statistical measure of its 

spatial correlation and the magnitude of fluctuation, i.e., the degree of similarity of the medium’s 

physical parameters. The Gaussian, the von-Karman and the exponential correlation functions are 

widely  used  correlation  functions.  The  Gaussian  correlation  is  too  smooth  to  represent  the 

heterogeneities in the Earth since it  is less effective to short wavelength components. The von-

Karman correlation function is commonly used to model the Earth’s interior, as it is rich in short 

wavelength components. 

1-D reflectivity modeling [Goff and Holliger, 1999] based on the von-Karman function was used to 

constrain the geometry  of  the Moho and to make a  physically  reasonable guess  of  its  vertical 

structure.  A variety of 1-D P-  and S-wave velocities  and densities  as  a  function of  depth with 

thickness governed by the correlation length parameter were obtained using this strategy. The 1-D 

models feature layering with correlation lengths around ¼ of the predominant wavelength. Bimodal 

velocity distribution characterized by interbanding of lower crustal and upper mantle rocks better 

simulated the coda of the PmP and SmS phases whereas the intermediate velocities were not enough 

to reproduce the amplitudes and associated coda of these phases as observed in the shot records. 

The  dynamic  characteristics  of  the  reflected  phases,  the  PmP and the  SmS,  were  significantly 

reproduced in the synthetic seismograms using 1-D modeling approach. 

The modeling exercise was extended to account for 2-dimensionality in order to investigate the lat-

eral variability of the seismic reflection field in the wide-angle records. The 2-D models better de-
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scribe the possible origin and role of this important geological boundary, the Moho discontinuity. 

The critical distance, maximum offsets of the reflected phases and the average amplitude variation 

with the offsets are the main constraints of the models. Although a large of number of factors can 

also contribute to the details of the analysis. The Moho was modeled as a 3 km thick, layered struc-

ture characterized by a vertical and horizontal correlation length.  The correlation axis (horizontal 

and vertical) provided an explanation for the involvement of vertical and/or horizontal structures 

and processes at Moho levels.  A 2-D finite difference code was used for solving the elastic wave 

equation, which take into account the PmP and SmS signature of the Moho structure and explore the 

model space and its seismic response. A horizontally laminated heterogeneous media with correla-

tion length between 1 km to 4 km for the horizontal dimension and on the order of 0.2 km to 1 km 

for the vertical dimension is required to simulate the seismic fabric of the PmP and the SmS and the 

coda associated to the internal architecture of the Moho (Figure 17). The shot records (Figures 10 

and 11) feature relatively high amplitude (a  ~1.5 s long coda) PmP and SmS phases identified at 

large offsets (~80 to 100 km). The bimodal velocity distribution consisting of interlayering of high 

velocities, close to mantle values, low velocities close to crustal values qualitatively reproduces this 

burst of relatively high amplitude of the PmP and SmS energy and the associated coda. However, 

the energy of these laterally limited burst of events and associated coda were not qualitative repro-

duced once the models of the laminated Moho structure included gradient and/or intermediate ve-

locities (Figure 18).

These models provided a qualitative analysis of the observed seismic signature of the PmP and SmS 

phases.

3.2. Conclusions

The ALCUDIA-NI profile, ~230 long, samples an intracontinental orogenic domain of the western 

European Variscan orogen, the Central Iberian Zone. The reassessment of the data enabled us to 

provide a high quality image of the shallow and deep structure of the Central Iberian Zone, as well 

as the deep structures of the Central Unit, down to about 45 km depth. An improved processing 

workflow has been successfully applied and led us to an updated and more confident geological 

interpretation, especially in the regions of significant faulting and folding. The shallow reflectivity 

of the uppermost crust can be correlated with surface geological features mapped in the field. The 

tectonic style of deformation in upper crust is accommodated by folding, high angle faulting and 

imbricate thrust systems. The ALCUDIA-NI transect is divided into three zones (I, II and III) based 

on the different styles of deformation jointly with the observations from the surface outcrop. The 
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seismic reflection fabric features distinctive characteristics in each zone and helped to understand 

the accommodation of deformation in an intracontinental orogenic crust. The reflectivity of lower 

crust  is  dense  and subhorizontal  to  flat  across  Zone II,  while  intense  deformation  patterns  are 

recognized as tranpression/thrusting across Zone I and III. The lower crust displays minor evidences 

for compressive deformation across Zone II.  The seismic image reveals that the deformation is 

homogeneously distributed in the upper crust, while it is concentrated mainly in lower crust of the 

Zone  I  and  III.  This  suggests  that  the  upper  and  lower  crust  responded  differently  to  the 

deformation. The ALCUDIA-NI profile shows a singular wedge structure, which involve the Moho 

discontinuity across Zone I. This southwest dipping tectonic wedge is interpreted to represent the 

Tomar-Badajoz-Cordoba shear zone at depth.

The high-resolution shot gathers acquired along the ALCUDIA-WA transect feature clear P- and S-

wave arrivals at all crustal levels. The P- and S-wave reflections and refractions are identified in the 

shot  gathers  and correlated  from shot  to  shot.  Travel-time interpretation  of  the ALCUDIA-WA 

profile, allowed us to obtain well-constrained P- and S-wave velocities models, ~280 km long that 

reach down to ~50 km depth. The P- and S-wave direct arrivals (Pg/Sg phase) are observed up to 

relatively large offsets and strongly constrain the upper crustal velocities. The high-amplitude PmP 

and SmS phases that can be followed up to zero offset constrain the crustal thickness along the 

Central Iberian Zone and Tajo Basin. A density model is derived from the P-wave velocities along 

the ALCUDIA-WA profile. Moreover, The P- and S-wave velocities are utilized to calculate a well-

resolved Poisson's ratio model. The velocity models reveal layered velocity structures from surface 

to Moho, though prominent lateral velocity variations are evident to the north, beneath the Tajo 

Basin, down to ~15 km depth. The trajectory of the velocity isolines traced within the upper crust 

divides the P- and S-wave velocity models into two segments: (1) the southern part, ~210 km long, 

that samples the Central Unit and the southern Central Iberian Zone and (2) the northern part, ~70 

km long, from the Toledo Anatectic Complex to the southern limit of the Tajo Basin. In the southern 

part, the average P- and S-wave velocities range from 5.2 km/s to 6.2 km/s and 3.0 km/s to 3.7 

km/s,  respectively,  from surface  to  the  boundary  with  lower crust.  The derived Poisson's  ratio 

values  for  the  southern  part  range  from 0.21-0.24.  Within  the  Tajo  Basin,  the  P-  and  S-wave 

velocities range from 3.0 km/s to 4.0 km/s and 1.8 km/s to 2.3 km/s, respectively. In the northern 

part, the P- and S-wave velocities reveals a significant lateral velocity gradient in the upper crust, 

ranging from 5.4 km/s to 6.6 km/s and 3.2 km/s to 3.8 km/s, respectively and the Poisson's ratio 

range from 0.22-0.25.  Within the upper crust, the average density range from 2300 km/m3 in the 

surface  to  about  2800  kg/m3 at  ~13-19  km  depth.  The  lower  crustal  velocities  are  more 

homogeneous along the entire profile. The P- and S-wave velocities range from 6.6 km/s to 7.2 
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km/s and 3.9 km/s to 4.3 km/s, respectively in the lower crust. The lower crust features a density  

range of 2850 km/m3 to 2950 kg/m3 and average Poisson's ratio range from 0.208-0.238. 

The ALCUDIA-NI and WA datasets suggest the existence of a mid-crustal discontinuity. The AL-

CUDIA-NI image shows that the upper crust is slightly less reflective than the lower crust. Based 

on the contrast in the reflectivity between the upper and lower crust a decoupling zone was defined 

in between. The inferred imbricate thrusts in the upper crust sole down into the decoupling zone. 

The shot gathers along the ALCUDIA-WA profile reveals high amplitude PiP Phase, which placed 

strong constraints on the boundary between the upper and lower crust. The P- and S-wave velocity 

models reveals an increase in velocity for this interface, range from 6.2 km/s to 6.6 km/s and 3.7 

km/s to 3.9 km/s, respectively. This interface is located at ~13 km depth to the south and ~20 km 

depth to the north and most probably represents the brittle/ductile transition, because of its depth 

and because of the seismic fabrics it bounds. Moreover, the ALCUDIA datasets lead us to analyze 

the structure and internal geometry of the Moho. The Moho shows a variety of signatures: being 

discontinuous and diffuse below the Ossa-Morena Zone, but highly reflective beneath the Central 

Iberian Zone. It features an abrupt downward decrease in seismic reflectivity and the P- and S-wave 

velocities feature a sharp contrast a sharp velocity contrast from 7.1 km/s to 8.0 km/s and 4.3 km/s 

to 4.7 km/s, respectively. A qualitative estimate of the impedance contrast has been carried out us-

ing the 1-D reflectivity modeling. The bimodal velocity distribution significantly reproduced the 

dynamic characteristics of the PmP and SmS observed in the shot records. The 2-D model investi-

gated the lateral variability of the seismic reflection field of Moho discontinuity identified in the 

ALCUDIA-WA shot records. A 2-D finite difference code was used to solve the elastic wave equa-

tion and the Moho was modeled as a 3 km thick, layered structure in the models. The bimodal ve-

locity distribution qualitatively reproduced the burst of relatively high amplitude of the PmP energy 

its associated coda. The careful analysis of internal structure of the Moho discontinuity reveals that 

it may be a post-orogenic feature. The subhorizontal Moho is most probably the result of the ther-

mal and/or isostatic requilibration in the Permian times. The crustal thickness varies from ~31 km in 

the south to ~35.5 km to the north. The two major crustal scale discontinuities also suggest the exis-

tence of important lithological/rheological variations.

An increase in the Moho depth and lateral variations in the physical properties along the Central 

Iberian  Zone  are  the  most  significant  results  of  the  analysis  and  interpretation  of  ALCUDIA 

datasets. To the north of the study area, Variscan crustal thickening led to generalize remobilizations 

and partial melt, producing igneous rock and taking structurally deep, denser, and faster rocks to 

shallower  crustal  levels.  The  surface  geology  of  the  Central  Iberian  Zone  indicates  that  rocks 

occupying shallow crustal levels to the north are denser than those outcropping to the south. Crustal 
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thickening is related to higher P- and S-wave velocity values, changes in lithology observed in the 

outcropping geology and to the different tectonic evolution. The Moho deepening/crustal thickening 

may be related to the orogenic load associated to the Central system mountain range, the alpine 

tectonics affecting the area,  and/or the isostatic response of the crust to denser lithologies. The 

computed  velocity  depth  functions  for  the  Central  Iberian  Zone  reveals  that  the  upper  crustal 

velocities  match  with  those  found in  typical  average  continental  crust,  while  the  lower  crustal 

velocities fit with rifts and extended crust. This indicates the existence of extensional and melting 

processes affecting the crust. The crustal composition is well constrained by the physical properties 

model derived from the ALCUDIA-WA transect. It suggests presence of metasedimentary rock in 

the upper crust beneath the Central Iberian Zone. The interpreted compositional section for upper 

crust  beneath  the  Tajo  Basin  indicates  the  existence  of  high-grade  metamorphic  rocks  and/or 

igneous rocks.  The composition of  the lower crust  is  compatible  with high-grade metamorphic 

rocks. 
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Appendix 1 – IBERSEIS normal incidence Stack Sections



Appendix 2 – ALCUDIA normal incidence Stack Sections



Appendix 3 – ALCUDIA Wide-angle Shot Gathers



Appendix 4 – ALCUDIA wide-angle P- and S-wave Stack Sections and ALCUDIA normal 
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Appendix 5 – IBERSEIS and ALCUDIA normal incidence Stack Sections
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