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Abstract 

The Iberian Peninsula is considered as a “micro-continent”, located between the Eurasian and 

the African plates. Several ranges formed during the Alpine orogeny, in the borders of the 

plate or intraplate. As part of this thesis the first magnetotelluric (MT) data was collected 

across the intraplate Iberian fold and thrust belt and the first long-period magnetotelluric was 

collected across the Cantabrian Mountains, located in the northern boundary of the Iberian 

plate. This MT data was used to image the electrical conductivity distribution of the crust 

beneath these two orogens. The analysis of the MT data revealed the presence of three-

dimensional structures in both studied areas and therefore 3-D inversion algorithms were used 

to obtain the final resistivity models. 

In the Cantabrian Mountains the correlation between the geoelectric image, the existing geo-

physical models and the surface geology provided a deeper understanding of the lithospheri-

cal processes. The final model shows excellent correlation with the superficial geology, de-

picting the main faults and lithologies at depth. The Duero Basin sediments are well delineat-

ed. A thickness of 2.5 to 3.5 km was deduced, and is in agreement with the seismic studies 

and well log data. Conductive zones in the Palaeozoic basement are related to enhanced per-

meability along the main Alpine faults. These conductive zones detected in the model do not 

reach more than 10 km in the southern part of the Cantabrian Mountains and 15 km in the 

northern part, and are therefore concentrated in the upper crust. The hydra-

tion/serpentinization of the upper mantle within the mantle wedge and beneath the Moho of 

the Cantabrian Margin is imaged as a zone of low resistivities. 

In the Iberian Chain the 3-D inversion model indicates that several Alpine thrusts are imaged 

as dipping conductors, which are limited to the upper crust. Two of them are the North Iberi-
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an Thrust and the Serranía de Cuenca Thrust, which bound to the north and to the south re-

spectively the basement involved areas of the Iberian Chain. Both faults do not reach more 

than 15 km depth, suggesting that they are linked to the thrust system detachment at 10–15 

km depth. This indicates that the Cenozoic thrust system causing the crustal thickening of the 

Iberian Chain is concentrated in the upper crust, which confirms the previous geological hy-

pothesis proposed by Guimerà and Alvaro (1990). The 3-D inversion model is consistent with 

the collocated seismic image. A statistical analysis of the correlation between seismic velocity 

and electrical resistivity along a NE-SW profile is carried out for the upper crust and shows a 

clear correlation between both parameters. An increase in both seismic velocity and electrical 

resistivity is observed and is related to the depth at which the geological formations are locat-

ed.  
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Resumen 

La Península Ibérica es un micro continente situado entre las Placas Euroasiática y Africana. 

Existen varios orógenos alpinos situados en el borde de placa y en su interior. En esta tesis se 

han realizado perfiles de magnetotelúrica a través de dos de estos orógenos: la Cordillera 

Cantábrica y la Cadena Ibérica. A partir de los datos de magnetotelúrica se han obtenido las 

imágenes de resistividad eléctrica a escala litosférica en la Cordillera Cantábrica y a escala 

cortical en la Cadena Ibérica. En ambos casos el análisis de la dimensionalidad  de la estructu-

ra geoléctrica ha puesto de relieve un comportamiento 3-D. Por tanto se han realizado en cada 

caso inversiones 3-D  conjuntas de las cuatro componentes del tensor de impedancias y de la 

función de transferencia geomagnética.  

En la Cordillera Cantábrica, la correlación de la distribución de resistividad eléctrica  con 

otros modelos geofísicos y la geología de superficie ha conducido a una mejor comprensión 

de los procesos litosféricos de formación de la cordillera. El modelo de resistividades obteni-

do da una imagen de las principales fallas y  estructuras en profundidad. La Cuenca del Duero 

está formada por sedimentos con un espesor variable, entre 2.5 a 3.5 km.  El basamento pa-

leozoico resistivo presenta zonas de conductividad elevada relacionadas con las fallas alpinas 

que no superan los 10 km de profundidad en la parte más meridional de la Cordillera y  los 15 

km en la parte septentrional de la misma, lo que indica que se sitúan en la corteza superior. La 

hidratación /serpentinización  en la cuña del manto del margen cantábrico aparece reflejada 

por una zona de elevada conductividad eléctrica.  

En la Cadena Ibérica el modelo de inversión 3D obtenido revela  la geometría de los cabal-

gamientos alpinos  mediante zonas de elevada conductividad. Los dos principales son el Ca-

balgamiento Frontal Noribérico y el de la Serranía de Cuenca que limitan, al Norte y al Sur 

respectivamente,  el basamento de la Cadena Ibérica. Ambas fallas no superan los 15 km de 

profundidad, indicando que el sistema de cabalgamientos cenozoico causante del engrosa-
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miento de la cadena se concentra en la corteza superior. Se ha realizado un análisis estadístico 

de la correlación entre el modelo de resistividades obtenido y  un modelo de velocidades sís-

micas existente. El resultado indica una coincidencia entre un aumento de velocidades sísmi-

cas y un aumento de resistividad eléctrica relacionado con la localización de las formaciones 

geológicas a distintas profundidades.  
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1 Introduction 

This thesis is about the characterization of the crustal structure of two alpine orogens in the 

Iberian Peninsula, the Cantabrian Mountains and the Iberian Chain, using the magnetotelluric 

method. This work focuses on the analysis, modelling and interpretation of the magnetotellu-

ric data acquired across these two orogens. 

1.1 Motivations and objectives 

1.1.1 Structure of the Iberian Peninsula and its alpine orogens 

The present lithospheric structure of the Iberian Peninsula developed from the succession of 

geodynamic processes that took place since the Permian and Triassic time. The basement of 

the Iberian plate, mostly constituted by Palaeozoic and Precambrian rocks deformed during 

the Variscan orogeny (Perez-Estaún, 2004), started to stretch during the extensional processes 

related to the break-up of Pangaea and the consequent opening of the Atlantic Ocean (Ziegler, 

1990). Later on during the Early Cretaceous, the opening of the northern part of the Atlantic 

Ocean reached the Iberian plate causing the separation of the Eurasian and Iberian plates 

through the Bay of Biscay, which led to the individualization of Iberia as a microplate 

(Franke, 1989; Rosenbaum et al., 2002). This extensional process permitted the development 

of rift basins in the borders and in the interior of the Iberian Plate. Finally, in Late Cretaceous 

to present time, the North-South convergence of Africa and Europe caused the partial closure 

of the Bay of Biscay and the formation of the Cantabrian-Pyrenean Mountains in the north of 

the Iberian plate, followed by the formation of the Betics-Rif Chain in the south. The motion 

of the different tectonic plates is responsible for the creation of zones of intense deformation, 

which are generally concentrated along the plate boundaries. However, intraplate deformation 
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also occurred in the Iberian plate (Dercourt et al., 1986; Vergés and Fernandez, 2006; De 

Vicente et al., 2008), provoking significant intraplate compressional structures (Central Sys-

tem and Iberian Chain). 

As a result of this complex geodynamic history, the Iberian Peninsula is characterized by 

different geological units: in the west of the Iberian Plate, the Variscan Iberian Massif, which 

is mainly constituted by outcrops of a Precambrian-Palaeozoic Basement, while the eastern 

part shows thick Mesozoic sedimentary sequences inverted during the Alpine orogeny. The 

Variscan basement was also involved in the Alpine Orogeny, generally by the inversion of 

Mesozoic normal faults. Cenozoic foreland basins bound the orogens: the Duero Basin, locat-

ed between the Cantabrian Mountains and the Central System, the Ebro Basin between the 

Pyrenees and the Iberian Chain and the Guadalquivir Basin north of the Betic Chain. The 

magnetotelluric profiles studied during this thesis cross the Cantabrian Mountains and the 

Iberian Chain, which involve outcropping formations that are Cenozoic in the basins and vary 

from Palaeozoic to Mesozoic in the orogens. 

 

Figure 1-1: Geological map of the Iberian Peninsula. Red points: MT sites. 
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1.1.2 Present geophysical/geological knowledge of the Iberian Peninsula 

The crustal structure of the Iberian Plate is well defined from several seismic, gravity and 

magnetotelluric surveys. It has been extensively explored using seismic data since the late 

1970s. The crustal imbrication beneath the Pyrenees, reaching thicknesses of 45-50 km, has 

been documented from wide-angle (Daignières et al., 1982, Gallart et al., 1981) and deep 

multichannel seismic profiles (Choukroune et al., 1989). The seismic exploration of the Va-

lencia Trough using marine multichannel profiles and wide angle profiles (Watts et al., 1990, 

Torne et al., 1992, Gallart et al., 1995, Dañobeitia et al., 1992) has revealed the strong varia-

tion in crustal thickness as a result of the rifting process that affected the zone, with Moho 

depths around 35 km in NE Iberia, thinning to 15-18 km beneath the centre of the Valencia 

Trough and thickening again towards the Balearic promontory. The crustal structure beneath 

central Iberian Massif was already explored by early seismic profiles (Banda et al., 1981), but 

the recent IBERSEIS and ALCUDIA experiments have allowed to define precisely its geome-

try and velocity structure, which is characterized by a subhorizontal Moho located close to 32 

km depth (Simancas et al., 2003, Carbonell et al., 2004, Ehsan et al 2014, Ehsan et al, 2015). 

Although scarce seismic information is available for the Iberian Chain, Zeyen et al. (1985) 

showed an average crustal thickness of 30-32 km, with a local thickening beneath the central 

northern part of the chain. Diaz and Gallart (2009) compiled the results from deep seismic 

profiles beneath the Iberian plate and its surrounding areas, providing a crustal thickness map 

of the region.  

Magnetotelluric profiles have provided crustal resistivity images of the main orogens and 

related foreland basins in the Iberian Peninsula. The Alpine orogens investigated are the Pyr-

enees (e.g. Pous et al.1995; Ledo et al., 2000; Campanya et al., 2012), the Cantabrian range 

(e.g. Pous et al., 2001) and Betic Mountains (e.g. Pous et al., 1999, Marti et al, 2009; Rosell et 

al., 2011; Ruiz-Constan et al, 2012), while Monteiro Santos et al. (1999), Almeida et 

al.(2005), Pous et al. (2004), Muñoz et al.(2008), Pous et al. (2011) have investigated the 

Iberian Variscan Massif. As the electrical resistivity is a physical parameter independent of 

the elastic seismic parameters a combination of both geophysical methods has contributed to 

clarify ambiguities in the interpretations (e.g. Carbonell et al., 2004). 

This thesis is part of the Topo-Iberia project, a multi-disciplinary national Spanish project that 

involves several institutions with the aim of defining the whole structure of the Iberian ‘mi-

cro-continent’. This thesis focuses on the use of one of the disciplines, the magnetotelluric 

method, applied to the investigation of two orogens of the Iberian Peninsula.  

1.1.3 Approach employed: the magnetotelluric method 

The magnetotelluric method was first proposed by Tikhonov (1950) and Cagniard (1953). 

This passive electromagnetic method allows to determine the electrical conductivity of the 
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subsurface as a function of depth. Over the years this geophysical exploration technique start-

ed to gain importance and became the most used method for deep EM exploration in the aca-

demic community. The development of the instrumentation, improvements of modelling and 

inversion algorithms (2-D and 3-D) and the increase of computing capabilities have led to its 

use on a regular basis to build reliable electrical conductivity models for geodynamic studies 

and for natural resources exploration. 

The MT method is a pretty flexible and robust method. Data acquisition can be performed by 

small teams in a short amount of time with a relative small budget. Compared to other geo-

physical methods it can be performed under almost all geographical conditions and in several 

geological environments. Over the last decades, a continuous increase in the use of the MT 

method for geothermal, oil, gas and mining exploration industry has been observed. In addi-

tion, its sensitivity to the electrical conductivity, which is independent from other geophysical 

parameters, has turned the MT method into a powerful exploration technique, especially when 

it is integrated with other geophysical methods.  

In the scope of this thesis the MT method has been useful to study the two orogens at crustal 

scale. It has been able to detect interconnected fluids, discriminate between different geologi-

cal formations, map faulted areas and detect lithospheric conductivity anomalies related to 

tectonic processes. These results, associated to geological observations and geophysical mod-

els allowed us to obtain an image of the structure of the lithosphere beneath both orogens and 

to interpret them geodynamically.  

An important decision that has to be taken during an MT study is the number of spatial di-

mensions that have to be considered to accurately model the geology. The Earth is intrinsical-

ly three-dimensional. When assumptions of one or two dimensions are not taken properly 

incorrect or biased models can be obtained. In this thesis the dimensionality analysis of the 

conductivity structure was rigorously studied and as a consequence 3-D modelling was the 

more suitable approach to explain both datasets with precision. We therefore employed 3-D 

inversions for the two areas of study. 

It is well known that all the geophysical methods suffer of an inherent ambiguity, or non-

uniqueness, in the determination of the structure and composition of the subsurface. The dif-

ferent sensitivity and/or resolution of all geophysical techniques can be used to reduce this 

ambiguity when an integration using different geophysical methods is applied. In this thesis 

the complementarity and relations between the MT models and other existing models was 

considered.  
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1.1.4 Aims of the thesis 

This thesis focuses on two areas of the Iberian plate, the Cantabrian Mountains and the Iberi-

an Chain. The Iberian Chain is an intraplate mountain chain where geophysical studies are 

scarce and no relevant information on the major crustal structures has been obtained so far. 

The Cantabrian Mountains, formed at the northern boundary of the Iberian plate, are the 

western prolongation of the Pyrenees. Although well constrained from a number of geophysi-

cal, geological and petrophysical studies (Gallastegui, 2000; Pedreira, 2015; Pulgar, 1996), 

the understanding of the electrical conductivity distribution will provide new insights. In this 

context the aims of this thesis are: 

Characterization of the crustal structure below the Duero Basin and the Cantabrian 

Mountains. An MT N-S oriented profile across the Cantabrian Mountains and the north part 

of the Duero Basin was acquired between 2009 and 2011 in the scope of this thesis. The pro-

file consists of 13 MT soundings, 6 of them including long period data. The main aim of this 

study is to provide a new geoelectric model of the Cantabrian Mountains that: (1) satisfies and 

integrates all the geological and geophysical studies available for the area; (2) reproduces the 

complex magnetotelluric responses observed. The methods adopted here allowed us to build a 

3-D geoelectrical model of the area integrated with the previous seismic and geological ob-

servations, in an effort to achieve a deeper understanding of the crustal structure and the geo-

dynamical evolution of this orogen. 

Characterization of the crustal structure of the Iberian Chain. Two MT profiles consist-

ing of 38 soundings were acquired across the central part of the Iberian Chain between 2011 

and 2013 in the scope of this thesis. The first goal of this study is to provide the first geophys-

ical image of the crustal structure of the Iberian Chain. The integration of the 3-D geoelectri-

cal model obtained with a recent refraction/wide-angle reflection seismic profile and gravity 

modelling carried out by the Institute of Earth Sciences (CSIC) allowed us to obtain a con-

strained crustal model of the Iberian Chain. The geological interpretation of this new integrat-

ed modelling permits to confirm previous geological assumptions and raise new questions 

about the geodynamical evolution of this orogen.  

1.2 Structure of the thesis 

The thesis is divided in six chapters: 

Chapter 1. Introduction and Motivations: Illustrates the motivations, problematics 

and the main objectives of this thesis. 

Chapter 2. Geological overview: This chapter gives an overview of the geological 

and geodynamical processes that gave rise to the Alpine belts in the Iberian Peninsula. A geo-
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logical and geophysical review of the Cantabrian Mountains and the Iberian Chain areas are 

presented and specific objectives for each area are addressed.  

Chapter 3. Introduction to the magnetotelluric method: The third chapter gives an 

overview of the magnetotelluric method. The theory of the method, data acquisition, data 

processing and the multidimensional modelling are discussed.  

Chapter 4. Results for the Cantabrian Mountains: This chapter presents the results 

obtained from the 2-D and 3-D inversion of the magnetotelluric transect through the Canta-

brian Mountains. The methodology adopted for the data analysis and inversion is presented. 

The comparison between both inversions and the requirement for a 3-D inversion is dis-

cussed. The 3-D model obtained is then integrated with the geophysical and geological obser-

vations and ultimately geologically interpreted.  

Chapter 5. Results for the Iberian Chain: This chapter presents the results from the 

geoelectrical modelling of the crustal structure of this intraplate orogen. The 3-D inversion of 

the MT data is presented, along with the interpretation obtained integrating the MT model and 

the seismic results. 

Chapter 6. Discussion and conclusions: In this chapter the main contributions of the 

thesis are discussed and summarized. 
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2 Geological Setting 

2.1 Introduction 

The Iberian Peninsula is located at the westernmost part of the Alpine-Himalayan Belt be-

tween the Eurasian and African plates. The Alpine-Himalayan Belt extends from the Iberian 

Peninsula to New Zealand (Figure 2-1). The Iberian microplate belongs nowadays to the Eur-

asian plate but behaved as an independent plate in Early Cretaceous during the opening of the 

Bay of Biscay (Srivastava et al., 1990). The Alpine orogeny started in Late Cretaceous, with 

deformation occurring in the borders of the Iberian plate and in the interior of the plate, giving 

rise to the current mountain ranges in the Peninsula and their associated foreland basins.  

This thesis will focus on the characterization of the lithospherical structure of two orogens of 

the Iberian Peninsula: the Cantabrian Mountains, a thrust and fold belt located along the 

northern coast of Iberia, and the Iberian Chain, an intraplate thrust belt located within the 

Iberian plate.  

In this chapter an overview of the structure of the Iberian Plate will be given followed by a 

specific description of the two orogens studied from a geological and geophysical point of 

view. Finally, the objectives of this thesis for each area of investigation are presented.  
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Figure 2-1: Sketch of the Alpine-Himalayan orogenic belt (Lister et al., 2001). 

2.2 Structure of the Iberian Plate 

The major part of the Western and Central Europe is constituted by a pre-Mesozoic basement, 

formed by Superior Protozoic to Carboniferous rocks, deformed and partially metamorphized 

and intruded during the Variscan orogeny that took place at the end of Palaeozoic. The Var-

iscan orogeny resulted from the collision of two continents, Laurentia to the NW and Gond-

wana to the SE, at the end of the Carboniferous (Matte, 2001) forming the supercontinent 

called Pangaea. Figure 2-2 shows the tentatively paleo-geographical maps from Ordovician to 

Carboniferous describing the Variscan orogeny (Matte, 2001). 

This Palaeozoic mountain system extended for more than 8000 km long and 1000 km broad, 

from the Caucasian Mountains in the East to the Southern Appalachians in the West. The 

European Variscan Orogen shows a complex sinuous pattern having an arc-shape in the SW 

part of Europe (Figure 2-3). It is known as the Iberican-Armorican Arc, located in the NW 

part of the Iberian Peninsula (Franke, 1989; Matte, 2001). The European Variscan Orogen is 

still visible and well conserved in the Iberian Peninsula.  
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Figure 2-2: Tentatively paleo-geographical maps from Ordovician to Carboniferous describ-

ing the Variscan orogeny (Matte, 2001). 

Palaeozoic outcropping is mainly present in the occidental part of the Iberian Peninsula, in the 

Iberian Massif. In the Cantabrian Mountains the MT profile carried out is located in Palaeozo-

ic rocks, while the MT profiles crossing the Iberian Chain are located in Mesozoic rocks 

(Figure 1-1). However, Palaeozoic outcroppings are visible in the Iberian Chain, mainly be-

cause of the posterior Tertiary contraction that involved the Variscan basement. In the NW 

part of the Iberian Peninsula different characteristics of the Variscan collisional orogeny can 

be observed: an internal area characterized by metamorphism and intrusive bodies (Asturo 

Occidental-Leonesa Zone) and an external zone with thin-skinned tectonics, with thrusts and 

folds structures and absence of metamorphism (Cantabrian Zone).  

At the end of the Variscan Orogeny, in Permian Times (280 Ma), the supercontinent Pangea 

started to suffer an extensional process that lasted until the Late Cretaceous (80 Ma). This 

distensive episode created a divergent margin between Africa-Europe and America (Figure 

2-2).  
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Figure 2-3: Main structural elements in the Variscan Belt of Europe during the Early Carbon-

iferous (Franke, 1989). 

The oceanization of these rifts started in the Jurassic (180Ma). At that point the behaviour of 

the Iberian Plate is independent from Eurasia to the North and Africa to the South. Consider-

ing Eurasia as stable, the movement of Africa to the East is due to the opening of the Atlantic 

Ocean (Srivastava et al., 1990). Opening of the North Atlantic Ocean provoked the motion of 

the Iberian plate to the SE, accompanied by a counter-clockwise rotation, dragged by the 

eastward movement of Africa (Malod y Mauffret, 1990). This rotation of the Iberian plate 

provoked the opening of the Bay of Biscay, splitting the Cantabrian and Armorican margins, 

which later on behaved as passive margins (Figure 2-4a). The Bay of Biscay opening is done 

from west to east from the Aptiense until the Campamiense. In the eastern part the continental 

crust is thinned, while in the most western part oceanic crust formation occurred (Malod et 

al., 1982). During this extensional process rift basins developed in the borders and in the inte-

rior of the Iberian plate. The most important rift systems that developed in northern Iberia are 

the Pyrenean rift and the Iberian rift, where Mesozoic sediments deposition occurred.  

In  Late Cretaceous (Figure 2-4b) the opening of the South Atlantic Ocean provoked the 

northward drift of the African plate and, as a consequence, the beginning of the convergence 

between the Eurasian and Iberian plates and the end of the Mesozoic extension. This conver-

gence led to the partial closure of the Bay of Biscay and the development of the Cantabrian-

Pyrenean Mountains. The Mesozoic basins of the Pyrenean rift were inverted and formed part 
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of the Pyrenean orogen. To the west a limited subduction took place along the Cantabrian 

Margin with the associated uplift of the Cantabrian Mountains. 

 

 

Figure 2-4: Left: a-c) Palaeographic evolution of the Iberian Plate, between Early Cretaceous 

and Miocene. d) Present tectonic map of the Iberian plate and surrounding areas (modified 

from Quintana et al., 2015). Right: Evolution of the principal orogens of the Iberian Plate 

(Quintana et al., 2015, and reference therein). 

In the Oligocene, the convergence of the African and Iberian plates started to be mostly ac-

commodated by the Betic-Rif orogenic system and the intraplate orogens (Verges and Fer-

nandez, 2012) (Figure 2-4c). The contractive event occurring in North Iberia ended in the 
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middle Miocene (Verges and Fernandez, 2012). Intraplate shortening took place with the 

formation of the Iberian fold-and-thrust belt (Iberian Chain) and the Central System from late 

Eocene to end of Miocene (Guimerà et al., 1995, 2004; de Vicente et al., 2007). The Iberian 

Chain shortening is about half of that of Pyrenees (Guimerà et al., 2004; Muñoz-Jimenez and 

Casas-Sainz, 1997; Sibuet et al., 2004). Since early Miocene the convergence between Eura-

sia and Africa became slow, leading to an extensional event that gave rise to the Alboran Ba-

sin and the Gibraltar Arc (Rosembaum et al., 2002; Figure 2-4d).  

2.3 Regional geophysical background 

2.3.1 Crustal thickness inferred from seismic studies 

The structure and thickness of the crust in the Iberian Peninsula has been estimated by several 

regional seismic studies. Diaz and Gallart (2009) compiled crustal depth thicknesses along 

published deep seismic soundings (DSS) profiles in the whole Iberian Peninsula. The result-

ing map is shown in Figure 2-5a. The crustal thickening reaches a maximum of 50 km be-

neath the Pyrenean Range, extending westwards along the Cantabrian Mountains to a crustal 

thickness of about 42 km. The Iberian Chain has a crustal root reaching 40 km in its SE part. 

In the rest of the Iberian Peninsula crustal thickness between 30 km and 35 km are reported 

with the exception of the Betics Chain with a crust of 38 km thick. 

A recent regional study using P-receiver functions (PRF) was carried out by Mancilla and 

Diaz (2015) (Figure 2-5b). It covers the whole Iberian Peninsula and northern Morocco. The 

receiver function technique consists in measuring ground motion at a seismic station when 

distant teleseismic signal arrives. Comparing to the previous studies, these techniques allowed 

to obtain a regular grid of crustal depth estimations, because of the high coverage of seismic 

stations deployed in the whole Peninsula, although with less resolution.   

Consistent results between active and passive sources show a thickened crust beneath the 

Pyrenees/Cantabrian Mountains and the Betics (around 45). In the Iberian Chain the Moho is 

found at a depth around 40 km. However, some differences appear in some parts of the Pyre-

nean-Cantabrian orogen and in the Betics. In the Cantabrian Mountains the base of the crust 

differs more than 10 km between active and passive sources. The complex lithospheric struc-

ture and the lateral variations in the crustal thickness beneath northern Iberia could explain 

those differences (Mancilla and Diaz, 2015). 
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Figure 2-5: Crustal depth thicknesses. a): based on deep seismic soundings (active source). 

b): based on receiver function data (passive source) (Diaz and Gallart, 2009; Mancilla and 

Diaz, 2015). Colour scale in km depth. 

2.3.2 Crustal and lithospheric thicknesses inferred from potential field data 

Torne et al. (2015) present the results of the combination of potential field data with steady 

state thermal analysis carried out for the entire Iberian Peninsula. Figure 2-6a shows the 

Bouguer anomaly map and Figure 2-6b the crustal thickness obtained from combining eleva-

tion and geoid data. Although there is a general agreement with the DSS and PRF values, 

significant differences appear beneath the Cantabrian Mountains, probably due to the com-

plex crustal structure of this area, as previously mentioned (Figure 2-6b and Figure 2-5). 

The combination of elevation and geoid data gives the lithospheric thickness (Figure 2-6c). It  

points to a thick lithosphere (>150km) beneath the Pyrenees, while in the Iberian Chain, the 

Betics, and the Cantabrian Mountains the lithospheric thickness is between 140 and 150 km 

(Torne et al., 2015) and beneath the Duero Basin around 130 km. However, Pedreira et al. 

(2015) and Carballo et al. (2015) studies point to a deeper lithosphere beneath the Cantabrian 

Mountains, reaching 170 to 180 km. 
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Figure 2-6: a): Bouguer anomaly map (Torne et al., 2015 from Ayala (2013)). Crustal (b) and 

lithospheric (c) thicknesses obtained from combining elevation and geoid data (Torne et al., 

2015). 

2.3.3 Seismicity 

The borders of the Iberian plate are active, especially in the contact with the African plate in 

the south and the Eurasian plate in the north. Figure 2-7 shows the seismicity of the Iberian 

region projected on a map of active faults (Stich et al., 2006).  

Activity is concentrated in the borders, but some activity is also evidenced intraplate, in par-

ticular in the Iberian Chain, where earthquakes with magnitudes greater than 3 have been 

recorded. The few earthquakes observed in the Cantabrian Mountains are concentrated north 

of the Venteniella-Ubierna strike-slip fault, oriented NW-SE, at depths between 5 and 15 km 

as well as in the Basque Cantabrian Basin. 

These data correlate well with the active tectonic areas. It should be pointed out that the mag-

netotelluric method is sensitive to electrically conductive fluids, and therefore, it has the ca-

pacity of mapping faults, although it is not possible to differentiate between active and pas-

sive faults based only on the electrical conductivity (Simpson and Bahr, 2005).  
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Figure 2-7: Seismicity observed in the Iberian Peninsula and northern Morocco (after Stich et 

al., 2006). 

2.3.4 GPS data 

Deformation of Earth’s surface in terms of slip and strains rates can be quantified using global 

positioning system (GPS) geodesy techniques. Velocity map shown in Figure 2-8 was derived 

from GPS measurements obtained between 1998 and 2005 (Stich et al., 2006). Considering 

the European plate as stable, we can see that stations located NE of the Iberian Peninsula al-

most do not move, suggesting that this region is attached to the Eurasian plate (Stich et al., 

2006). In the southern part of the Iberian Peninsula westwards velocities are observed.  

The CANT GPS station, located in the Cantabrian Mountains, shows south-eastwards dis-

placement at a relative velocity of 1.22 mm/yr. (Stich et al., 2006), suggesting a NW-SE ac-

tive tectonics in the Cantabrian Mountains, which is also pointed out by the earthquake epi-

centres alignments (Figure 2-7). The EBRE GPS station located NE of the Iberian Chain, in 

the Ebro Basin, shows a SSE directed displacement with a relative velocity of 1.15 mm/yr. 

(Stich et al., 2006). 
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Figure 2-8: GPS velocity fields for the Iberian plate and surrounding areas. Black arrows 

show the horizontal motion relative to the stable European plate (Stich et al., 2006). 

2.3.5 Integrated geophysical studies 

Large scale integrated studies (Quintana et al., 2015; Carballo et al., 2015) have obtained 

overall images of the crust and upper mantle along 2-D transects of the whole Iberian Plate.  

Quintana et al. (2015) used results from previous studies to calculate the displacement trans-

fer during the Alpine Orogeny in the entire plate. They conclude that the total alpine shorten-

ing of the Iberian plate is between 267 and 292 km.  A mid-crustal detachment could exist in 

the entire Iberian Plate allowing the displacement transfer from the Betics and Cantabrian 

Mountains to the intraplate ranges.  

Carballo et al. (2015), combining potential fields, thermal elevation, seismic and petrological 

data, obtained the lithospheric thickness along a NS transect crossing the whole Iberian plate. 

The lithospheric thickness and the interpreted composition allowed to reproduce well the P 

and S-wave velocities. This study pointed to a deep Lithosphere Asthenosphere Boundary 

(LAB) beneath the Cantabrian Mountains (around 180 km) with a hydrated upper mantle 

composition. Beneath the Duero Basin, the Central system and the Tajo Basin, the lithosphere 

thickness is estimated around 130 km, getting thicker in the south beneath the Betic Chain, 

where the LAB depth estimation is 160 km.  
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2.4 Cantabrian Mountains: Geological Setting 

2.4.1 Geological structure of the Cantabrian Mountains 

The Cantabrian Mountains, which extend for more than 250 km along the northern border of 

the Iberian Peninsula, constitute the western prolongation of the Pyrenees. To the south, the 

range is flanked by the Tertiary Duero foreland basin and, to the north, it overlies the northern 

Iberian continental margin and the Bay of Biscay abyssal plain. The range evolved from dif-

ferent tectonic regimes in Palaeozoic, Mesozoic and Cenozoic times. Figure 2-9 shows the 

geological map of the studied area, along with the location of the MT sites recorded in this 

thesis. 

During the Palaeozoic, the NW Iberian Peninsula constituted part of the continental margin of 

Gondwana and the collision with Laurentia gave rise to the European Variscan belt. The Var-

iscan Iberian Massif outcrops in the central and western parts of the Cantabrian Mountains, 

constituted by Palaeozoic and Precambrian rocks (Figure 2-9a). The main zone of the Iberian 

Massif recognized in the Cantabrian Mountains is the Cantabrian zone CZ (or the Asturian 

Massif, Figure 2-9b). It is the most eastern zone of the Iberian Massif, and represents the fore-

land fold-and-thrust belt of the Variscan orogeny. 

The Variscan orogen was then eroded, followed by the Mesozoic extension related to the 

opening of the Atlantic Ocean and the Bay of Biscay. Several sedimentary basins between 

Eurasia and Iberia developed, giving rise to the Parentis and Basque-Cantabrian basins, locat-

ed in the present-day extremity of the Bay of Biscay. The Mesozoic extension ended up in the 

mid to Late Cretaceous with formation of oceanic crust in the centre of the Bay of Biscay 

(west of 6ºW, Sibuet et al., 2004). The Bay of Biscay is flanked by two passive margins, the 

North-Iberian (or Cantabrian) continental margin to the south and the Armorican margin to 

the north. The Basque-Cantabrian Basin (BCB) is located east of the CZ (Figure 2-9b) and 

presents several thousand meters of Mesozoic sediments. The transition from the BCB to the 

CZ is diffuse, defining gradually the limit of the basin deposits that lies unconformably on the 

Variscan basement (Pedreira et al., 2007).  

In Late Cretaceous-Cenozoic times, the Alpine Orogeny began and Iberia and Eurasia started 

to converge. It resulted in the inversion of the Mesozoic basins and the development of the 

Pyrenean-Cantabrian mountain belt as a doubly-vergent orogen all along northern Iberia. This 

belt is characterized by the northwards subduction of the Iberian crust beneath the Eurasian 

plate for the Pyrenees (Muñoz, 2002) and beneath the Iberian margin for the Cantabrian 

Mountains (Pulgar et al., 1996). 
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Figure 2-9: a) Geological map of the Cantabrian Mountains (modified from Tavani, 2012). 

Black points are the MT sites. b) Tectonic map of the area, with the name of the main faults. 

The central Cantabrian Mountains formed as a regional uplift of the Palaeozoic basement over 

a north dipping thrust ramp connected to a flat midcrustal detachment (Alonso, 1996). Even if 

the northward subduction of the Iberian plate along an E-W strike is shared from eastern Pyr-

enees to the western part of the Iberian Peninsula, the Cantabrian Mountains show along 

strike differences in the style and trend of deformation. WNW-ESE striking anticlines and 

synclines are running parallel to main extensional faults (Ventaniella, Ubierna, Golobar and 

Rumaceo faults, see Figure 2-9b). The Ventaniella-Ubierna faults system is the longest of 

them, being a 300 km-long right-lateral strike-slip shear zone (Boillot and Malod, 1988; Ta-

vani, 2012) oriented WNW-ESE (Figure 2-9b). In the northern part of the Cantabrian Moun-

tains the structural trend changes. The most important E-W striking structures are the Llanera 

and Cabuerniga faults. The Cenozoic sediments of the Duero Basin are located south of the 

Cantabrian frontal thrust. The N-S oriented MT profile carried out crosses most of these tec-

tonic structures. 

2.4.2 Previous data: Seismic velocity structure 

The present day knowledge of the structure of the Cantabrian Mountains lithosphere as de-

scribed before has mainly been driven by the seismic experiments carried out in the last dec-

ades. The deep seismic reflection profile on land ESCIN-2 (Pulgar et al., 1996, 1997), the 

wide-angle reflection profile offshore ESCIN-4 (Fernandez Viejo et al, 2000) and the onshore 

refraction Profile 5 (Fernandez Viejo, 1997; Fernandez Viejo et al., 1998, 2000), permitted to 
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obtain a detailed image of the lithosphere beneath the Duero Basin, the Cantabrian Mountains 

and the Bay of Biscay. Location of NS oriented profiles is shown in Figure 2 10a. 

 

 

Figure 2-10: Seismic models in the Cantabrian Mountains area. a): location of the profiles. 

b): ESCIN-2 unmigrated profile (TWT in s), showing the main reflectors interpreted by Pulgar 

et al. (1996). c): P-wave velocity model of profile 5 (Fernandez Viejo et al., 1998). d): P-wave 

velocity model of profile ESCIN-4 (Fernandez Viejo et al, 2000). 

Crustal P-wave velocities range from 5 km/s in the upper crust to 6.9 km/s in the lower crust, 

with some lateral variations in the lower crust attributed to different water content (Pedreira et 



 Chapter 2: Geological Setting  

20 

al., 2015). P-wave velocities of the Iberian mantle are in 8.1 km/s. The ESCIN-4 wide-angle 

seismic experiment revealed a lower crustal layer along the margin with velocities of ~6.6 

km/s beneath the coastline, increasing up to ~7.2–7.3 km/s to the north of the continental 

slope. Upper mantle shows anomalous low velocity values (7.7 – 7.9 km/s). It was interpreted 

as upper mantle hydration/serpentinization (Roca et al., 2011, Pedreira et al., 2015). All these 

profiles exhibit coherent features, with a Moho depth of 34 km below the Duero Basin. The 

north-dipping behaviour of the Iberian Moho subducting beneath the Margin, as observed in 

the Pyrenees, is revealed by both the reflection seismic and the wide angle records. The Moho 

reaches a depth of 55 km at 20 km south of the coastline. Below the coast line, the Moho is 

detected at a depth of 30 km shallowing to 18 km below the Bay of Biscay abyssal plain. This 

reflection in this case is attributed to the Cantabrian Margin Moho (Pulgar et al., 1996, 1997).  

Gallastegui (2000) constructed a NS transect integrating all the geophysical results (Figure 

2-11. It shows the complex imbrication between the Iberian and Cantabrian crusts related to 

the northward subduction of the middle and lower Iberian crust. This important crustal thick-

ening is accompanied by the deformation of the Cantabrian Mountains, along with several 

north dipping thrusts that cross the upper crust and converge to a flat mid-crustal detachment 

located at 14 - 15 km depth (Figure 2-11; Gallastegui, 2000).  

 

 

Figure 2-11: N-S crustal transect of the Cantabrian Mountains (modified from Gallastegui, 

2000). 
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2.4.3 Previous data: Magnetotelluric data 

A broad band MT transect (Figure 2-12), close to the current MT profile, has been carried out 

in 2001 (Pous et al. 2001). It is coincident with the seismic profile ESCIN-2 (Figure 2-10b). 

 

Figure 2-12: 2-D resistivity model obtained by Pous et al. (2001).  

Main conclusions rising from this study were high conductivities related to the Duero Basin 

sediments and the presence of north-dipping conductors associated with alpine faults, one of 

them being interpreted as the sole detachment of the Cantabrian Mountains (Figure 2-12).  A 

deep conductor located north of the profile beneath the coastline was tentatively explained as 

partial melting, as it has been interpreted further to the east in the Pyrenees (Pous et al 1995; 

Ledo et al. 2000; Campanya et al., 2012). This MT broad band dataset has been interpreted 

using a 2-D approach. By contrast the present dataset contains long period data and a 3-D 

inversion had to be carried out after the dimensionality analysis. 

2.4.4 Geodynamical evolutionary model 

Pedreira et al. 2015 presents a tentative evolutionary model (Figure 2-13) of the studied area 

during the Alpine orogeny. This model explains the underthrusting and indentation to the 

south of the lower crust of the oceanic/continental margin, which is responsible for the uplift 

of the Cantabrian Mountains and the formation of a crustal root at 55 km depth. This evolu-

tionary model from the end of the extension in Late Cretaceous to the present day is similar to 

the one proposed by Gallastegui (2000).  
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Figure 2-13: Schematic Alpine tectonic evolution for the N-S transect from Pedreira et al. 

(2015). 

During the Late Cretaceous the North-Iberian margin is under extension, with upper crustal 

normal faults that root in a mid-crustal extensional detachment. In the continental slope, lower 

crustal rocks are exhumed through the normal faults, providing a path for the seawater into 

the mantle and serpentinize it (Figure 2-13a). In the Middle Eocene, the compressional stage 

started, provoking the underthrusting of the lower continental crust of the margin accompa-

nied by its indentation into the Iberian crust, splitting it along the former extensional detach-

ment. The indentation provoked the subduction of the Iberian lower crust to the north (Figure 

2-13b). In the Oligocene, the lower crustal indentor progressed towards the south, uplifting 

the Variscan basement (Figure 2-13c). The weak hydrated mantle of the margin could not 
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indent and therefore began to accrete against the subducting Iberian crust, forming the mantle 

wedge (Figure 2-13d). 

This geodynamical model explains the low velocities found in the mantle wedge (serpentini-

zation), and the shortening inferred from section balancing, about 100 km, as proposed by 

Gallastegui (2000). 

2.4.5 Summary and objectives in the scope of this thesis 

A good geological and geophysical knowledge of the lithospheric structure and the geody-

namical evolution of the Cantabrian Mountains and the Duero Basin have been achieved. 

Recompilation of the results obtained so far indicates that the Alpine contraction provoked the 

northwards subduction of part of the Iberian continental crust beneath the Cantabrian Margin, 

leading to the uplift of the Cantabrian Mountains. Seismology and GPS studies indicate active 

tectonics along WNW-ESE to NW-SE directions. 

The MT study presented in this thesis deals with a different physical parameter, the electrical 

conductivity, to bring new insights about the mechanisms responsible for the formation of the 

Cantabrian Mountains. The new MT transect differs from the previous one of Pous et al. 

(2001). The new data was acquired using new instrumentation that included long period data. 

The modelling of the complex crustal structure of the Cantabrian Mountains has to be ap-

proached using advanced MT dimensionality analysis and inversion techniques to achieve 

more accurate and reliable results.  

Main objectives of this study from the new acquired MT transect across the Cantabrian 

Mountains are: 

• Obtention of a 3-D inverse model able to fully reproduce the complex MT responses 

observed in the acquired data. 

• Imaging the orientation and extension in depth of the main faults observed in surface 

and quantify which part of the crust was affected by the Alpine contraction. 

• Determining the geometry of the subducted Iberian crust along the N-S transect by 

means of the interpretation of the conductivity anomalies. 

• Providing insights to clarify the serpentinization occurring in the mantle wedge, as it 

has been previously interpreted. 

• Achieving a deeper understanding of the crustal structure and the geodynamical histo-

ry of the area. 
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2.5 Iberian Chain: Geological Setting 

2.5.1 Geological structure of the Iberian Chain 

The Iberian Chain is the major intraplate thrust-belt of the Iberian Peninsula. It developed 

during the Cenozoic as a consequence of the contractive inversion of the Iberian Mesozoic rift 

basins (Salas et al, 2001). The current structure of this part of the Iberian Peninsula is mainly 

the result of the geodynamic evolution occurring during the Mesozoic and the Cenozoic.  The 

range is flanked to the NE by the Tertiary Duero Basin, and to the SW by the Tertiary Tajo 

Basin (Figure 2-14).  

 

 

Figure 2-14: Simplified geological map of the Iberian Chain and surrounding Tertiary basins 

(modified after Guimerà, 2004, 2013). Red lines are two MT profiles carried out in this thesis. 

UTM coordinates (30T, ED50) are shown in km. Blue lines represent the two geological sec-

tions shown in Figure 2-15. 
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The Variscan basement crops out extensively in the Variscan Iberian Massif (in the western 

half of the Iberian Peninsula) and also within some areas of the Iberian Chain (Figure 2-14). 

The Variscan basement was strongly eroded during the latest Palaeozoic and a generalized 

planation surface was developed over it. 

As a consequence of the extension period related to the opening of the Atlantic Ocean the 

Iberian Basin was formed as an intracratonic basin during the Mesozoic. It contains thick 

sequences of Upper Permian and Mesozoic continental and shallow marine clastic rocks, car-

bonates and minor evaporites. Large lateral thickness changes are observed in the Mesozoic 

sedimentary sequence of the Iberian Chain, indicating deposition in tectonically active basins 

(Guimerà et al., 2004). 

The contractive event happening in the Iberian Plate started to affect the Iberian Basin during 

the Eocene (Guimerà and Álvaro, 1990), forming the Iberian Chain. It formed as a double-

vergent intraplate thrust-belt, with a NW-SE main trend (Guimerà and Álvaro, 1990). It re-

sults from the contractional inversion of the Iberian Mesozoic basins, also involving the Var-

iscan basement between the North Iberian and the Serranía de Cuenca Thrusts (Figure 2-14 

and Figure 2-15) (Guimerà et al., 2004; Salas et al., 2001). In the areas where the basement 

has been involved in the inversion, two big arches (the Castilian Branch Arch and the Arago-

nese Branch Arch) can be distinguished, separated by the Almazán Syncline. Both arches are 

crustal scale structures. The Cenozoic thrust system has been proposed to involve only the 

upper crust with 10 -12 km deep detachment level (Guimerà and Alvaro, 1990) or the whole 

crust (Salas and Casas, 1993 and Anadón and Roca, 1996). Guimerà et al. (2004) proposed, 

based on the fact that the Pyrenees and the Betics were active simultaneously in Oligocene, 

that the deformation of the Iberian Chain could be related to either of them, or both of them, 

by means of a mid-crustal detachment. 

 

 

Figure 2-15: Geological sections across the central Iberian Chain (B: After Guimerà, 2004; 

C: after Guimerà and Álvaro (1990) and Muñoz Martín and de Vicente (1998). For location, 

see Figure 2-14. 

Cenozoic shortening in the Iberian Chain is estimated to vary between 41 km (19%) in the 

NW across the Cameros area and 37 km (14%) in the central parts, along the sections shown 
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in Figure 2-15 (Guimerà, 2013). The Cenozoic shortening is responsible for the uplift of the 

Mesozoic and Lower Cenozoic rocks and the generation of the present day topography of the 

Iberian Chain (Guimerà and González, 1998, Guimerà, 2013). The crustal thickening exceeds 

40 km beneath the Iberian Chain (Salas and Casas, 1993). 

In the eastern coastal areas of the Iberian Peninsula, the topography is strongly influenced by 

the late Oligocene-to-Present development of the Western Mediterranean. NE-SW extension-

al faults related to the crustal thinning between the Balearic Islands and the Iberian Peninsula 

are preserved on-shore, producing a descending topographic gradient from the elevated inner 

parts of Iberia to the Mediterranean coast (Seillé et al., 2015). 

2.5.2 Previous data: Seismic velocity structure 

A refraction/wide-angle reflection seismic profile crossing the Iberian Chain confirms the 

existence of a moderate crustal thickening beneath the central part of the profile (Gallart et al., 

2004; Seillé et al., 2015), where Moho depths exceeding 40 km is documented. The profile 

samples the area with a Bouguer gravity low in the range of -100 to -140 mGal (Figures 2-16 

and 2-17).  

 

Figure 2-16: Bouguer anomaly map of the study area (Seillé et al., 2015). The map has been 

calculated using the geodetic reference system GRS80 and a reference density of 2670 kg/m3. 

Colour key shows Bouguer Anomaly. Contours every 10 mGal. Shading indicates elevation. 

White thick lines show the location of seismic profile. Yellow thick lines represent the geologi-

cal cross-section shown in Figure 2-15. Red dots show MT sites.  
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The uppermost sedimentary layer has velocities ranges from 4.2 to 5.1 km/s (Figure 2-17). 

The basement depth ranges between 3 and 5 km along the profile and it is defined with ve-

locities between 5.1 and 5.4 km/s. A local thickening is present in the model, reaching depths 

of 7-8 km. The model has a middle crust layer with velocities ranging between 6.3 and 6.45 

km/s and showing smooth vertical gradients (Seillé et al. 2015).  

The main result inferred from the velocity-depth modelling is the presence of a 100 km wide 

crustal thickened area located NE of shot T2 (Seillé et al., 2015). The top of the transitional 

zone associated with the Moho evolves from 30 km at the SW part of the profile to a maxi-

mum depth of about 40 km  at offsets close to 200 km,  then thin again to 30 km at the NE 

edge of the profile. The thickened area, located up to 70 km NE of shot T2, is consistent with 

results arising from passive seismic experiments (Mancilla and Diaz, 2015), as well as with 

the gravity minimum observed in the Bouguer anomaly map (Figure 2-16). In addition the 

model shows a local rise of the Moho boundary at distances of 110-150 km from the SW 

edge. 

 

 

Figure 2-17: Velocity-depth model along the profile (Seillé et al., 2015). Colour scale shows 

the corresponding P-wave velocities. Note the thickening of the upper crust beneath the Iberi-

an Chain basement involved thrust system. T1, T2 and T3 are the shots location. 

2.5.3 Summary and objectives in the scope of this thesis 

The MT data was acquired along two parallel profiles oriented NE-SW, one of them being 

coincident with the trace of the seismic profile. Integration of the results of the seismic veloci-

ty model with the results of the 3-D MT resistivity model will give the first geophysical im-

age of the Iberian Crust.  
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Main objectives of this study involving the 3-D inversion of the two acquired MT profiles 

across the Iberian Chain are: 

• Obtaining a 3-D resistivity model able to accurately reproduce the MT data acquired. 

• Characterisation and mapping of the orientation, dipping and extension at depth of the 

faults involved in the Tertiary contraction. 

• Elucidating if the Cenozoic thrust system involves only the upper crust (Guimerà et 

al., 2004) or the whole crust (Salas et al., 1993). 

• Integration of the 3-D resistivity model with the existing seismic velocity, in order to 

obtain a first constrained image of the crustal structure of the Iberian Chain. 
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3 The Magnetotelluric 
Method 

3.1 Introduction 

The magnetotelluric method (MT) is a geophysical technique used for imaging the electrical 

conductivity in the Earth's crust and upper mantle. It is a passive electromagnetic method 

which uses the propagation of the natural electric and magnetic fields in the conductive sub-

surface. Simultaneous measurements of electric and magnetic varying fields in orthogonal 

directions at the surface of the Earth allow to infer the subsurface electrical conductivity vari-

ations from hundreds of meters to hundreds of kilometres depth. Recent publications include 

in details all aspects of the MT method (Simpson and Bahr 2005; Berdichevsky and Dmitriev, 

2010; Chave and Jones, 2012). 

3.2 Electrical properties of the earth 

The electrical resistivity, or its reciprocal the electrical conductivity, is the most variable geo-

physical property. Variation of ten orders of magnitude can be encountered in the Earth and 

several orders of magnitude can appear for the same rock formation. The electrical resistivity 

of the typical subsurface rocks generally varies between 10-2 Ωm and 106 Ωm. The electrical 

resistivity of common materials of the lithosphere is shown in Figure 3-1. 
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Figure 3-1: Electrical resistivity of common materials of the lithosphere (left: Chave and 

Jones, 2012, in log resistivity). 

Transmission of electrical currents occurring in rocks and minerals is done via three types of 

conduction: electrolytic, electronic and semi-conduction.  

Electrolytic conduction occurs in solution containing dissolved ions. The conductivity de-

pends on the rock porosity, pore connectivity (or permeability), fluid content and fluid satura-

tion. Pores in the rock matrix are generally filled with saline water, which increases the bulk 

conductivity of the medium. Porosity, fluid conductivity and saturation are empirically related 

through the Archie’s law (Archie, 1942): 

 

 �� �	�����	�
	 (3.1) 

 

Where �� is the bulk resistivity, �� is the pore fluid resistivity, � the porosity, S the pore satu-

ration, n the saturation exponent and m is an exponent controlling pore geometry. Typical 

values for m are between 1 and 2. In crack-like pores it is closer to 1, while for spherical pores 

it is closer to 2. 

Considering a sedimentary rock such as calcareous sandstone with a porosity of 20%, a m 

value of 2, fully filled by meteoric water with electrical resistivity of 0.5 Ωm, the bulk resis-

tivity of the sediments is ��= 12.5 Ωm. Accordingly, typical values for  sedimentary rocks 

can be  around 10 Ωm. This value generally increases with depth, as a consequence of the 

rock compaction and porosity reduction. On the other side, crystalline or metamorphic rocks 

generally present very low porosity and have very high bulk resistivity. For a fixed salt con-

centration of the fluid, the fluid conductivity increases with temperature until 300-400ºC due 

to increased ionic mobility (Bedrosian, 2007). At great crustal depths several metamorphic 
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processes release free water, and, associated with presence of high heat flow (i.e. high tem-

peratures), the melting point of the crustal rocks is lowered causing partial melting. Presence 

of melts in the rocks matrix increases the electrical conductivity. Partial melting in the crust 

was observed for example in Southern Tibet (Unsworth et al., 2005).  

Metallic ore minerals are responsible for electronic conduction. The transport of charges is 

carried out by the electrons contained in the metallic minerals. Electronic conduction due to 

presence of graphite can be observed in the crust and has been detected by EM studies (e.g. 

Pous et. al, 2004). 

Semi-conduction occurs at greater depths, in the upper mantle. Increase of temperature, pres-

sure and oxygen fugacity controls the charge carrier transport, increasing the bulk conductivi-

ty of the mantle rocks. Semi conduction dominates in the mantle minerals such as olivine 

(Chave and Jones, 2012). 

3.3 Sources 

The most important part of the magnetic field on the surface of the Earth is generated by 

magneto-hydrodynamic processes in the outer core of the Earth. However, what is of special 

interest for MT investigations are the fastest and lower amplitude variations which have an 

external source. 

Sources of the electromagnetic fields studied in MT are generated by two different types of 

natural phenomena, depending on the signal frequency. Figure 3-2 shows the power spectrum 

of the natural magnetic field, and their associated sources. 

Electromagnetic fields with frequencies higher than 1 Hz (period shorter than 1 s) have its 

origin in the thunderstorm activity, propagating within the waveguide bounded by the Earth´s 

surface and the ionosphere.  

The second type of natural source is characterized by frequencies below 1 Hz (period greater 

than 1 s) and is of interest to study the Earth at lithospheric scale. These electromagnetic fluc-

tuations are generated by the interaction between the solar wind and the magnetosphere. The 

amount of solar wind produced by the sun activity is responsible for the intensity of the EM 

field variations. Low solar activity decreases the amplitude of the signal, affecting the quality 

of the data.  
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Figure 3-2: Power spectrum of the natural magnetic variations (modified from Simpson and 

Bahr (2005) after Junge, 1996). 

Around 1 Hz a minimum in the intensity of the source of the electromagnetic field is ob-

served, because of the intensity of both sources below and above 1Hz. This zone is called 

“dead band”, which is generally affected by poor quality data (Figure 3-2). 

Electromagnetic fluctuations due to the interaction of the magnetosphere and the solar wind 

are of special interest for lithospheric scale studies. In this context a high sun activity is of our 

interest in order to obtain good quality data. Figure 3-3 shows the solar activity for the last 50 

years, along with the acquisition periods of the MT data recorded in this thesis.  

The campaign realized in 2009 in the Cantabrian Mountains suffered from a low solar activi-

ty, which decreased the signal to noise ratio. On the other hand a high solar activity was regis-

tered during the campaigns realized between 2011 and 2014, which allowed to obtain good 

quality data. 

 

 

“Dead band” 
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Figure 3-3: (Top) Cycle of solar activity from 1950 to 2015. (Bottom) Cycle of solar activity 

from 2009 to 2015 with the periods of data acquisition in this thesis (Source: WDC-SILSO, 

Royal Observatory of Belgium, Brussels). 

3.4 Data acquisition 

The acquisition of MT data is done according to the field layout shown in Figure 3-4. The 

electric and magnetic field variations are recorded simultaneously in orthogonal directions, 

generally along the magnetic north and its orthogonal direction. Vertical magnetic field is also 

recorded in order to obtain the complete magnetic field. Five channels are then recorded: Ex, 

Ey, Hx, Hy and Hz.  

 

Figure 3-4: Magnetotelluric layout (after http://www.moombarriga.com.au/). 
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Two pairs of electrodes in forms of dipoles of length between 50 and 100 meters cross each 

other orthogonally. The fluctuations of the electric field for each pair of electrodes are record-

ed from the electric potential differences between each electrode. Two orthogonal magnetom-

eters are disposed horizontally in the same directions as the electrical dipoles, and one magne-

tometer vertically. They record the fluctuations of the magnetic field over time. Depending on 

the type of recording system used, the magnetometers are induction coils that record separate-

ly the magnetic field in each direction (N-S, E-W and vertical), or a fluxgate magnetometer 

that records the magnetic field in the three directions. 

The equipments used in this thesis for data recording are the ADU-07 equipment with induc-

tion coils as magnetometers and the LEMI-417 equipment with a fluxgate magnetometer. 

Differences between magnetometers involve different sensibility to the period of the fluctua-

tions of the magnetic field. For long periods, generally higher than 1000 s, the fluxgate mag-

netometer is more sensitive. The fluxgate is measuring the magnetic field (B) while the induc-

tion coil measures dB/dt. 

Figure 3-5 shows the frequency spectrum and noise level for these two types of magnetome-

ters indicating the effectiveness of each one depending on the period. For periods longer than 

100 s (0.01 Hz), the noise level of the fluxgate magnetometer is below the induction coils. All 

the data are recorded in a datalogger for its posterior analysis. 

With the ADU equipment the measurements are recorded in different runs, which differ in the 

sampling rate and recording time. High frequencies sampling (e.g. 8 kHz, 2 kHz) are recorded 

during minutes while lower frequency (e.g. 128 Hz) require hours or days depending on the 

depth of investigation. The LEMI-417 equipment records electromagnetic field fluctuations 

continuously on the same frequency (e.g. 4Hz, 1 Hz) during weeks, in order to record periods 

greater than 1000 s. 

Once the data have been acquired a quality control is carried out in order to check how the 

time series are affected by external interferences due to man-made noise or technical failures 

(such as electric line cut off or motion of the magnetometers). Correlated noise (powerlines, 

pipes lines, railways, towns, electrical fences) and uncorrelated noise (wind moving the mag-

netometers, animals digging…) disturb the natural EM signal (see section 3.6).  
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Figure 3-5: Frequency spectrum analysing the noise level for various induction coils (MFS-

06E, MFS07E) and a fluxgate magnetometer (FGS) (http://www.geo-metronix.de/). 

3.5 Magnetotelluric Theory 

The generated natural electromagnetic fields propagate in the form of plane wave vertically 

incident on the surface of the conductive Earth. This assumption is valid only if the measure-

ments are not contaminated by man-made noise or natural noise and when they are performed 

away from the equatorial and auroral electrojets.  

This incident plane wave reaches the surface of the Earth inducing electric and magnetic 

fields in the earth under Faraday's and Ampere's laws. The measurements made on the surface 

of the Earth are the sum of this primary and the secondary fields induced by the conductive 

Earth. 

The electromagnetic fields convolved with the Earth are measured in the surface: horizontal 

electric fields (�� and �
) and horizontal and vertical magnetic fields (�� , �
and	��). Hence, 

the electrical nature of the Earth can be determined through the transfer function of the meas-

ured input and output signals as a function of frequency. It takes the form of a complex tensor 

2 x 2 (equation 3.2): 
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� 

(3.2)  

 

Where Zij are the elements of the impedance tensor and Ti the elements of the geomagnetic 

transfer function (VTF). The fields distribution depends on its frequency and on the electrical 

conductivity of the conductive medium traversed. Electromagnetic fields are more attenuated 

in a conductive medium than in a resistive one and low frequency signals penetrate deeper 

than high frequency signals. Electromagnetic fields at different frequency thus contain infor-

mation on the variation of the electrical conductivity with depth. The skin-depth principle 

resumes in a simply manner the relationship between the frequency of an electromagnetic 

wave and its depth of attenuation depending on the resistivity of the medium: 

 

 �	 ≅ 	503 � ∙ � (3.3) 

 

where	δ	is the skin depth in meters, ρ the resistivity in Ωm and T the period in seconds. The 

skin depth is the depth to which the amplitudes are attenuated the factor 1/e of their values on 

the surface when the Earth is a homogeneous medium of resistivity ρ. 
It has been shown that the simultaneous recording of the horizontal components of the electric 

field and the three components of the magnetic field permits to determine the electrical con-

ductivity distribution of the subsurface with depth. Being based on the propagation of the 

electromagnetic fields through a conductive medium (the Earth), the MT method follows 

Maxwell’s equations: 

 

				 ∇ 	× % � 	−∂()*  

∇	× + �	�, + ∂.)* � 
∇	 ∙ . � / 

∇	 ∙ ( � 	0 

(3.4) 

 

where % is the electric field intensity (in V/m), ( the magnetic induction vector (in T), . the 

electric displacement vector (in C/m2), + the magnetic field intensity (in A/m), ,	the electric 
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current density (in A/m2) and / the electric charge density (in C/m3). %, (, .	and +	represent 

the electromagnetic field. These 5 vectorial magnitudes are not independent and are related 

through the constitutive relations: 

 

 . � 0% 

( � 1+ 

, � 2% 

(3.5) 

 

where 0	is the electrical permittivity (in F/m), 1 the magnetic permeability (in H/m) and 2 the 

electrical conductivity (in S/m). For the majority of rocks and material studied in MT the 

variations in electrical permitivities and magnetic permeabilities are negligible and therefore 

these parameters are considered to be equal to their free-space values (0 � 03 � 8.85 ×
10�78 F/m and 1 � 13 � 4:10�; H/m). 

Considering electromagnetic induction in the Earth the following assumptions are used: 

• Far-field approximation: natural EM sources are generated far away from the Earth’s 

surface, implying that they can be treated as uniform, plane-polarized EM waves 

reaching the Earth’s surface with near-vertical incidence.  

• Quasi-static approximation: for the period range used in MT (10-4– 104 s) and the 

electrical conductivity of Earth materials the time-varying displacement currents are 

negligible compared with the time varying conduction currents.  

 

Taking into account these assumptions the solutions for E and B of the Maxwell’s equations 

are: 

 

 % � 	%3<=>?�@� 
( � 	(3<=>?�@� (3.6) 

 

where %3and (3 are the amplitudes at the Earth surface, k the wavenumber and B the angular 

frequency. These relationships show the sinusoidal time variation and the exponential decay 

in the vertical direction of the EM fields.  
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3.6 Data processing 

The electromagnetic fields are measured at each MT site in the time domain as time series of 

the electric and magnetic fields fluctuations in orthogonal directions. In order to obtain the 

transfer functions that links the electromagnetic fields recorded on the surface to the electrical 

conductivity distribution of the subsurface, the temporal series have to be processed. Robust 

processing codes used during this thesis are the one of Egbert and Booker (1986) and Var-

entsov (2006). The first step in the processing is the visual inspection of the time series.  

Secondly the time series of each channel are transformed to frequency domain using the Fou-

rier transformation. The horizontal components of electromagnetic fields E and H are related 

by the complex impedance tensor, which is a complex tensor 2 x 2 defined by the equations: 

 

 �� 	� ����� + ��
�
 

�
 	� �
��� + �

�
 
(3.7) 

 

The components ZDEof the tensor are obtained resolving these equations. This is a set of 4 

equations (2 real and 2 imaginary) with 8 unknowns (4 real and 4 imaginary). This discrepan-

cy is resolved using the fact that F varies very slowly with the frequency (Vozoff, 1972). F is 

then computed as average over frequency bands. A value of Z is calculated for a given num-

ber of frequencies per decade, generally between 6 and 10 (Simpson and Bahr, 2005).  

Transfer functions are obtained multiplying equations 3.7 by the conjugate complex value of 

the horizontal magnetic fields ��and �
, in order to obtain a system of 8 equations and 8 

unknowns. The conjugates of the magnetic fields are used because noise is generally present 

primarily in the electric field (Vozoff, 1972). Solutions of these equations are: 
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(3.8) 
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∗〉 − 〈�
�
∗〉〈����∗〉 
 

Where AB* is the cross power of A and B and A* the complex conjugate of A. Once Zij val-

ues are known they can be replaced in the equations (3.7) to meet the predicted values of Ex 

and  Ey. Consistency between the observed and predicted data gives us important information 

about the quality of the data and the presence of noise for which a coherency function is de-

fined (Vozoff, 1972). A coherency of 1 indicates a perfect correlation.  

The impedance tensor is generally represented as apparent resistivity and phases depending 

on the frequency, which are calculated through the following relationships: 

 

 �J=K�B� 	� 1
13B L�=K�B�L

8	

M=K � *NO�7 PQR�=K�B�S<�=K�B�T	
(3.9) 

 

The vertical magnetic fields are generated by lateral conductivity gradients. The geomagnetic 

transfer function is introduced and is defined by the relation between the vertical magnetic 

field �� and the horizontal magnetic fields ��	and	�
: 

 

 �� 	= ���� + �
�
 (3.10) 

 

The complex geomagnetic transfer function is (�� , �
), which is generally displayed as induc-

tion arrows. They are vectors represented on a xy plane. 

Given that the vertical magnetic fields are generated by lateral conductivity gradients, the 

induction arrows can be used to infer lateral variations in conductivity. In this thesis the 

Wiese convention has been adopted, where the real induction arrows point away from the 

conductive zones. Their distribution can give qualitative indications on the dimensionality of 

the data: in a 2-D case the real induction vectors are perpendicular to the geoelectric strike.  

Generally, MT signals are superimposed with several types of other EM signal that act as 

noise sources (Junge 1996; Szarka 1988). The uncorrelated noise is related to instrumental 

noise such as variations in the contact potential of the electrodes, temperature dependence of 
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the magnetometers or motion of the magnetometers. In that case the noise present in the elec-

tric and magnetic channels is independent. Correlated noise is defined as man-made noise, 

such as electrified railways, power lines, electrical fences... These sources are similar to near 

field controlled source signals. The correlated noise, characteristic of near field sources, is 

characterized by 45º slope of the apparent resistivity curve and zero phases for low frequen-

cies, as shown in Figure 3-6 (Junge, 1996). 

Egbert and Booker (1986) showed that a robust algorithm for time series data processing was 

able to remove partially the coherent and incoherent noise. On the other hand, down-

weighting of outliers during the processing improve the transfer functions obtained. 

 

 

Figure 3-6: Apparent resistivity and phase at an industrial MT site in China (dots) along with 

the responses (continuous line) of a simple 1-D model obtained using controlled source with 

transmitter-receiver separation of 18 km (after Qian and Pedersen, 1991). 

The best way to remove noise present in the magnetic field and thus improving the transfer 

function estimation is the remote reference technique introduced by Gamble et al. (1979). 

This technique uses remotely record of magnetic fields at an additional location, which is 

generally picked because of its low EM noise. Magnetic remote reference is used because the 

natural magnetic field is coherent over large spatial scales and because it is less affected by 
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noise than the electric fields.  Noise components that are not correlated between the MT site 

and the remote station can be identified and removed.  

3.7 Impedance tensor and the geoelectric dimensionality 

This section shows the different configurations of the impedance tensor depending on the 

dimension of the conductivity structure of the subsurface. The approaches used to evaluate 

the dimensionality, the Bahr decomposition (Bahr, 1988), the Groom-Bailey decomposition 

(Groom and Bailey, 1989) and the phase tensor (Caldwell et al., 2004) are discussed. 

3.7.1 One-dimensional case (1-D) 

The one-dimensional case, 1-D, is referred to an electrical conductivity distribution that only 

varies in one direction, usually the vertical direction. In the real world that case can be ob-

served at very shallow depth, or in basin environments, where the sediments are deposited 

horizontally and uniformly in form of horizontal and parallel layers. In this situation the im-

pedance tensor is defined as (Cagniard, 1953): 

 

 �7U = V 0 �3−�3 0 W (3.11) 

 

Figure 3-7 shows for a three layer model the different effect of conductive and resistive layers 

on the MT responses. A middle layer of varying resistivity (10 Ωm, 400 Ωm, 1000 Ωm and 

10000 Ωm) located at 5 km depth, 25 km thick, is embedded in a homogeneous half-space of 

100 Ωm. At high frequencies, the apparent resistivity has the value of the first layer and phas-

es equal to 45º, corresponding to a homogeneous model. Going to longer periods (i.e. to 

greater depths), the apparent resistivity curve goes to the value of layer 2 and finally reach 

asymptotically the value of the last layer.  



 Chapter 3: The Magnetotelluric Method   

42 

 

Figure 3-7: 1-D models and their associated responses where the resistivity of the intermedi-

ate layer varies (10, 400, 1000 and 10000 Ωm) embedded in a medium of 100 Ωm. 

The model with a conductive middle layer (10 Ωm) has a greater effect on apparent resistivity 

compared to the models with a resistive middle layer (400 Ωm, 1000 Ωm or 10000 Ωm). The 

conductive medium strongly attenuates the EM signals causing an important change on the 

impedance computed in surface. On the other hand the EM signals travelling through the re-

sistive middle layer have low attenuation. Then in surface the responses have little change and 

it becomes difficult to discriminate between different high resistivity values.  

Figure 3-8 illustrates the ambiguity of the MT method, showing the responses of a three layer 

model where the second layer has different thickness and conductivity but maintaining the 

same conductance. The conductance of a layer is the product of the conductivity and the 

thickness. In all cases the second layer has a conductance of 1000 Siemens. The different 

curves are very similar and cannot be easily distinguished one from another.  

As shown in Figure 3-8 only the conductance of the conductive layer could be determined 

through inversion. This non-uniqueness inherent to the MT method itself becomes more im-

portant if noise is present in the data. Large error bars increase the possible models able to fit 

the data. This non-uniqueness can be overcome using additional information such as geologi-

cal, geophysical or well-log data.  
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Figure 3-8: 1-D models and their associated responses where the conductance of the interme-

diate layer is constant (1000 Siemens) but with different thicknesses and resistivity values. 

3.7.2 Two-dimensional case (2-D) 

The two-dimensional case, 2-D, has an electrical conductivity distribution that varies with 

depth and one of the horizontal directions. In the other direction, the strike direction, the elec-

trical conductivity remains constant. In this case, when the axes x or y are aligned orthogonal-

ly and parallel to the geological strike direction the impedance tensor has the form: 

 

 �8U = V 0 ��
�
� 0 W (3.12) 

 

When the x and y axes are not aligned with the strike direction the diagonal elements of the 

impedance tensor are not null. In that case it is possible to rotate the impedance tensor to min-

imize the diagonal elements, until reaching the case that satisfies equation 3.12, having the 

rotation angle equal to the strike direction (with an ambiguity of 90º). The off-diagonal com-

ponents are associated to two principal modes. If x is the strike direction the electric field 

polarized perpendicular to the strike direction (Transverse Magnetic, TM mode or B polariza-

tion) corresponds to Zyx and the electric field parallel to the strike direction (Transverse Elec-

tric, TE mode or E polarization) which corresponds to Zxy.  
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Figure 3-9 shows the case of a profile across a vertical contact of two different resistivities 

(Simpson and Bahr, 2005). Apparent resistivity and phases at two periods (0.1 s on the top 

and 10 s on the bottom) for the TE mode (Zxy) and the TM mode (Zyx) are shown as a function 

of distance along the profile. The TE mode apparent resistivity varies smoothly across the 

contact, while the TM mode apparent resistivity is discontinuous. The TM mode behaviour is 

due to the boundary conditions. The electric current density perpendicular to the discontinuity 

must be conserved and following Ohms law, (X
 = 2. �
) the electric field Ey must be discon-

tinuous, as observed for the TM mode. Consequently, the TM mode is more suitable to re-

solve lateral conductivity variations than the TE mode. 

 

 

Figure 3-9: Apparent resistivity and phase as a function of distance across a vertical contact 

separating resistivity of 10 Ωm (left) and 1000 Ωm (right), for T=0.1 s and T=10 s (Simpson 

and Bahr, 2005). 

3.7.3 Tri-dimensional case (3-D) 

In the tri-dimensional case, 3-D, the electrical conductivity varies in all directions, and the 

impedance tensor takes the form: 

 

 �YU = V��� ��
�
� �

W (3.13) 
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In this case the four components of the impedance tensor are not null. Four apparent resistivi-

ties and four phases are then considered.  

3.7.4 Galvanic distortion 

The galvanic distortion is caused by charges accumulation at superficial small-scale heteroge-

neities (with dimensions of the dipole length and less) beneath the MT sounding. These 

charges accumulation can strongly distort the electric field, yielding to distortion of the im-

pedance tensor and different magnetotelluric responses from the one that would have been 

obtained without these heterogeneities.  

In a 2-D case, the rotation of the impedance tensor to the geoelectric strike allows to eliminate 

part of the galvanic distortion. Only one element of the distortion matrix cannot be recovered. 

It is a real scaling factor that enhanced or diminished the impedance magnitude, causing a 

shift in the apparent resistivity curves, called “static shift”. This effect is recognized when 

analysing the apparent resistivity curves behaviour. Several methods are commonly applied to 

overcome this problem: 

• Manual adjustment of the apparent resistivity curves, based on well log data, geologi-

cal constraints or simply by comparison with the surrounding MT sites in order to 

guess real resistivity at high frequency (Jones, 1988).  

• Calibration of the apparent resistivity curves by means of TDEM soundings when 

available (Meju, 2004).  

• Inversion of the impedance phases only. However, apparent resistivity contains criti-

cal information about the subsurface resistivity that needs to be included in the inver-

sion process. 

• “Inversion for static shift”: This allows to obtain compensated static shift on average. 

However this assumption is justified for a large number of sites. 

 

In the 3-D case the galvanic distortion cannot be removed. Soyer et al., (2008) assumes that 

modelling very shallow structures close to the MT sites and fitting the data could reproduce 

the galvanic distortion. Recently, Adeeva et al. (2015) proposed a new approach which in-

cludes the elements of the distortion matrix as unknowns in the inversion, but assuming a 

minimum distortion. Romero-Ruiz (2015) has developed a stochastic method that using spe-

cific constraints allow to recover the distortion parameters in many 3D regional cases. 
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3.7.5 Bahr dimensionality parameters 

Bahr (1988) suggested a decomposition method to determine the 2D geoelectric strike direc-

tion and classify the dimensionality and galvanic distortion.  

This method supposes multi-dimensionality heterogeneities superposed on a regional 2-D 

structure. In order to separate local heterogeneities from regional underplaying 2-D structure, 

the data have to be rotated to the geoelectric strike. For data aligned along the strike direction, 

the observed tensor Z can be decomposed as follows: 

 F = Z ∙ F8U 

 

���� ��
�
� �

� = �[7 [8[Y [\� . �
0 �8U,�
�8U,
� 0 � 

(3.14) 

 

where Z2D is the impedance tensor corresponding to the regional 2D structure and C the gal-

vanic distortion matrix which is assumed to be frequency independent. In this situation it is 

easy to see that the tensor elements in the columns of the impedance tensor have the same 

phase: 

 

 S<(���)QR(���) =
S<(�
�)QR(�
�) 				NO/				

S<(�

)QR(�

) =
S<(��
)QR(��
) (3.15) 

 

The rotation angle that satisfies this condition is referred as the phase sensitive strike. Thus, if 

aligned with the geoelectric strike, ρxy curve should be parallel to ρyy curve, displaced on the 

logarithmic scale by a scalar factor. Similar behaviour is observable for ρyx and ρxx. 

Bahr also defined a rotationally invariant parameter, the phase sensitive skew ɳ. It defines a 

measure of departure from ideal 1-D or 2-D behaviour of the data, as described in equation 

3.14. Data presenting phase sensitive skew ɳ > 0.3 is considered to be 3-D (Bahr, 1988). 

3.7.6 Groom and Bailey decomposition 

Considering a regional 2-D case a decomposition of the observed impedance tensor F was 

proposed by Groom and Bailey (1989), where the frequency independent distortion matrix Z, 

is factorised as: 
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Z = ]	^ ∙ _ ∙ ` 

(3.16) 

the product of three matrices, twist ^, shear _, anisotropy ̀  and a scalar	]. The measured 

impedance tensor is: 

 

 

 

F = ab ∙ ]	^ ∙ _ ∙ ` ∙ F8U ∙ ab̂  (3.17) 

where F8c, is the regional impedance tensor and ab the matrix rotation to the strike ϴ. T, S 

and A matrices take the form: 

 ^ = 1
√1 + *8 e

1 −** 1 f 

_ = 1
√1 + <8 e

1 << 1f 

` = 1
√1 + g8 e

1 + g 00 1 − gf 
 

(3.18) 

t, e and s being the  twist, shear and anisotropy parameters, which are generally represented as 

angles: Φt=arctan(t) ,Φe=arctan(e) and Φs=arctan(s).  

In a 2D case g and A cannot be determined independently from equation 3.17 and therefore 

they are included in a new tensor F′8U = ]`F8U, and the decomposition equation takes the 

form: 

 

 F = ab ∙ ^ ∙ _ ∙ F′8U ∙ ab̂ (3.19) 

 

Equation 3.19 is a system of 8 equations (real and imaginary parts of the impedance tensor Z) 

and 7 unknowns (real and imaginary parts of the regional tensor F′8c, twist, shear and rota-

tion angle). This new system of equations is resolvable by least-square fitting. McNeice and 

Jones (2001) implemented the method allowing to determine ̂ , _ and ai for several frequen-

cies and several sites simultaneously. This analysis finds a unique strike for a complete da-

taset and determines which sites or frequency ranges are not compatible with the strike. How-

ever this analysis does not resolve for the static shift issue and it is only valid for a regional 2-

D case. 
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3.7.7 Phase tensor 

The above decomposition methods assume 1-D or 2-D regional conductivity structure super-

imposed by near-surface heterogeneities which produce galvanic distortion. Caldwell et al. 

(2004) presented a method that does not require any dimensionality assumption. The complex 

impedance tensor is defined by its real and imaginary parts, as Z=X+ iY (Caldwell et al., 

2004). The phase tensor is defined as (Caldwell et al., 2004): 

 

 j =	k�lm =	 VM�� M�
M
� M

W	 (3.20) 

 

which is unaffected by galvanic distortion (Caldwell et al., 2004), so the regional and ob-

served phase tensors are identical.  

As a 2x2 tensor, the phase tensor is represented as an ellipse, whose axes are equal to the 

magnitude of the maximum and minimum phase tensor elements, and ϕmax and ϕmin (Figure 3-

10).  

Caldwell defines the skew angle β: 

 

 o =	12 *NO�7 P
M�
 −M
�M�� −M

T	 (3.21) 

 

For a 1-D case the phase tensor is plot nearly as a circle, because ϕmin and ϕmax are almost 

equal. Moreover the β skew angle is zero.  

For a 2-D case the phase tensor is symmetric and β=0º. The angle α is related to the geoelec-

trical strike direction for undistorted data. The axes of the ellipses are parallel or perpendicu-

lar to the strike of the 2D structure (Caldwell et al., 2004).  

In a 3-D case the direction of the major axis is given by the angle α − β. The skew angle β 

measures the deviation from two-dimensionality, i.e. the asymmetry in the regional MT re-

sponse (Figure 3-10). Values of β≠0 imply 3-D regional conductivity structure. However a 

“quasi-2D” regional impedance tensor can be considered if |β|<3º, as suggested by Caldwell 

et al. (2004). 
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Figure 3-10: Graphical representation of the phase tensor (Caldwell et al., 2004). Major and 

minor axes of the ellipse are defined by the rotationally invariants ϕmin and ϕmax, and by the 

angle α, which defines the orientation of the major axis in the symmetric case (grey line). 

When non symmetric as represented here, the orientation of the ellipse is rotated by an angle 

β away from its symmetric position, and the direction of the major axis is given by the angle α-

β. 

Thus, the phase tensor analysis gives useful information about the dimensionality of the data. 

Because it is unbiased by galvanic distortion it can be useful to determine variations in the 

conductivity distribution (Heise et al., 2008). Direction of the major axis indicates the pre-

ferred flow direction of the regional induction currents, allowing to determine quantitatively 

the dimensionality as a function of the sites and the frequencies. 

3.8 Modelling of MT data 

In the framework of this thesis we used different 2-D and 3-D inversion algorithms. The 2-D 

inversion code used for the inversion of the data in the Cantabrian Mountains is the non-linear 

conjugate gradient (NLCG) algorithm (Rodi and Mackie, 2001), implemented in the WinG-

Link commercial software. The implementation of this algorithm in 3-D (Mackie and Mad-

den, 1993; Rodi and Mackie, 2012) was used for the 3-D inversion of the Iberian Chain data. 

The 3-D data-space inversion (Siripunvaraporn and Egbert, 2000; Siripunvaraporn et al., 

2005b, 2009) was used for the 3-D inversion of the data of the Cantabrian Mountains. 
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The forward problem is the practice of calculating what should be the observed responses of a 

given model, it has a unique solution. The inverse problem consists in determining the distri-

bution and values of a given physical parameter by comparing the measurement to the predic-

tions of a model. The results of an inverse problem are non-unique since different models can 

adjust equally the observed data, especially if the data have large errors. 

In the inverse problem the unknowns are the number M of resistivity cells 

m= rR7, 	R8, … ,Rtu, in which the model is discretised, and the measurements are the num-

ber N of observed data v = r/7, 	/8, … , /wu. d is the complex impedance tensor and geomag-

netic transfer functions (3-D case) or the TM and TE modes of apparent resistivity and phases 

and tipper (2-D case) for each frequency. 

In order to obtain a model whose responses reproduce as close as possible the observed data, 

the least-square method is employed in order to minimize the misfit function which account 

for the residual between observed and calculated data (Rodi and Mackie, 2012): 

 

 M(R) = 	x[y�7(/= − z=(R))8
w

={7
 (3.22) 

 

Where F(m) denotes the model responses and Cd the data covariance matrix. The data covari-

ance matrix is defined as the observed errors associated to the data, but an error floor parame-

ter is generally introduced in the inversion process. Errors below the error floor value will be 

raised to the error floor value. This value is generally chosen depending on the fitting required 

and on the confidence the user has with the data. Too low error floors could bias the inver-

sion, forcing it to fit noisy data or data of non-adequate dimensionality (Booker, 2014; Siri-

punvaraporn, 2005b). 

The misfit function could be reduced without any restrictions. However, due to the non-

uniqueness of the method a model structure penalty function term is introduced in the objec-

tive function (Rodi and Mackie, 2012): 

 

 |(R) = (R −R3)}[��7(R −R3) (3.23) 

 

where	[� is the model covariance matrix and R3 the prior model. This function penalizes a 

model R that go away from the prior model R3. 
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The purpose of the inversion is then to minimize the total objective function, which is the sum 

of the two functions: 

 

 Ψ(m) = Φ(m) + �Ω(m) (3.24) 

 

The Lagrange multiplier �, known as the regularizer, controls the weight that is given to each 

one of the functions during the minimization of the objective function. A high value of λ will 

penalize the data misfit and give more weight to produce a model that do not go away from 

the prior model, generally leading to a smooth model. On the contrary, a low value of λ penal-

izes the smoothness in order to reduce the data misfit. In general a compromise has to be 

found between these two functions in order to obtain a smoothed model but fitting satisfacto-

rily the data. During the inversion process an eye has to be kept on the elements of the objec-

tive function in order to check which term is driving the inversion. 

The WS3DINV algorithm (Siripunvaraporn et al., 2005a, 2009) is based in the Occam ap-

proach (Constable et al., 1987), while the NLCG algorithm (Mackie and Madden, 1993; Rodi 

and Mackie, 2001; Rodi and Mackie, 2012) is based on the non-linear conjugate gradient 

modelling approach. Both algorithms allow for the inversion of the full impedance tensor and 

the vertical transfer function. A complete review of the 3-D MT inversion algorithms can be 

found in Siripunvaraporn (2012). 3-D MT inversions become more and more popular thanks 

to the current increase of the computation capacity of computers, workstations and clusters. 

However, depending on the size of the dataset (number of sites, number of frequencies) and 

the size of the mesh used, which can be drastically increased if topography and/or bathymetry 

have to be accurately modelled, the computation capacity is still a major bottleneck. 
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4 The Cantabrian Mountains 
crustal structure revealed 
by magnetotelluric sound-
ings 

4.1 Magnetotelluric data 

A north south profile was carried out across the Cantabrian Mountains and the Duero Basin. It 

consists of thirteen magnetotelluric sites, with an approximate length of 100 km. The acquisi-

tion was done during two campaigns carried out in 2009 and 2011 in the frame of TOPOI-

BERIA project.  

The five components of the electromagnetic field were recorded in N-S and E-W directions (x 

is north and y is east) with periods ranging from 0,001 s to 10000 s for six MT sites (long 

period LMT) and from 0,001 s to 1000 s for eight MT sites (broadband BBMT). The record-

ing time was between 2 and 3 days for the BBMT data and 2 weeks for the LMT data. The 

space between sites is between 5 and 10 km (Figure 4-1). The BBMT data were processed 

using the standard robust processing algorithm (Egbert and Booker, 1986) and the LMT data 

using the code of Varentsov (2006). Good quality data was obtained for the whole period 

range (Figure 4-2) with only some exceptions in some sites in the interval 1-10 s.  
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Figure 4-1: Geological map of the Cantabrian Mountains (modified from Tavani, 2012). 

Black points are the MT sites. 

4.2 Data Analysis 

Main issue arising from merging two datasets acquired with different instruments is the pos-

sible static shift that can affect both impedance tensors independently. Consistency between 

apparent resistivity and phase of the magnetotelluric data is expected for 1-D (Parker and 

Booker, 1996) and 2-D data. In order to test the consistency across the whole frequency range 

and to check  the correct merging of these two datasets the D+ smoothing solution (Parker 

and Booker, 1996), was applied. The conclusion is that no major discrepancies were found in 

all the merged sites. Figure 4-2 shows the result of the merging carried out for the sites 03 and 

05. 

Application of the D+ algorithm to the BBMT sites showed that phases and apparent resistivi-

ties are in general consistent with each other. Some discrepancies appeared around 10 s, prob-

ably due to poor data quality in this frequency range as a consequence of the low solar activi-

ty during the field campaigns (Fig. 3-3). 

Quality control of the data was carried out. Suspicious behaviour of the apparent resistivity, 

phase or tipper data were excluded from dimensionality analysis and inversion. Typical near-

field effects affecting the data (such as apparent resistivity curves with slopes higher than 45° 
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and phases close to 0°) were excluded from the inversion process. Furthermore, points with 

large error bars or considered as outliers were also removed. 

 

 

Figure 4-2: Apparent resistivity and phase data for sites 03 (left) and 05 (right). High fre-

quency data range was obtained using BBMT instruments, while the long period data was ob-

tained using LMT instruments. Continuous lines represent the smoothed curves using the D+ 

solution, with 10% error for the apparent resistivity and the phase respectively. 

Figure 4-3 shows the apparent resistivity and phases of all sites. Data are shown with a rota-

tion of –N80°E, a dominant direction appearing from the dimensionality analysis carried out 

in section 4.3. This rotation allows us to better describe the data behaviour in terms of the TE 

and TM modes. We split the dataset between the sites located in the Cantabrian Mountains 

and those located in the Duero Basin. Regional differences characterizing the data behaviour 

can be observed. In the Cantabrian Mountains, the apparent resistivity of the TE mode shows 

a minimum between 100 s and 1000 s. By contrast, the TM mode presents different behaviour 

along the profile, as expected for this mode, which is more sensitive to across strike conduc-

tivity heterogeneities. In the Duero Basin the sites show a similar behaviour for both modes, 

suggesting a relative 1D behaviour beneath the Duero Basin. Sites 04 and 05 of the Cantabri-

an Mountains show a shift in the TE apparent resistivities compared to adjacent sites without 

affecting the phases, suggesting static shift effects. For the majority of sites the TE apparent 

resistivity drops to values around 10Ωm between 100 s and 1000 s, however, in these two 

sites the TE apparent resistivity drops to 1 Ωm. 
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Figure 4-3: Apparent resistivity and phase data for all sites. Data rotated to -80°. Sites locat-

ed in the Cantabrian Mountains (top) and sites located in the Duero Basin (bottom). TE mode 

(left) and TM mode (right) are shown (see text for details). 

We can also notice the presence of phases greater than 90° in the TM mode for three sites, 05, 

06 and 07, accompanied by very low values of apparent resistivity  (between 1 and 0.1 Ωmat 

1000 s). Phases greater than 90° were observed in several geological settings, where different 

physical or geological causes were invoked. Electrical anisotropy (Heise and Pous, 2001; 

Heise and Pous, 2003) or presence of 3-D conductive bodies (Lazaeta and Haak, 2003; 

Ichihara and Mogi, 2009) could be responsible for the phases observed here. The presence of 

graphite was invoked by Heise and Pous (2003) and Pous et al. (2004) to explain this behav-

iour (TM phases > 90° for long period, and apparent resistivities dropping to low values). 

However, no evidence of electrical anisotropy can be inferred from local geology in the Can-

tabrian Mountains. Current channelling and/or 3-D conductive body (L-shaped body, Ichihara 

and Mogi, 2009) is the most probable explanation of this behaviour affecting sites 05, 06 and 

07, which are located close to complex imbrications of WSW-ENE and NW-SE oriented 

faults (see Figure 4-1). 
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Figure 4-4: Pseudo sections of apparent resistivities and phases of TE and TM modes. Rota-

tion –N80°E. 

Figure 4-4 shows the pseudo sections for TM and TE modes. As discussed before the TM 

mode is more sensitive to conductivity variations along the direction perpendicular to the 

strike. Therefore, it is more suitable to highlight conductivity heterogeneities along the pro-

file. On the other hand the TE mode is expected to be more regular and with a smoothed con-

ductivity variation along the profile (see chapter 3). These differences, based on differences in 

sensitivity of each mode along and perpendicular to the strike direction, can be observed in 

the pseudo sections. At long periods the phase pseudo sections reveal a high resistivity be-

neath the Duero basin, for both modes, whereas in the Cantabrian Mountains they are more 

heterogeneous and with lower resistivity at long periods. The TE phase shows a resistive be-

haviour (low phases) for all stations at long periods. By contrast the TE apparent resistivity 

shows variations, suggesting static shift effect in this mode at sites 04 and 05. The TM phase 
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presents variations along the profile, with some noticeable anomalies beneath some stations. 

This behaviour is, to some extent, similar to the apparent resistivity. Accordingly, only the TE 

mode of sites 04 and 05 was corrected of static shift. The apparent resistivities were displaced 

vertically upwards by a decade, in order to match with the surrounding sites at long period. 

The impedance tensor was conveniently corrected in order to use the corrected data both for 

the 2-D and the 3-D inversions. 

4.3 Dimensionality analysis and geoelectric strike estima-
tion 

Dimensionality of the subsurface has to be assessed in order to choose the appropriate model-

ling method to explain the data. The main goal is to determine if the data can be explained by 

a 2-D approach, considering structures infinite along strike (and thus to determine the geoe-

lectric strike), or if 3-D modelling is required by the data. A regional two-dimensional behav-

iour of the geological structures of the Cantabrian Mountains is observed on surface, with a 

strike roughly oriented E-W. However, several tectonic features suggest other orientations, 

especially the strike-slip faults that are oriented NW-SE (e.g. the Venteniella-Ubierna fault). 

The dimensionality analysis and geoelectric strike estimation is carried out to determine the 

principal direction of the regional structures, and to determine which sites and which frequen-

cy ranges may be affected by 3-D structures.  

4.3.1 Induction arrows 

The geomagnetic transfer function, or vertical transfer function (VTF) represented as induc-

tion arrows is an indicator of lateral variations of electrical conductivity as a function of fre-

quency. In Figure 4-5 the real induction arrows of all sites and all frequencies are shown, in 

the Wiese convention (pointing away from conductive zones). This pseudo section is con-

structed so that the vertical axis is north-south oriented, the east pointing to the right. Outliers 

and noisy tipper data were removed before to the data representation. 

As observed, there is a general orientation N-NE (S-SW) at long periods (between 100 s and 

10000 s). At shorter periods (1s – 100s) the vectors point to different directions, suggesting 

the presence of several off-profile structures along the profile.  
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Figure 4-5: Real induction arrows for all sites and frequencies, in Wiese convention (pointing 

away from conductors). 

Note the possible conductive area between sites 03 and 04. In the period range 1 s - 1000 s 

both sites show arrows pointing in opposite ways, to the east in site 03 and to the west-

northwest in site04. This behaviour suggests the presence of a near-vertical conductive body 

between both sites that could be oriented NW-SE. Deflection of the arrows southwards at 

longer periods is due to the effect of the conductive Atlantic Ocean. 

Another interesting feature at sites 06, 07 and 08, is the change in direction of the arrows from 

east to west when increasing period. A simple way to explain this feature would be the pres-

ence of a conductive body dipping eastwards beneath these sites, in addition to the influence 

of the conductive ocean at longer periods. 

The effect of the Atlantic Ocean was tested through forward modelling of a 100 Ωm homoge-

nous half-space including a detailed sea of 0.33 Ωm. The real arrows responses of such model 

point to the south, even if with smaller magnitude compared with the observed arrows. This 

indicates that the Ocean has an effect on the data, which diminishes gradually to the south. In 

general the higher amplitude and the different orientation of the real observed arrows reveal 

the presence of several conductive bodies at different depths and with different orientations.  
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In conclusion, a predominant NE/SW to NS direction is observed at long periods (> 300 s), 

which suggests a regional strike direction NW/SE to EW at great depths. For shorter periods 

(< 300 s) some sites present arrows that change direction with increasing period, indicating 

possible changes of strike with depth, 3-D and/or oblique conductive structures. This is espe-

cially clear beneath sites 05, 06, 07 and 08. 

4.3.2 Phase tensor 

The phase tensor provides useful information about the dimensionality of the data. When it is 

represented as an ellipse, its major and minor axes indicate the strike direction of the geoelec-

trical structures (Caldwell et al., 2004). If the structure is 1-D, currents do not have a pre-

ferred flowing direction and the phase tensor is represented as a circle. The skew angle 

│β│represents the asymmetry of the phase response produced by tri-dimensional structures 

(section 3.7.7). Figure 4-6 shows the phase tensor ellipses of the observed data. The colour 

used to fill the ellipses is the│β│value.  

 

Figure 4-6: Phase tensor ellipses of the observed data, filled with the skew angle beta. Verti-

cal axis of the plot is north-south oriented. 

For periods between 0.001 s and 1 s, the ellipses show a relative 1-D behaviour in most of the 

sites, having the major ellipse axis roughly equal to the minor one. From 10 s to 10000 s the 

major axis of the ellipses starts to be orientated along WNW-ESE and NW-SE directions. 

Caldwell et al. (2004) estimate skew angles less than 3° to validate a 2-D approach. Even if 

some flexibility can be taken using this criterion, high skew angle beta should be an indica-
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tion of strong 3-D effects and these data should be excluded in a 2-D inversion. At periods 

lower than 100 s, │β│ is less than 4º for the majority of the sites (with the exception of site 

09) indicating a 2D structure until the corresponding period. By contrast, from 100 s to longer 

periods│β│ is higher than 8º, indicating a 3-D regional structure at greater depths. Sites 05, 

06 and 07 with phases greater than 90° have a high skew angle (│β│> 6°) from 10 s to longer 

periods.  

4.3.3 Bahr 

The Bahr (1988) approach decomposes the data into local non-inductive responses (caused by 

multi-dimensional heterogeneities) and a regional 2-D structure. Two parameters are extract-

ed from this analysis, the phase sensitive skew and the phase sensitive strike (section 3.7.5). 

Figure 4-7shows the phase sensitive skew for all sites as a function of period. Bahr suggested 

that a phase sensitive skew higher than 0.3 does not satisfy the assumption of a regional 2-D 

impedance tensor. Figure 4-7 shows low values of the phase sensitive skew at periods less 

than 100 s and  greater than 0.3 at long periods (T > 1000 s), which indicates a 3-D regional 

structure at greater depths, as pointed out by the phase tensor behaviour. Again sites 05, 06 

and 07 with high phase sensitive skew are an exception coinciding with the high values of the 

phase tensor skew β (Figure 4-6).  

 

Figure 4-7: Phase sensitive skew (Bahr, 1988) for all sites and all frequencies. Black dots rep-

resent the data used for the gridding of the contour map. 

The strike estimation using the phase sensitive strike of the Bahr method was also carried out. 

We considered for the phase sensitive strike analysis only the data having a phase sensitive 

skew less than 0.3. This analysis was carried out for several period ranges and is presented as 
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rose diagrams in Figure 4-8. At short periods (between 1 and 10 s) the strike angle is scat-

tered, indicating shallow structures with different orientations. For the period range between 

10-100 s there is a dominant direction between 0-10°, although a direction of -20°/-30° is also 

present for a minor number of periods. For the period range 100-300 s only few values were 

considered as many data in this frequency range have skew values greater than 0.3. However, 

a clear direction 0-10° is observed with again a second -20°/-30° direction. Considering the 

whole period range, the same characteristics appear with a maximum for a strike angle 0-10° 

and a secondary angle -20°/ -30°. Separating the analysis by tectonic units (the Cantabrian 

Mountains and the Duero Basin) for the whole period range a dominant direction of 0-10° is 

present for the Cantabrian Mountains and a dominant direction of -30° for the Duero Basin. In 

both areas, however, the second direction is present (fig. 4-8). 

 

Figure 4-8: Phase sensitive strike of Bahr (1988). Only the data that presents phase sensitive 

skew < 0.3 was used for this analysis. The rose diagrams show the results for short, interme-

diate and long period bands (top), for all the sites for the entire period range (bottom left), 

and for the sites located in the Cantabrian Mountains (CM) and in the Duero Basin (DB) (bot-

tom); n represents the number of frequencies used. 

The method of Bahr suggests the presence of 3-D effects at long periods (for T > 100 s) along 

the whole profile. A dominant direction for the strike was estimated between 0 and 10°, alt-

hough an alternative strike angle of -20°/-30° could be considered. The ambiguity of 90º in 
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the strike angle is solved taking into account the main direction of the induction arrows as 

well as the geological structure. These observations match with the phase tensor analysis, 

where the ellipses are roughly oriented EW for periods less than 100 s. Estimation of the data 

affected by 3-D effects is also coherent between both methods (see Figure 4-6 and Figure 

4-7).  

4.3.4 Groom and Bailey 

Additionally, we carried out the multisite/multiperiod analysis (McNeice and Jones, 2001) 

based on the Groom and Bailey (1989) tensor decomposition implemented in the code 

STRIKE (McNeice and Jones, 2001). This algorithm searches for a unique geoelectric strike 

direction suitable for all sites and the whole data range.  

The Groom and Bailey method makes the assumption of two-dimensional data. In order to 

maintain as much as possible this assumption we removed the data with 3-D effects prior to 

the strike analysis. These data were chosen in base of the phase tensor and Bahr analysis. 

High beta values (Figure 4-6) coincide with high phase sensitive skew values (Figure 4-7). 

We did not consider the data with |β| values greater than 4° and phase sensitive skew values 

greater than 0.3.  

The strike direction was calculated between 0.1s and 300 s for all the sites. Using an error 

floor of 8% for the impedance tensor, the smallest error was achieved for a strike direction of 

N10°E. Because of the 90° ambiguity existing for the impedance tensor, the choice of the real 

geoelectric strike was made based on the induction arrows and taking into account the geolog-

ical information. Roughly, NS oriented arrows and EW oriented tectonic structures suggest 

that the true strike for the considered data and periods less than 300 s is N100°E.  

4.3.5 Conclusions 

The dimensionality analysis was carried out using three approaches: the phase tensor, Bahr 

method and Groom and Bailey method. All approaches gave similar results: 

• Phase sensitive skew (Bahr, 1988) and the phase tensor skew (Caldwell et al. 2004) 

coincide in pointing to 3-D effects at long periods (higher than 300 s) for the whole 

profile, and localised 3-D effects at intermediate periods (higher than 5 s) beneath 

sites 05, 06 and 07.  

• The Bahr (1988) and Groom and Bailey (1989) approaches gave similar results point-

ing to a 2-D preferred strike direction of N100°E, for the period range between 1 and 

300 s.  
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The dimensionality analysis concludes that a 2-D approach considering a geoelectric strike of 

N100° is valid considering only a limited period range (T < 300 s). At long periods, clear 

indications of 3-D regional structure appear. The phase tensor analysis shows at long periods 

a NW-SE orientation of the ellipses, which is coherent with the NE-SW orientation of the real 

induction arrows for most sites from 100 s to 10000 s, suggesting deep regional elongated 

structures in a NW-SE direction. It should be pointed out that the surface geology shows the 

presence of several strike-slip faults oriented NW-SE, some of them being hundreds of kilo-

metres long.  

Consequently, we will carry out a 2-D inversion on the limited dataset (periods less than 300 s 

and periods that presented 3-D effects) assuming a strike of N100°E, followed by a 3-D in-

version of the whole dataset.  

4.4 2-D inversion 

The 2-D inversion was carried out using the non-linear conjugate gradient (NLCG) algorithm 

(Rodi and Mackie, 2001). In accordance with the dimensionality analysis the data were rotat-

ed to –N80°E, the XY polarization being the TE mode and the YX polarization the TM mode. 

The apparent resistivity of the TE mode for the site 04 and 05 were manually shifted upwards 

by one decade, as explained in section 4.3. 

4.4.1 Starting model 

The mesh used for the 2-D inversion is large enough laterally and in depth to account for the 

boundary conditions necessary to satisfy the computation of the Maxwell’s equation during 

the forward modelling. The Atlantic Ocean to the north was included in the initial mesh and 

fixed to a value of 0.33 Ωm. The starting model resistivity was set to 100 Ωm. Excepting the 

ocean all the model was free of change during the inversion process.  

Several tests were carried out to define the mesh discretization used for the inversion. Hori-

zontally we opted for a mesh that is fairly equidistant in the central part of the mesh, with a 

logarithmic decrease of the cell size close to the sites. Outside of the core area the cell size 

increases exponentially taken into account the exponential decay of the EM fields. Vertically 

we used a fine mesh in the upper part of the model. The cell size increases logarithmically 

from 50m on the top until reaching a cell size of 2000 m thick at 10 km depth. This cell size is 

kept constant until a depth of 80 km, where it increases again in an exponential way until the 

bottom of the mesh.  
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4.4.2 Inversion settings 

The error floor is an error value assigned to all data whose error is less than the error floor. 

The error floor used during the inversion was in accordance with the strike analysis carried 

out using the Strike program (McNeise and Jones, 2001) based on Groom and Bailey (1989). 

The estimated strike that satisfied all the data was obtained using an error of 8% on the im-

pedance tensor, which correspond to an absolute error of 4.57° for the phase and a relative 

error of 16.64% for the apparent resistivity. Finally, we choose an error floor of 5% for the 

phase, 20% for the apparent resistivity, for both modes and of 0.04 for the tipper. 

The NLCG (Rodi and Mackie, 2001) uses a regularization operator, following the Tikhonov 

regularization (Tikonov and Arsenin, 1977). It minimizes the misfit between observed and 

computed data keeping a smoothly varying resistivity volume. Several values of the Laplacian 

regularizer were tested in order to obtain an optimal value with an adequate compromise be-

tween roughness of the model and data misfit. Figure 4-9 shows the trade-off curve (L-curve). 

The corner of the L-curve defines the optimal regularizer value, which is 2 in this case. 

 

Figure 4-9:  L-curve. A value of 2 was chosen for the subsequent 2-D inversion. 

4.4.3 Single inversions 

Inverting each data component independently allows to retrieve information about the resolv-

ability of each kind of data. Figure 4-10 shows the result of the following independent inver-
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sions:  tipper, TM mode, TE mode and joint inversions of TM mode and tipper and TE mode 

and tipper. 

 

Figure 4-10: Resistivity models from independent inversions. 

The TM and TE inversions show different features, mainly between sites 6 and 11. A better 

agreement is visible when the tipper data is jointly inverted with each mode. Three conductive 

anomalies between 10 and 20 km depth are observed in the TE and TM mode inverted jointly 

with the tipper, C1, C2 and C3. In the TM mode a relative deep resistive structure dipping 

north is observed. The TE mode also shows the same behaviour, even if not so well depicted. 

This feature could correspond to the downgoing Iberian crust subducing below the Iberian 

Margin, as observed in the seismic models.  
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4.4.4 Final inversion 

Finally, a joint inversion of the three kinds of data, TM and TE modes and tipper was carried 

out using the same inversion parameters. The period range used for the inversion was from 

0.001 s to 300 s. The final model reached a final RMS of 2.03. The model is presented in 

Figure 4-11. 

 

 

Figure 4-11: 2-D resistivity model obtained by the joint inversion of the TM, TE and tipper 

data. Black line represents the top of the subducting middle Iberian crust from Gallastegui 

(2000). 

Fitting of the data is good as it can be observed in the comparison between the observed and 

calculated pseudo sections (Figure 4-12). 

The final model (see Figure 4-11) presents several conductive and resistive anomalies. In the 

south part of the model, from site 14 to site 11 a shallow conductor (C1) is observed, overly-

ing a very resistive block (R1) that expands to the bottom of the model. This feature corre-

sponds to the Duero basin conductive sediments lying on the resistive basement of the Iberian 

crust. From site 10 to the north, the Cantabrian Mountains is characterized by a heterogeneous 

distribution of conductive and resistive anomalies (C2/R2/C3). Between 0 and 10 km depth 

there are several north dipping conductive anomalies. At mid-crustal and lower crustal depths 

two conductive anomalies are present. The first conductive anomaly, C2, beneath sites 05 and 

06, extends from 10 km to 20 km depth. The second conductive anomaly, C3, beneath site 02, 

extends from 10 km to 25 km depth.  
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Figure 4-12: Pseudo sections of data and responses of inverse 2-D modes. Black points repre-

sent the data considered for the 2-D inversion. Data with 3D effects were not used in the in-

version. 

4.4.5 Constrained inversions 

The sensitivity to the resistive middle and lower Iberian crust has been noticed in the uncon-

strained inversions, especially constrained by the TM mode data. It is modelled as a resistive 

feature dipping north, at a position that matches with the slab imaged by the seismic.  

Sensitivity of the magnetotelluric data can be improved incorporating constraints in the inver-

sion (McGary et al., 2014; Matsuno et al., 2010; Evans et al., 2014). In a similar context these 

authors introduced in the starting model a resistive subducting crust, or slab, constrained by 

seismic results. At the interface between the slab and the surrounding cells a relaxation in the 

smoothing constrain used in the inverse codes is introduced during the inversion, thus allow-

ing great changes of resistivity across that boundary. In the software package WinGLink this 

feature is defined as a tear zone. A cell that is part of the tear zone will have its boundaries 

free of smoothness constraint. It should be noted that the slab was not kept fixed during the 

inversion. 
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Two approaches were tested: We incorporated in the initial model of the inversion a slab of 

resistivity 2000 Ωm constrained from the seismic results, embedded in a homogeneous half-

space of 100 Ωm. (1) we run a classic inversion and (2) we run an inversion imposing a tear 

zone at the interface between the resistive slab and the homogeneous background. 

In order to keep consistency between both results the same inversion parameters were used. 

Figure 4-13a shows the starting model, where the structural model from Pedreira et al. (2015) 

is superimposed (Fig 2-12). Figure 4-13b shows the results of the constrained inversion with-

out tear zone and Figure 4-13c with the tear zone. 

 

 

Figure 4-13: a): Initial model used for the constrained inversions. Black lines are the struc-

tural model from Pedreira et al., 2015. b): Results for the 2-D inversion using the constrained 

starting model. c): Results of the 2-D inversion applying a tear zone at the top of the resistive 

slab. 
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Both inversions reached the same RMS and the models present the same features. These re-

sults show us that the three models (unconstrained model, Figure 4-11, and constrained mod-

els, Figure 4-13b and Figure 4-13c are equally feasible as all fit equally the data. The pres-

ence of a resistive Iberian crust dipping north was already seen in the unconstrained inversion 

(Figure 4-11). This non-uniqueness is due to the limitations of the MT method itself. First, in 

the unconstrained inversion the least-square inversion scheme does not resolve for sharp 

boundary structures, as it occurs in this case. The model will be blurred with depth and later-

ally. Second the bottom of a conductor cannot generally be resolved by the MT data (Simpson 

and Bahr, 2005). The moderate conductor located between -15 km and -25 km depth beneath 

sites 10 to 8 is not constrained because located just beneath a strong conductor.  

In spite of the limited period range (0.1 s to 300 s) used in this 2-D inversion, we can con-

clude that the presence of a resistive Iberian crust dipping north is possible and suggested by 

the data, but it cannot be defined with precision with the unconstrained inversion. The link 

between conductors C2 and C3 with the slab interface probably does not exist. In the uncon-

strained inversion, the position of the conductor C2 is 5 km above the slab and the tear zone, 

breaking the smoothness across the adjacent cells, has the tendency to induce the inversion to 

place anomalies at the boundaries where the tear zone is defined. 

4.5 3-D inversion 

As pointed out the data presenting 3-D effects were removed from the 2-D inversion. This 

mainly concerns long period data (T > 300s), which restricts the 2-D inversion to more super-

ficial structures. 3-D effects are a consequence of the complexity of the tectonics of the area. 

It was also noticed that two main different directions are present in the 2-D data. The 3-D 

structures and changes in the strike direction cannot be resolved by the 2-D approach. Ac-

cordingly we proceed with a 3-D inversion of this dataset. 

3-D inversion of a unique MT profile not only is sensitive to the resistivity distribution be-

neath the profile but also provides resolution on the off-profile structures affecting data along 

a profile (Siripunvaraporn et al., 2005b, Patro and Egbert, 2011; Xiao et al., 2012; Brasse et 

al., 2015). The L-shaped conductive feature (Ichihara and Mogi, 2009) was the most probable 

explanation to explain the phases greater than 90°of sites 05, 06 and 07 located close to com-

plex imbrications of faults with different orientations. We decided not to include these phases 

in the first steps of the inversion. Taking into account that the data consist of a unique profile 

this behaviour could lead the inversion to create resistivity artefacts off-profile and bias the 

inversion. As it will be explained these data will be include in a later stage of the inversion. 

3-D inversions allow to explore a large range of solutions compared to 2-D inversions. How-

ever, because of the increased computational cost of 3-D inversions the model discretization 



 Chapter 4: The Cantabrian Mountains crustal structure revealed by magnetotelluric soundings
   

71 

has to be coarser and the number of periods used has to be reduced. As a consequence, along 

profile resolution is reduced compared with 2-D inversions.  

Here we used the WSINV3DMT code developed by Siripunvaraporn et al. (2005a, 2009) for 

the 3-D inversion. This code allows for the inversion of the impedance tensor components (Z) 

and for the vertical transfer function data (VTF).  

4.5.1 Starting Model description 

The starting model was a uniform 100 Ωm half space, including the Atlantic Ocean to the 

north following the bathymetry (ETOPO1, Amante and Eakins, 2009). The seawater resistivi-

ty was set to 0.33 Ωm and was fixed during the inversion. Model grid dimensions are Nx=66, 

Ny=32 and Nz=60, plus 7 air layers, for a total number of cells of 126,720. Figure 4-14 shows 

the mesh in the core area along with the sites position. Vertically, the first layer is 30 m thick, 

increasing to a larger size at depth. Horizontally, in the core area the cells have dimensions of 

1.75 km x 1.75 km. The cell size is then increased logarithmically in both directions to avoid 

the boundary effects. The total mesh dimension is 1546 km x 1602 km x 947 km. The MT 

sites that were not located in cell centres were slightly displaced. This displacement did not 

exceed 500 m. 

 

Figure 4-14: 3-D mesh. Left: plane view of the core area, black points are the MT sites. right: 

Section view of the mesh, centred on the core area. 
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4.5.2 Inversion parameters 

Thirteen stations were used during the inversion, with 12 periods between 0.25 s and 6309 s, 

having 2.5 periods per decade. Noisy data were excluded from the inversion. An error floor of 

5% for the impedance tensor (0.05*L��
�
�L7/8) and 15% for the vertical transfer function 

(VTF) (0.15*e|���|8 + L��
L8f7/8) was applied. The inversion algorithm used allows for 

smoothing penalty along the three directions of the space. We realized several tests where 

anisotropic smoothing was applied, in both directions E-W and N-S. However these tests 

always led to similar models or unsatisfactorily models from a roughness point of view. The 

default smoothing was then applied, with the length scale parameters of τ=5, δx = δy = δz = 

0.1. The Lagrange multiplier parameters were set as default, with an initial value λ =1 and a 

step =0.5. 

4.5.3 Inversion strategies 

The inversion was carried out using two simultaneous inversion strategies.  

First, we decided to invert only the off-diagonal part of the impedance tensor. The resulting 

model was re-inverted adding the VTF data until reaching convergence. In a last stage the 

model obtained  was re-inverted including the diagonal components of the impedance tensor, 

along with the off-diagonal terms that presented phases > 90º. This strategy was carried out 

based on the data that wanted to be considered. The VTF data was included in a second stage 

because it is more sensitive to horizontal structures and resistivity contrast than to depths or 

absolute values of resistivity (Siripunvaraporn et al, 2009). Then, adding the VTF data in a 

later stage keeps the shape of the structures and mainly enhances or reduces the conductivity 

contrasts in the 3-D model to fit the VTF data. Furthermore, the analysis of the data showed 

that the diagonal elements of the impedance tensor were not of high quality. This strategy 

allowed to obtain a model that was primarily driven by the data of better quality (first the off-

diagonal terms, then the VTF), to prevent noisy data fitting. This conclusion was observed 

during the inversion process, allowing to conclude that there is good agreement between the Z 

and the VTF data. When the full impedance tensor and the VTF were inverted simultaneously 

from a starting homogeneous model the inversion was not able to converge to the RMS ob-

tained applying this strategy without having much more iterations and leading to models that 

resulted to be rough, geologically unfeasible or with unreasonable conductivity values. 

Secondly, independently of the type of data used, we adopted a multistage inversion scheme 

to decrease effectively the data misfit. This strategy was used by Patro and Egbert (2011), 

Xiao et al. (2012), Boonchaisuk et al. (2013). It consists in running the inversion for several 

iterations until a minimum RMS is achieved. When the inversion starts to diverge the result-

ing model is used as new starting and prior model for a new round of iterations. This process 

is repeated until a satisfactory convergence is reached. This strategy permits to reach a better 
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data misfit. However, since the inversion algorithm penalises deviations from the prior model, 

the resulting model does not represent a true minimum structure model respect to the original 

prior model, which is homogeneous (Patro and Egbert, 2011). Nevertheless, the model ob-

tained after few restartings was geologically plausible and this strategy did not cause the in-

clusion of unnecessary or rough structures in the model. 

The combination of these two strategies was found to be optimum for the inversion of this 

dataset.  

4.5.4 Inversion process and results 

The inversion was run on a Linux operating system with a machine of 128 GB Ram. Each 

iteration lasts about 4 hours. The inversion process carried out reached a final RMS of 1.94 

after a total of 17 iterations, after restarting the inversion five times. Figure 4-15 shows the 

statistics through the inversion process. 

 

Figure 4-15: Evolution of the data misfit as a function of iteration number during the inver-

sion. Intermediary models are shown in figure 4.16. 

In order to illustrate the expected behaviour in the subsequent restarting inversions Figure 

4-16 shows the intermediate models. The models are shown along a N10ºE oriented cross 

section through the 3D inverse model. The model obtained when inverting only the off-

diagonal elements of the impedance tensor is shown Figure 4-16a. The model obtained when 

inverting the off-diagonal elements of the impedance tensor jointly with the VTF data starting 

from model shown in Figure 4-16a is shown in Figure 4-16b. Finally, the model that fits the 

full impedance tensor and the VTF starting from model shown in Figure 4-16b is shown in 
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Figure 4-16c. We can see that the main structures constituting the model are already present 

at the end of the inversion that only includes the off-diagonal elements of the impedance ten-

sor (iteration five or start of restart 2; Figure 4-16a). 

 

 

Figure 4-16: Intermediary models along a N10ºE profile across the 3-D inverse models. a) 

model obtained after five iterations, inverting only the off-diagonal elements of the impedance 

tensor, RMS=2.44. b) model obtained after twelve iterations, inverting the off-diagonal ele-

ments of Z and the VTF, RMS=1.78. c) model obtained after seventeen iterations, inverting the 

full impedance tensor and the VTF, RMS=1.94. See text and figure 4-15 for details. 
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Adding the VTF at restart 2 increased the resistivity contrasts, as expected, maintaining the 

main structures. The small increase of the RMS in restart 2 (Figure 4-15) is due to the inclu-

sion of the VTF data. The small difference confirms that VTF data are compatible with the 

off-diagonal elements of the impedance tensor. At the end of restart 2, the RMS achieved was 

very good (RMS = 1.78). At that point we included the diagonal terms of Z and the off-

diagonal terms of Z that presented phases > 90º (long period of polarization XY for sites 05, 

06 and 07). The large increase of the RMS (Figure 4-15, iteration 12) was mainly due to the 

inclusion of the off-diagonal data with phases greater than 90º. However, as expected, the 

structures of the model did not change and the full data was able to be fitted in few iterations, 

pointing to compatibility between all the elements of Z and the VTF.  

We also noticed that the inversion had the tendency to slightly modify the sea resistivity, even 

having fixed it during the inversion. For this reason the original distribution of the sea was re-

introduced between each restart, leading to a slight increase in the RMS respect to the previ-

ous iteration (Figure 4-15).  

Impedance and VTF tensors misfit:  

The fit of the full Z and the VTF is satisfactory (RMS = 1.94) taking into account the error 

floor used. Figure 4-17 shows the fitting of apparent resistivity, phase and VT for four select-

ed sites. In appendix 1 all the sites along with the responses of the final model are shown.  

Figure 4-18 shows the real induction arrows data and responses of the final model. Figure 

4-19 shows the pseudosections of data and responses for comparison. All these ways of as-

sessing the data fitting show a very good agreement between data and responses. 
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Figure 4-17: Four selected sites (03 / 07 / 11 / 13). Data (points) and responses (continuous 

line) of the 3-D inverse model. 

 

 

Figure 4-18: Real induction arrows for three selected periods (10 s, 158 s and 1000 s). Ob-

served (black arrows), calculated (red arrows). 



 Chapter 4: The Cantabrian Mountains crustal structure revealed by magnetotelluric soundings
   

77 

 

Figure 4-19: Pseudo sections of apparent resistivity and phase of the off-diagonal data used 

for the inversion (left) and the calculated data of the final 3-D model (right). 

Phase tensor misfit:  

Even if the impedance tensor and the VTF were inverted, comparing the observed and calcu-

lated phase tensors permits to assess the misfit achieved during the modelling. This method 

was introduced by Heise et al. (2007), where responses of a 2-D model were compared to the 

observed data to depict the departure of the 2-D responses due to 3-D structure. The phase 

tensor includes all the components of the impedance tensor. The coordinate invariants of the 

phase tensor as introduced by Caldwell et al. (2004) should be coherent between the observed 

data and the calculated responses. The phase tensor ellipses whose axes are defined by the 

maximum (Фmax) and minimum (Фmin) tensor values are filled with the skew angle beta, 

which is a measure of the tensor’s asymmetry and then of the departure from 2-D behaviour 

in the data. 

Figure 4-20 shows the observed and calculated phase tensor ellipses. Note the calculated 

phase tensor ellipses orientation is reproduced by the 3D inverse model, especially the deflec-

tion of the ellipses to a NW-SE direction at long period. The phase tensor skew values are 
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well reproduced, with an increase of the phase tensor skew at long period and in the centre of 

the profile.  

 

 

Figure 4-20: Phase tensor fitting. The ellipses are filled with the skew angle beta. Vertical ax-

is of the plot is north-south oriented. Top: observed phase tensor. Bottom: predicted phase 

tensor. 

4.5.5 Model description 

 

Figure 4-21 shows the N-S sections (X planes) of the core area of the model. This representa-

tion allows to see variations along the E-W direction and highlights which parts of the model 

are better constrained by the data. Note that the parts of the model that are not directly located 

beneath sites can suffer some ambiguity. The off-profile structures introduced by the inver-

sion are not well constrained, especially at shallow depths. The Figure 4-21 shows consisten-

cy along the different planes. However, there is a discrepancy in the southern part of the mod-

el between plane 13, in the W, and plane 19 in the E. In the eastern planes (planes 18 and 19) 

the conductor C3 merges with the conductor C1 (conductors are labelled in Figure 4-16c) due 

to a new conductor dipping north and linking them (Figure 4-21). This new conductor is lo-

cated outside of the data coverage and therefore we chose not to consider it. The presence of 

the shallow and thick conductive sediments of the Duero Basin east of the southern sites 

probably affects them and could provoke an artefact during the 3D inversion of a unique pro-

file. 

In order to ensure the robustness of the model and discuss only those features located beneath 

the sites (discarding off-profile resistivity structures) we decided to choose a cross section 

through the 3D inverse model that better coincide with the direction of the MT profile, which 

is N10°E. 



 Chapter 4: The Cantabrian Mountains crustal structure revealed by magnetotelluric soundings
   

79 

 



 Chapter 4: The Cantabrian Mountains crustal structure revealed by magnetotelluric soundings
   

80 

 

Figure 4-21: 3-D inverse model. The NS oriented planes (X planes) of the core area of the 

model are shown on the left, with their location on the mesh (on the right). Each plane is sep-

arated from the other ones by 1.75 km. Superimposed on the MT model: crustal-scale cross 

section by Gallastegui (2000), based on the surface geology, the results of the ESCIN-2 seis-

mic reflection profile and gravity modelling. This section is approximately coincident with the 

alignment of MT sites. 

The final model along a N10°E oriented line cross section is shown in Figure 4-16c. Several 

conductive anomalies are highlighted. The anomalies are labelled in the cross section and in 

the depth slices (Figure 4-22). 

• A shallow conductor C1 (1 - 20 Ωm), which is 2 to 2.5 km thick beneath sites 10 to 

12, and gets thicker to the south being 3.5 km thick beneath site 13.  
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• Several shallow conductors labelled C2 (1 - 20 Ωm), which extend from the surface 

to different depths, with a maximum at 10-15 km depth for the conductor C2d. The 

depth slices show that these anomalies have different orientations (the C2d and C2c 

and C2b conductors are oriented E-W, NW-SE and E-W to NE-SW respectively), 

generally following the trace of the faults in surface (depth slice 19 in Figure 4-22).  

• A conductor C3 (3 - 10 Ωm) elongated subhorinzontally in N-S direction, located at 

15 km depth beneath site 11 to 08.  

• A conductor C4 (1 - 10 Ωm), located between 20 and 30 km depth, beneath sites 04 

to 06. As visible on depth slice 32 (Figure 4-22), this conductor is oriented EW.  

• A conductive anomaly C5 (5 - 20 Ωm). 

• A shallow high resistive anomaly, R1 (> 300 Ωm), extending to 12 km depth beneath 

sites 06 to 09. This resistive anomaly is oriented E-W to NW-SE (depth slices 19 and 

24 in Figure 4-22). 

• A resistive anomaly R2 (> 300 Ωm) extending to 16 km depth beneath sites 03 to 05. 

This anomaly is oriented approximately E-W (depth slices 24 and 27 in Figure 4-22). 

• A resistive anomaly R3 (> 100 Ωm), present in the whole model. Located at 3 km 

depth in the southern part of the profile until the bottom of the model, it dips to the 

north to be located at 40 km in the northern part of the profile beneath conductor C5. 

 

In the shallow part (depth slice 19 in Figure 4-22) the anomalies are oriented following the 

orientation of the main faults, E-W to NW-SE in the north, NE-SW and E-W to the south. 

Deeper, as observable in depth slice 32 the anomalies are mainly oriented E-W, while in 

depth slice 42 the resistive anomaly R3 and its contact with the northern more conductive 

zone (centre of profile) take an approximate NW-SE orientation. This observation is in 

agreement with the dimensionality analysis carried out in the previous part of this chapter. 

The phase tensor ellipses at long period are elongated along a NW-SE direction, and the in-

duction arrows point to the S, SSW and SW. This behaviour is now visible in the final model. 

At shorter periods we noticed that some alternative strike directions were present in the data, 

which is now reflected in the model with the orientation of the anomalies. 
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Figure 4-22: Depth slices of the final 3-D model superimposed on the structural map of the 

area (from Tavani et al., 2012). 

4.5.6 Sensitivity tests 

Main structures have to be tested for their robustness prior to the interpretation. It is important 

to note that during the inversion work several inversion parameters were tested and all of 

them converged to similar results. This repeatability already gave us confidence on the ro-

bustness of the model. 

A simple way to test if a model feature is required by the data is to remove it from the model 

and compare the responses of the perturbed model with the responses of the inverse model. If 

they are the same, within the measurement errors, then the structure is not required by the 

data and could be an artefact of the inversion. When differences are observed the structure is 

needed and can be considered as robust.  
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Three structures of interest were tested:  the conductor C3, C4 and C5. In all the cases we 

removed the conductive anomaly and replace it by a resistivity of 300 Ωm. The areas re-

moved for each test are shown in Figure 4-23.  

 

Figure 4-23: Left: Model used for testing the conductor C3. Right: Model used for testing the 

conductor C4. 

Test of conductor C3. Removing the anomaly the global misfit passed from 1.94 to 2.22. Fig-

ure 4-24 shows the responses of the perturbed model for two sites located above the anomaly, 

along with the responses of the final model. This test principally affects the sites located in 

the south part of the survey. Differences appear in the XY component although the YX is also 

affected, mainly in site 11.The conclusion is that C3 is a robust feature. 

 

Figure 4-24: Data fitting for the test of the conductor C3. Points: observed data. Continuous 

line: responses of the final 3-D model. Dashed line: Responses of the perturbed model. 
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Test of conductor C4. The RMS passed from 1.94 to 2.44 for the perturbed model. Figure 

4-25 shows the responses of the perturbed model for two sites, along with the responses of the 

final model. This test mainly affected the sites located in the central part of the survey at long 

period. Both the XY and YX polarizations were affected, showing higher apparent resistivity 

values at long periods. The conclusion is that conductor C4 is a robust feature. 

 

 

Figure 4-25: Data fitting for the test of conductor C4. Points: observed data. Continuous line: 

responses of the final 3-D model. Dashed line: Responses of the perturbed model. 

Test for the conductor C5. The RMS passed from 1.94 to 2.11 for the perturbed model. Figure 

4-26 shows the responses of the perturbed model for two sites, along with the responses of the 

final model for comparison. This test mainly affected the long periods at sites located in the 

northern part of the profile. The XY component was more affected than the YX. It shows 

higher apparent resistivity values at long periods. The Tzx data was also affected, when the 

Tzy showed no differences.  

 



 Chapter 4: The Cantabrian Mountains crustal structure revealed by magnetotelluric soundings
   

85 

 

Figure 4-26: Data fitting for the test of the conductor C5. Points: observed data. Continuous 

line: responses of the final 3-D model. Dashed line: Responses of the perturbed model. 

In conclusion these tests show that C3, C4 and C5 features are robust and required by the 

data. 

4.5.7 Comparison of the 2-D and 3-D inversion models 

The 3-D inversion was run in order to account for the 3-D effects present in the data. The 

model obtained from 2-D inversion is compared with the cross section N10ºE of the 3-D 

model (Figure 4-27). Both cross sections are oriented N10°E and are geographically con-

sistent between each other. The locations of the main anomalies of the 3-D models are identi-

fied in the 2-D model to better illustrate the differences. 

The upper part of the model, until10 km depth, shows similar results. The Duero Basin sedi-

ments are well depicted and several north dipping conductors are visible in both models. Be-

cause of the higher discretization of the 2-D model and the use of higher frequencies a better 

resolution is achieved in the 2-D model for the shallower part. These similarities are not sur-

prising since the dimensionality analysis points out a 1-D to 2-D behaviour of the data at high 

frequency, and a consistent strike of N10°E for all the sites. Both inversion schemes are then 

able to model the data in a similar way.  

The anomaly C3 visible in the final 3-D model (Figure 4-27) is slightly deeper with regard to 

the 2-D model (few kilometres) at approximatively the same position. Therefore we consider 

this anomaly to be consistent between both models. The conductive anomalies C4 and C5 are 

characterized by moderately conductive bodies in the 2-D model, even if not well depicted.  

The main difference is the presence of a conductive region in the 2-D model beneath sites 05, 

06 and 07 between 10 and 20 km depth. In the 3-D model the resistive anomalies R1 and R2 
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are partially located in the position of this conductor. This observation is not surprising since 

the data analysis (section 4.3) showed several 3-D effects in this area (phase tensor and Bahr 

analysis, figures 4-6 and 4-7). The current orientation and shape of the anomalies observed in 

the 3-D model is not reproducible using a 2-D approach considering a unique strike. Also the 

3-D inversion inverted for the whole VTF data, when the 2-D inversion only inverted for the 

projection of the tipper on the Tzx axis. Therefore, the location of those anomalies in the 2-D 

model is misplaced when 3-D effects have to be considered. We conclude that the 3-D inver-

sion, which is able to fit the full dataset is more robust than the 2-D approach.  

 

 

Figure 4-27: Top: 2-D inverse model. Bottom: 3-D inverse model. 

4.5.8 Model interpretation 

Figure 4-28 shows the N10ºE cross section of the 3-D inverse model. The geological model of 

the Cantabrian Mountains from Gallastegui (2000), based on the seismic results is superim-

posed to the MT model. The geological map of the area is also shown. This integrated image 
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allows to see correlations between geological structures observed on surface, their continua-

tion at depth according to the seismic interpretation and their geoelectrical signature. 

 

Figure 4-28: Top: Cross section across the 3-D model. Geological map from Tavani et al. 

(2012), and geological interpretation from Gallastegui (2000). Bottom: Geological legend 

and tectonic map of the area (Tavani et al., 2012). Red line corresponds to the 3-D cross sec-

tion on the top of the figure. 

4.5.8.1 Duero Basin sediments (C1) 

This shallow conductive anomaly is located in the southern part of the profile, below sites 14 

to 10 (Figure 4-29). This anomaly is observed on surface, having thicknesses ranging from 

3500m beneath site 13 to 2500 m beneath sites12 and 11. Resistivity values between 2 and 30 

Ωm define this feature. This conductive anomaly overlies the resistive body R3.  
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MT sites 14 to 10 are located on the Duero Basin. The Duero Basin is constituted by Tertiary 

sediments with variable thicknesses deposited upon the Palaeozoic Basement. The conductive 

anomaly is the signature of these sediments. Porous, permeable and water saturated rocks are 

responsible for the high electrical conductivity of these formations. In comparison, the unal-

tered Palaeozoic basement lying below is highly resistive because of its low porosity and thus 

very low water content. Sediments thickness inferred from the MT image varies, having a 

maximum thickness of 3500 m thick beneath site 13 and 2500 m beneath site 11. “El Campil-

lo” exploration well, located 5 km west of the MT sites reaches the basement 2584 m below 

the surface (Lanaja, 1987). The depth-to-basement at well location is well estimated by the 

electrical resistivity image, the resistivity transition being estimated around 60 Ωm (Figure 

4-29). The higher sediment thickness beneath site 13, is related to a local depocenter located 

in the footwall of a north dipping Alpine thrust (El Campillo thrust), which merges in depth 

with the horizontal conductor C3. The presence of this fault can be inferred from the MT 

model, although its signature is not very conductive beneath the MT sites. This thrust is de-

tected by the seismic reflection, and is shown in Gallastegui geological model (Figure 4-16) 

Gallastegui, 2000).  

 

Figure 4-29: Cross section extracted from the final 3-D model. The “El Campillo” well is 

shown, along with the geological interpretation of Gallastegui, 2000 (black lines). Anomalies 

C1, C2a, C3 and R3 are labelled. 
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4.5.8.2 Conductive feature C2a: Estafaniense formation 

This feature is depicted as a conductor reaching 6 km depth (Figure 4-28 and Figure 4-29). It 

is located at the intersection between the frontal thrust and the Venteniella fault. Even if fluids 

into the faulted area could be invoked, the presence of the Estefaniense formation, which is 

discordant onto the Variscan basement, could be responsible for this conductive anomaly. The 

Estefaniense formation has a high porosity and permeability, and contains carbon (Pulgar et 

al., 1999). According to the MT model this formation would reach more than 6 km depth, 

what is in accordance with the geological models presented more to the west in Pulgar et al. 

(1999; Figure 3, cross sections I-I’ and II-II’).  

4.5.8.3 Major Alpine structures (C2b/C2c/C2d/R1/R2) 

The interpreted conductive anomalies discussed below (C2b, C2c and C2d) are located in the 

upper crust, and their conductive behavior is due to presence of fluids in the fractured areas of 

the Palaeozoic basement. 

 Conductive feature C2b 

This conductive anomaly is well marked and is oriented E-W to NE-SW. At depth this anom-

aly reaches 8 km. This anomaly is interpreted as the signature of the several faults with differ-

ent orientation located in that area (Figure 4-15). 

 Conductive feature C2c 

The C2c conductor dips north until a depth of 5 km, being consistent with the trace of minor 

north dipping thrusts located between the Golobar and Cabuerniga faults (Figure 4-28). 

 Conductive feature C2d 

This anomaly is subvertical, reaching a depth of 15 km beneath the trace in surface of the 

Cabuerniga fault.  

 Resistive features R1 and R2 

The R1 resistive anomaly is located NE of the Ventaniella transpressive fault, and is oriented 

NW-SE (Figure 4-28 and Figure 4-22). It reaches a maximum depth of 13 km. The resistive 

feature R2 reaches a maximum depth of 16 km and is roughly oriented E-W (Figure 4-22, 

slice 24). It is limitated by the Golobar fault to the SW and by the Cabuerniga fault to the 

north. They correspond to areas of the Palaeozoic basement not affected by the Tertiary con-

traction, being located between major Alpine/Mesozoic thrusts.  
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4.5.8.4 Conductor C3 

The connection of this subhorizontal conductor with the Alpine faults (El Campillo thrust) 

(Figure 4-29) suggests that that its conductivity is due to infiltrated fluids of the Duero Basin 

that reach the base of the superior Iberian crust at 15-16 km depth. 

4.5.8.5 Conductor C4 

This high conductive feature is oriented roughly E-W (Figure 4-22, slice 32) and is approxi-

mately coincident with the tip of the mantle wedge of the Cantabrian Margin, on top of the 

subducting Iberian crust. Pedreira et al. (2015) have interpreted anomalous seismic velocities 

as a consequence of mantle wedge hydration. The presence of a conductive feature C4 at the 

same location supports this hypothesis.  

4.5.8.6 Conductor C5 

This deep conductor has low resistivities and is located between 20 and 30 km depth. This 

anomaly is located at the transition between the Cantabrian Margin lower crust and the Can-

tabrian Margin mantle. Pedreira et al. (2015) interpret that the mantle is still hydrated at this 

position. Conductor C5, which is practically connected with the above conductor C4 (Figure 

4-28), would be the conductivity signature of this mantle hydration. The water required to 

hydrate/serpentinize the mantle wedge and the upper mantle would have been percolated from 

the seafloor during the formation of the Margin in the Mesozoic (Pedreira et al., 2015). Elec-

trical conductivity of serpentinized rocks is 3-4 orders of magnitude higher than common 

upper mantle rocks (peridotites). The enhanced conduction is due to an increase of the porosi-

ty (Stesky and Brace, 1973). Enhanced conductivity due to serpentinization has been reported, 

e.g. in the Costa Rican subduction zone (Worzewski et al., 2010). 

4.5.8.7 Iberian subducted crust (R3) 

This anomaly dips north following the shape of the Iberian subducting crust. 

4.5.9 Conclusions 

Thirteen magnetotelluric soundings of broad-band and long period were acquired along an N-

S profile crossing the Cantabrian Mountains and the Duero Basin. Main conclusions of this 

study are:  

• A 3-D resistivity model was obtained from a 3-D joint inversion of the full imped-

ance tensor and the magnetic transfer functions. 
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• The correlation between the geoelectric image, the existing geophysical models and 

the surface geology provided a deeper understanding of the lithospherical processes.  

• The Duero Basin sediments are clearly imaged, the resistivity image being consistent 

with the well data. 

• Conductive zones in the Palaeozoic basement are related to enhanced permeability 

along the main Alpine faults. These conductive zones detected in the model do not 

reach more than 10 km in the southern part of the Cantabrian Mountains and 15 km in 

the northern part, and are therefore concentrated in the upper crust. 

• The hydration/serpentinization of the upper mantle within the mantle wedge and be-

neath the Moho of the Cantabrian Margin is imaged as a zone of low resistivities. 
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5 Crustal structure of an in-
traplate thrust belt: the 
Iberian Chain 

5.1 Magnetotelluric data 

5.1.1 Data acquisition and processing 

The MT data acquired consists of 37 broad-band magnetotelluric sites along two NE-SW 

profiles crossing the tectonic structures and the main geological units of the Iberian Chain 

(Figure 5-1).  

These data were acquired during three campaigns between 2011 and 2013 in the framework 

of the TOPOIBERIA project. Space between MT sites along the two profiles is approximately 

5 to 7 km. The five components were measured at all sites: two horizontal electric and mag-

netic field components recorded in N-S (x axis) and E-W (y axis) directions and the vertical 

magnetic field component. Acquisition system used was the ADU-07 (Metronix Geophysics). 
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Figure 5-1: Simplified geological map of the Iberian Chain and surrounding Tertiary basins 

(modified after Guimerà, 2004, 2013). A: seismic line (Figure 2-16); B and C: geological 

cross sections of Figure 2-15. Magnetotelluric sites (red dots), seismic shots (blue stars) and 

the major geological units are shown. UTM coordinates (30T, ED50) are also shown in km. 

Recording time was between 24 h and 48 hours at each site, and the transfer functions ob-

tained have periods that range from 0.001s to 1000s. The estimates of the MT impedance and 

the geomagnetic transfer functions were obtained using a standard robust processing method 

(Egbert and Booker, 1986). 
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Figure 5-2: Elevation map. Magnetotelluric sites (black dots). UTM coordinates in km. 

After data processing, the data was edited to remove noisy behaviours prior to the dimension-

ality analysis. In spite of the good quality of the data, we noticed some distortions of the im-

pedance tensor at some sites, which are typical of near field effects, as characterized by Junge 

(1994) (see Chapter 3.6).  

5.1.2 Data analysis 

The majority of sites have good quality data between 0.001s and 1000 s. Appendix 2 shows 

the apparent resistivity and phases for all the sites. Consistency between apparent resistivity 

and phases was checked using the D+ algorithm (Parker and Booker, 1986). Figure 5-3 shows 

the apparent resistivity and phase at four representative sites over the survey area, along with 

the smoothed curve obtained using the D+ algorithm. Apparent resistivity and phases are 

generally consistent across the whole survey. 
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Figure 5-3: Apparent resistivity, phases and D+ smoothed curves for four representative sites. 

Data rotation: N40°E. Blue points: XY component. Red points: YX component. Location of 

each site is represented by a red dot on the MT sites map on the top left corner of each plot. 

The data shown in Figure 5-3 and Figure 5-4 have been rotated to a direction of N40ºE. This 

rotation has been made in base of the dimensionality analysis that will be carried out in sec-

tion 5.1.3.  

As indicated by the curves shown in Figure 5-3 and the apparent resistivity maps shown in 

Figure 5-4, the YX component generally tends to resistive values at long periods, indicating 

clearly a resistive crust. On the SW and NE part of the survey (sites A29 and A03 respective-

ly), the YX component tends to lower resistive values. Depending on the location of each site 

respect to the geological settings, some characteristics of the data can be outlined. For exam-

ple, site A03, located in Neogene sediments, has conductive values at high frequencies 
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(around 10 Ωm at 1000 Hz). Splitting of the two modes at 10 s suggests the presence of multi-

dimensional structures at depth. Site B05, located upon Palaeozoic outcrops, exhibits resistive 

behaviour at high frequencies. At longer periods (around 10 s) multidimensional behaviour is 

indicated by the split of both polarizations. 

In Figure 5-4 the orientation of the anomalies and the different behaviour of the XY and YX 

components when the period increases suggests a multidimensional behaviour of the imped-

ance tensor as confirmed by the dimensionality analysis carried out in section 5.1.3. 

 

 

Figure 5-4: Apparent resistivity maps for three selected periods, T=1 s, T=100s and T=1000s. 

XY (left) and YX (right) components for a rotation of N40ºN. 
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5.1.3 Dimensionality analysis and induction vectors 

The dimensionality for the two profiles was studied using two approaches: (1) the multi-

site/multiperiod analysis (McNeice and Jones, 2001) based on the Groom and Bailey (1989) 

tensor decomposition and (2) the phase tensor analysis (Caldwell et al., 2004).  

Following the multisite/multiperiod analysis, the strike direction was calculated in a period 

range for all sites by minimizing the global χ2 misfit between experimental and theoretical 

Groom-Bailey impedance tensor. For the analysis of both profiles an error floor of 13% had 

to be applied to the data in order to obtain a χ2 error within the 95% confidence interval for a 

period range of 1-1000s. A strike direction of N130° for the profile A and N125° for the pro-

file B were obtained. The necessary high error floor was a consequence of: 1- some of the 

sites were still affected by noise although the suspicious data were removed prior to this anal-

ysis; 2- clear 3-D effects in a number of sites. 

The phase tensor is defined by the relation φ = X−1 Y, between the real (X) and imaginary (Y) 

part of the impedance tensor, respectively. As any second rank tensor, the phase tensor can be 

represented graphically as an ellipse, which is defined by three invariants of the phase tensor: 

the principal axes φmax, φmin, showing the maximum and minimum phase difference between 

the magnetic and electric fields and a third coordinate invariant parameter │β│ (the skew 

angle) that represents the asymmetry of the phase response. The skew angle │β│ provides a 

measure of the significance of 3-D effects in the MT phase response. Figure 5-5 shows the 

phase tensor ellipses of the observed data as pseudosections for both profiles.  

 

Figure 5-5: Phase tensor ellipses of the observed data. The ellipses are normalized by φmax 

and filled with the skew angle β. The ellipses are plotted so that the vertical axis is N40°E ori-

ented. a) Phase tensor ellipses of the observed data for profile A. b) Phase tensor ellipses of 

the observed data for profile B. c) Location of two profiles, black dots are the MT sites. 
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They were drawn using the MTpy python toolbox (Krieger and Peacock, 2014). The colour 

used to fill the ellipses shows that low│β│values (< 6°) are generally present at high frequen-

cies (<1 s) but increases at long periods, and at sites/areas where data quality is lower. Some 

sites present great│β│values (> 10°) at high frequencies. The criterion for which the data are 

considered to be affected by 3-D structures is reached when │β│> 3° (Caldwell et al., 2004). 

This complex behaviour suggests a regional multidimensional character. 

Induction arrows, that represent the ratio between vertical and horizontal magnetic fields, can 

be used to infer lateral conductivity variations. In a 2-D case, the induction arrows should be 

perpendicular to the geoelectric strike. We show the real induction arrows in the Wiese con-

vention (pointing away from the conductor). At long periods (100 s and 1000 s) the vectors in 

the southern part of the profile point to a NW-SE direction which is parallel to the supposed 

strike direction. This is an indication of off-profile conductivity variations that could not be 

considered using a 2-D inversion scheme. The presence of the Mediterranean Sea to the SE of 

the profile, at a distance between 90 km and 130 km from the sites, was tested through 3-D 

forward modelling (see section 5.1.4.1) and resulted not to be responsible for the behaviour 

affecting the inductions arrows, i.e. arrows pointing to the NW with high magnitudes. 

 

 

Figure 5-6: Real induction vectors for 3 selected periods (Wiese convention) superimposed to 

the geological map (same legend as figure 5-1). 

In conclusion, the dimensionality analysis carried out shows that both profiles present 3-D 

effects. In this context the 3-D inversion of the data was thought to be more suitable, in order 

to accurately model 3-D effects that could bias a 2-D inversion of the profiles. Accordingly, 

we proceed with 3-D inversion of the whole dataset. 
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5.1.4 3-D Magnetotelluric inversion 

The 3-D inversion was carried out using the 3-D non-linear conjugate gradient (NLCG) algo-

rithm (Rodi and Mackie, 2001, 2012). The algorithm minimizes the misfit between observed 

and computed data using a regularization operator to produce a smoothly varying resistivity 

volume.  

5.1.4.1 Starting model description 

We performed first several forward modelling tests in order to optimize the starting model 

and the mesh used in the inversion. The influence of the topography and the Mediterranean 

Sea to the SE were tested. The effect of the sea consists in a small split of both polarizations 

for the phases at long periods (around 1000 s) and small real induction arrows pointing to the 

NW (see Figure 5-7). Accordingly, it can be concluded that the Mediterranean Sea is not re-

sponsible for the behaviour of the observed real induction arrows, Although responses also 

point to the NW, the observed data have a much higher amplitude and only for the sites locat-

ed in the southern part of the survey area point to the NW (Figure 5-6 and Figure 5-7).  

 

 

Figure 5-7: Real Induction arrows at 1000 s (Wiese convention: pointing away from conduc-

tive areas) for the homogeneous starting model (100 Ωm) including the Mediterranean Sea to 

the south east. Contour lines represent the topography every 400 m. 
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The mesh was rotated to N40°E in order to align with the profiles, to reduce the cells number 

of the mesh and to align it more closely to the strike of the Iberian Chain. The data were ac-

cordingly reproduced for a co-ordinate system with the x-axis oriented in direction N40°E.  

The cell size in the central part of the mesh has horizontal dimensions of 2000 m x 2000 m 

and a thickness of 100 m in the superficial area to define the topography. The mesh was de-

signed in order to have 1-3 cells between neighbouring sites. Outside of the central area, the 

mesh extends long enough laterally and in depth to respect the boundary and continuity con-

ditions. The mesh has a dimension of 1324 km x 717 km x 742 km in the x, y and z directions 

respectively (as mentioned before, the mesh was rotated so that the x direction is oriented 

N40°E). The total number of cells of the mesh is 483,084 cells (126x54x71).  

The starting model of the inversion was a homogeneous model of 100 Ωm that includes to-

pography and the Mediterranean Sea to the East defined by a resistivity value of 0.33 Ωm. 

The sea was kept fixed during the inversion. The full impedance tensor (all four complex 

components) and the magnetic transfer function tensor with sixteen frequencies between 0.01 

s and 1000 s were used in the 3D inversion. 

5.1.4.2 Inversion parameters 

Several inversions were carried out with different error floors and regularizers. Small error 

bars in the data and exclusion of the data affected by noise allowed us to set low error floors, 

without provoking data overfitting or noise fitting. Rotating the data to N40ºE we noticed that 

the YX component was to some extent more affected by error propagation than the XY com-

ponent, accordingly, we decided to give it a slightly higher error floor. Thus the final model 

was obtained using error floors of 2% for the Zxy component of the impedance tensor and 3% 

for the Zyx component. For the magnitude of the diagonal elements of the impedance tensor an 

error floor of 10% was used and for the magnetic transfer function tensor the absolute error 

floor was 0.05. 

5.1.4.3 Inversion results 

The last inversion was started using a Lagrange multiplier tau equal to 0.1. In a second step 

we followed with the inversion reducing tau to 0.05. Reducing the Lagrange multiplier per-

mitted to improve the data fit in the final iterations. Several inversions with different tau val-

ues were tested, and this workflow resulted to be the one that was giving the best RMS ob-

taining a smooth model that was geologically plausible. The inversion using a tau equal to 0.1 

converged after 52 iterations. In the second step using a Lagrange multiplier equal to 0.05 the 

convergence occurred after 13 more iterations. In total after 65 iterations the inversion 

reached a RMS of 1.88.  
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All sites present a good RMS, without having any region poorly fitted. Figure 5-8 shows sep-

arately the RMS maps of the final inversion for the impedance and vertical transfer function 

(VTF). The impedance tensor Z is well fitted, with the exception of some sites at long period 

(site B09 in Figure 5-10, which has a total RMS of 2.68). The tipper data generally shows a 

very low RMS values, close to 1. 

 

 

Figure 5-8: RMS values for each site. Left: Total misfit. Centre: Misfit of the impedance ten-

sor Z. Right: Misfit of the magnetic vertical transfer function. 

The mesh discretization and the strength of smoothness constraints used during the inversion 

allowed to obtain a resistivity distribution in the shallow part of the model that was able to fit 

well the data, having no shift between apparent resistivity responses and the data.  

 

 

Figure 5-9: Pseudosections (data and responses of the 3-D inverse model) of the off diagonal 

components along the two profiles A and B shown in Figure 5-5c. 
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Figure 5-9 shows the data and model responses pseudosections of the off-diagonal compo-

nents along two profiles A and B grouping the sites (Figure 5-5c). It can be seen that the main 

characteristics of the data are reproduced by the model, for both polarizations. In Figure 5-10 

we show the fitting of four sites, showing both the diagonal and the off-diagonal components 

of the impedance tensor. In appendix 2 all the observed data along with the responses of the 

3-D model are shown. All the components of the impedance tensor are well fitted, with the 

exception of the diagonal components at high frequencies. The data have values in general 

lower than the off-diagonal elements, but not as low as the responses. In general phases of the 

diagonal elements show a good fitting. 

 

 

 

Figure 5-10: The four components of the impedance tensor at four selected MT sites. Data 

(points) and 3-D model responses (continuous line). The components are rotated to N40°E 

(see text for explanation). RMS values: A08=1.70; A21=2.40; B01=1.29; B10=2.17. 

The calculated induction arrows (Figure 5-11) fit the behaviour of the magnetic transfer func-

tion, especially the deflection of the induction arrows from the profile lines in the southern 

part of the profiles. 
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Figure 5-11: Real induction arrows for 4 selected periods (Wiese convention). Data (black) 

and responses of the 3-D inverse model (red). 

5.1.5 3-D resistivity model 

The 3-D inverse model is shown in Figure 5-12 and Figure 5-13. Figure 5-12 shows depth 

slices at selected depths, superimposed with the tectonic structures observed in surface. In 

Figure 5-13 cross sections from the 3-D mesh, oriented NW-SE (X sections) and NE-SW (Y 

sections), are shown along with their location on the geological map of the area. In the first 

kilometres depth, several conductors and resistors coincide with geological features such as 

Tertiary basins (low resistivities), Palaeozoic basement outcrops (high resistivities) and 

known fault zones (elongated conductors). At greater depths, from SW to NE, the model is 

divided into three zones. Horizontally, from 0 to 50 km, beneath de Serranía de Cuenca 

Thrust, the mid-lower crust is moderately conductive (less than 100 Ωm). The central zone, 

from 50 to 150 km, the middle-lower crust is homogeneous and highly resistive (higher than 

1000 Ωm) and in the northern zone, from 150 km to the NE edge, beneath the Aragonese 

Branch Arc and the North Iberian Thrust, the crust is moderately conductive (less than 100 

Ωm). The causes usually invoked for the high conductivity at mid-lower crust are the pres-

ence of aqueous fluids, partial melting and conductive mineralization. In the Iberian Chain no 
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evidences for other causes than fluids occur. Therefore, the homogeneously high resistive 

mid-lower crust in the central zone reveals low porosities and no fluids circulation. By con-

trast in the northeast and in the southwest zones the main faults (the North Iberian thrust in 

the NE and the Serranía de Cuenca Thrust in the SW) are characterized by moderately con-

ductive areas where fluid circulation probably occurs. These faults dominate the structure of 

the Iberian Chain and reach depths between 8 and 15 km. 

 

Figure 5-12: Depth slices of the 3-D model at different depths. Superimposed in red are the 

main faults and structures observed in surface. Black points are the MT sites. 

Depth slices at selected depths shown in Figure 5-12 show a good agreement between the 

orientation of the geological structures and the electrical anomalies (full geological map in 

Figure 5-1). In the SW part of the model the faults are mainly oriented NNW-SSE, while the 

NE part of the model is characterized by NW-SE oriented structures. This behaviour is con-
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firmed by the MT model where the main anomalies follow faithfully these orientations. This 

suggests a slightly change in the dominant direction from north to south, which was recovered 

through the 3-D inversion. 

Main conductive features identified in the cross sections (Figure 5-13) are indicated by letters 

and correlated to the geological structures present in surface (Figure 5-13).  

• A is a mid-crustal conductor located at 25km depth, which fades towards the SE.  

• B is an upper crustal conductor dipping southwestwards and reaching a depth of 10 

km, as shown in the Y16 to Y35 cross sections. It correlates with the southwest dip-

ping thrust fault located above sections Y35, Y32 and Y29, the latter coinciding with 

a change in the thrust orientation as it appears on the surface over section Y22. 

• C is a shallow conductive anomaly present in all the Y sections reaching 6 km depth. 

This conductor correlates with the core of the Almazán Syncline (see also Figure 

5-12).  

• D has been subdivided into two different conductors, D1 and D2. Conductor D1, lo-

cated in section Y29, dips southwestwards reaching 10 km depth and correlates well 

with the southwestwards dipping thrust observed on surface. More to the east, on sec-

tions Y32 and Y35, this conductor changes and dips northeastwards (conductor D1) 

coinciding with the dipping of the thrust observed on surface which dips northeast-

wards (Montalbán thrust) in this eastern part of the geological map (Figure 5-13). 

This D2 conductor reaches a depth of 10 km. Section X89, located in the north part of 

the model, shows that the set of both conductors (D1-D2) is also extending (dipping) 

eastwards, revealing a complex 3-D behaviour of the volume with fluid content relat-

ed to the complex system faults in this area. Note in Figure 5-1over sites A9 to A12 

there is a convergence of a number of thrusts dipping in different directions.  

• Conductor E, in the north-eastern part of the model, is visible in sections Y29 to Y35. 

It dips southwestwards reaching a depth of 10 km probably being the signature at 

depth of the North Iberian thrust, located north of the studied area (Figure 5-13). The 

mid crustal conductor F located at 15-20 km depth is present in section Y35. This 

conductor merges with the northeastwards dipping conductor D2 and the southwest-

wards dipping conductor E suggesting the branching of the Montalbán thrust to the 

North Iberian Thrust. 

 

Several others resistive and conductive features correlate with the surface geology (Figure 

5-13). The Palaeozoic outcrops (Variscan basement) observed in the geological map are char-

acterized by shallow resistive bodies. Their outcropping is generally a consequence of thrusts, 

dipping north or south. The Neogene sediments are characterized by shallow conductive bod-

ies. The correlation between the surface geology and the MT conductive/resistive features 

gives us confidence on the reliability of the anomalies and their structures at depth, allowing 

us to interpret the shape and extension of the faults in the crust.  
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5.1.6 Sensitivity tests 

Inversion of the full impedance tensor jointly with the magnetic transfer function constrains 

the model at shallow and intermediate depths. Using small error floors and having reached a 

very good fitting for all the sites give us confidence on the sensitivity of the data to the fea-

tures found in the deeper parts of the model. However, the main features presented at depth 

need to be tested, in order to conclude that our data are sensitive to those structures, and that 

they are not due to artefact of the inversion process or to data noise fitting. Testing the sensi-

tivity of the structures was done removing separately the conductors appearing in the model 

and substituting them by resistivity values surrounding the conductors. To account for their 

presence we ran the forward modelling and compared the responses.  

 

 

Figure 5-14: Sensitivity test to determine the robustness of the conductor A. Top: 2 depth slic-

es of the 3-D final model (left) and the perturbed model (right). Bottom: Responses of the final 

model (solid lines) compared with the perturbed model (dashed lines), for sites B09 and A24. 
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Here we show the test carried out to check the robustness of conductor A (Figure 5-14), 

which given its location at deeper part of the model and the resistivity contrast with the sur-

rounding areas is the most relevant to show. From 13 km depth until a depth of 40 km this 

conductor located in the SW part of the model was changed by resistivity values of 500 Ωm. 

Responses of the perturbed model are slightly changed respect to the original model. Howev-

er, the change in the responses is too small to consider that this conductor is required by the 

data. Then the conductor A located at a depth of 25 km is not well resolved given that it is 

located beneath a shallow conductor (the one at 8-10 km depth), it is located out of the profile 

area and it presents an average resistivity of 100 Ωm in front of 1000Ωm of the surrounding 

areas. 

The others tests carried out allow us to conclude that: 1- the model loses resolution beneath a 

depth of 30 km; 2- all the other features at middle shallow depths are well resolved. 

5.2 Discussion 

5.2.1 Interpretation of the integrated model at crustal scale 

The magnetotelluric method provides the electrical conductivity distribution at depth. The 3-

D MT inversion images the subsurface from shallow to middle-lower crust, taking into ac-

count the sensitivity test and the period range used. The orientation and depth of the main 

faults imaged are consistent with the geological structures observed at surface.  

After the resistivity model, the Mesozoic and Cenozoic cover (e.g., the Calatayud-Montalbán 

Tertiary basin, with resistivity values from 1 to 50 Ωm) can be distinguished from the Var-

iscan Basement (with resistivity greater than 200 Ωm). Variscan rock outcrops (Montalbán-

Variscan Basement) and Cenozoic basins are clearly depicted. The North Iberian thrust, 

which bounds to the north the basement involved areas of the Iberian Chain, can be recog-

nized by a low resistivity zone emerging at the northern end of the profiles (Figure 5-15 and 

Figure 5-15 conductors E and F). This major thrust reaches more than 15 km depth and merg-

es with the conductor D2 (Figure 5-15) suggesting the branching of the Montalbán thrust to 

the North Iberian Thrust as shown in Figure 5-15. The Serranía de Cuenca Thrust, which 

bounds to the south the basement involved areas, crops out south of the MT sites and it is not 

well recognized in the resistivity model. However, the conductor beneath sites A29 (Figure 

5-15) can be attributed to this thrust, then reaching 7 km depth. The Almazán Syncline 

megastructure appears clearly depicted (Figure 5-15and Figure 5-15), correlating with the 

maximum thickness of the shallow conductive area C (Figure 5-15). 

At greater depths the Moho discontinuity is not resolved by MT since the Moho does not have 

a significant change in the electrical conductivity (e.g. Jones, 2013). By contrast, seismic re-



 Chapter 5: Crustal structure of an intraplate thrust belt: the Iberian Chain 
  

110 

fraction method has detected the discontinuity between crust and upper mantle. The Moho 

transition is generally very clear, marked by a notable increase in the seismic velocity. How-

ever, the low sensitivity of the seismic refraction technique to lateral variations does not con-

straint the shallow structures. Therefore, the integration of seismic refraction and magnetotel-

lurics is, in this case, optimal in order to obtain a complete image of the Iberian Chain at crust 

and upper mantle depths (Seillé et al., 2015). Figure 5-15 superimposes the Y-32 section of 

the 3D resistivity inverse model with the seismic velocity model (Figure 2-16) to illustrate a 

direct comparison between both models. The crustal thickening observed in the seismic model 

is mostly concentrated in the upper crust, and the main faults detected by the MT do not reach 

depths greater than 15 km, thus, being consistent between each other. This shows that the 

Cenozoic thrusts involve only the upper crust as was previously proposed by Guimerà and 

Alvaro (1990), who considered a thrust system detachment at 10-12 km depth. 

Srivastava et al. (1990) proposed that the Iberian plate, acting as an independent plate during 

late Eocene and Oligocene, had its north and south boundaries (Pyrenees and Betic Chain 

respectively) active simultaneously, leading Guimerà et al. (2004) to propose that the defor-

mation of the Iberian Range could be related to either of them, or both. A recent study by 

Quintana et al. (2015) suggests the presence of a mid-crustal detachment involving the whole 

Iberian Plate, allowing the displacement transfer from the borders to the intraplate ranges. The 

MT image shows that the faults are concentrated in the first 15 km depth and probably merge 

to a common level in the upper crust, but a detachment level linked to the Pyrenees, the Betics 

or both of them cannot be inferred, mainly because it would have a signature that is outside of 

the coverage of the MT soundings. 

. 
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Figure 5-15: Contours of the seismic velocity model superimposed on the Y32 section of the 3-

D resistivity model. Red lines are the interpreted faults. Letters represents the anomalies dis-

cussed in the text. 
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5.2.2 Discussion on the origin of the Moho high 

The local rise of the Moho boundary (30 km deep) detected by the seismic refraction wide 

angle reflexion profile (Seillé et al, 2015) at distances of 110-150 km from the SW edge (Fig-

ure 2-16) of the profile is a surprising feature. This feature does not have any topographic 

expression, nor in the superficial geological structure. Interpretation of this enigmatic local 

rise of the Moho is problematic. Here, two possibilities are analysed. First, the possible tec-

tonic relation with the Serranía de Cuenca thrust, and second the hypothetical correlation of 

the Moho high with the deep conductor A. 

5.2.2.1 Hypothesis 1: Link to the Serranía de Cuenca thrust 

One of the hypotheses that arose observing this Moho high was its possible link to the Ser-

ranía de Cuenca thrust which is the southern boundary of the Iberian Chain.  

A previous study (Guimerà and Alvaro, 1990) suggests that the Cenozoic thrusts involve only 

the upper crust and considers a thrust system detachment at 7-11 km deep. In order to check 

the possible relation of this thrust system to the Moho high we realized several forward mod-

elling tests on the topographic expression produced by different geometry and detachment 

depth faults taking into account their associated horizontal displacement on surface. The 

Move software was used.  

The following geological constraints were imposed in each of the modelling tests: 

• The current relief in this part of the Iberian Chain (Castillan Branch) has a maximum 

close to 2 km.  

• The sediments deposited during the Mesozoic have a thickness up to 5 km, and are 

outcropping in the Castillan Branch. The contractive tectonic context tested here 

forms a fault-bend fold. This suggests that the expected tectonic relief caused by the 

contraction along this fault should not be greater than few kilometres. 

• A minimum horizontal displacement caused by this thrust has been estimated to 10 

km by Guimerà and Alvaro (1990), and it could be greater. This fault goes from the 

Central Iberian Peninsula to the Mediterranean Sea, more than 200 km long. 

 

The link with the Serranía de Cuenca thrust was tested considering three different cases: 

(1) Direct relation between the Serranía de Cuenca thrust and the Moho High, which 

would imply a dipping angle of 45°. 

(2) A thrust system detachment based on Guimerà and Alvaro (1990) hypothesis, 

where the Serranía de Cuenca thrust would gently dip to the north with a dipping an-

gle of 10°. 
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(3) An hybrid case based on the geoelectric signature of the Serranía de Cuenca fault 

inferred from the magnetotelluric model, which implies a thrust system detachment as 

in case (2) but with a greater dipping angle of 20°. Figure 5-16 shows the three cases 

tested.  

 

The horizontal displacements tested for the three cases were: 0 km (initial state), 10 km, 15 

km and 20 km. 

 

Figure 5-16: Seismic model (Seillé et al., 2015). Thick red line represents the case 1, in which 

a crustal fault raising the Moho high is assumed. Green line represents the detachment fault, 

based on Guimerà and Alvaro (1990) (case 2). Blue line represents a detachment fault in 

which the dipping of the Serranía de Cuenca thrust was inferred from the MT resistivity model 

(case 3). 

Case 1 considers that the Serranía de Cuenca Thrust connects with the Moho high observed at 

a depth of 30 km. This hypothesis implies a dipping angle of 45 degrees. Figure 5-17 shows 

the different topographic expressions observed for the different horizontal displacements. The 

tectonic relief observed for displacement of 10 km and more is too high to fulfil the condi-

tions previously posed. That test can ensure that the Serranía de Cuenca cannot be linked to 

this Moho high.  

In case 2, the gentle ramp scenario gave much more plausible results, where tectonic reliefs 

between 1.7 and 2.2 km are calculated for horizontal displacements of 10 and 15 km respec-

tively (Figure 5-17). These results are in agreement with the geological constraints explained 

earlier.  

The case 3 is an intermediate case between case 1 and 2. As for case 2 the context is a thrust 

system detachment but with a detachment located deeper, having a frontal thrust that dips 

more than in case 2. In this case results show that for possible horizontal displacements (>10 

km) the tectonic relief expected is high (>3 km) (Figure 5-17). This suggests that the Serranía 
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de Cuenca thrust dip inferred from the MT results could be taken as an upper bound to ac-

count for the actual topography.  

 

Figure 5-17: Modelling of the tectonic relief obtained applying various horizontal displace-

ments for case 1. Red line represents the fault assumed and the blue line the topographic ex-

pression resulting to the horizontal displacement. 

These considerations allow only a thrust that would be gently dipping to the north, discarding 

the possibility that the Moho high is linked to any major surface structure, in particular the 

Serranía de Cuenca thrust. The Serranía de Cuenca thrust is then likely to be linked to the 

thrust system detachment located at depth between 10 and 15 km, as suggested by Guimerà 

and Alvaro (1990) and indicated by the magnetotelluric data. The horizontal displacement 

related to the low-dipping Serranía de Cuenca thrust and responsible for the tectonic relief of 

the Castillan Branch could be estimated between 10 km and 15 km, as pointed out by 

Guimerà and Alvaro (1990). 
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5.2.2.2 Hypothesis 2: Relation with the deep conductor A 

Figure 5-15 and Figure 5-18 show a plan view with the conductor A detected at a depth 

around 25 km matching the Moho high.  

The Sierra de la Demanda Range, located NW of the survey area, is the northern extreme of 

the Iberian Chain. Pous et al. (2000) have carried out in 1999 a MT profile across the Sierra 

de la Demanda Range detecting a conductive anomaly located 25 km depth in the southern 

part of the profile (Figure 5-18). The conductor A located at a depth around 25-30 km in the 

SW part of the Iberian Chain profiles, which is coincident with the Moho high, is located at 

the same depth as the anomaly observed below the Sierra de la Demanda Range. Even if not 

deeply discussed because of the low robustness of this conductor and the distance among 

surveys, this correlation should be taken into account for future investigations. 

 

 

Figure 5-18: (left) Geological map with the location of the profiles 1 and 2. Red circles repre-

sent the location of the anomaly shown by a red square in the models. (right) 1: 2-D MT mod-

el beneath Sierra de la Demanda, modified from Pous et al. (2000). 2: Section Y22 (western 

section) of the 3-D resistivity model in the Iberian Chain. 

5.2.2.3 Conclusion on the origin of the Moho high 

We can conclude that the Moho high is not related to any crustal scale thrust and therefore 

that the crustal thickening is concentrated in the upper crust. 

Abrupt changes and prominent Moho local topography are also observed in other places, e.g. 

Western Carpathians (Hrubcová and Sroda, 2015). These authors suggest an origin related to 

the plate convergence that lead to creation of the Western Carpathian mountain chain, i.e., 
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with collisional/transpressional processes during and after the Tertiary subduction. Although 

the Iberian Chain area does not compare with the Carpathians, we cannot rule out a relict 

origin either related with the late Jurassic-Early Cretaceous extension or with the Variscan 

orogeny.  

5.2.3 Correlation of resistivity and seismic velocity for the upper crust 

5.2.3.1 Introduction 

The physical properties of the subsurface can be measured using several geophysical tech-

niques, each of them being sensitive to different physical parameters. A reliable geophysi-

cal/geological model can be obtained by integrating independent geophysical datasets having 

different physical meaning, different resolution capabilities and different resolution scale. In 

this way the non-uniqueness inherent to each geophysical method is reduced and a lithologi-

cal model satisfying the behaviour of each physical parameter can be obtained. However, the 

relationships between different physical parameters are not well defined. The great variations 

in the physical processes occurring within the Earth can be explained by empirical relation-

ships, usually based on well log data, but are hardly applicable to every geological context. 

While elastic and density properties are likely easier to be linked, elastic properties and elec-

trical conductivities empirical links are not universal. Porosity is usually used to link them, 

but it depends much on the geological context (Marquis and Hyndman 1992, Hacikoylu et al. 

2006). The most recurrent observation is a trend of increasing velocities with increasing resis-

tivities, as observed by Dell’Aversana (2001) on well log data analysis. 

Several approaches have been used to integrate different geophysical parameters. Bedrosian 

et al., (2007) introduced a joint statistical interpretation methodology that performs structural 

classification based on correlation between electrical and seismic parameters. Compared to a 

classic qualitative interpretation of multiple physical properties, this methodology gives struc-

tural information not easily identifiable in individual models. Another approach is the cooper-

ative inversion of different datasets, in which the result of a single inversion of one dataset is 

used to constrain the other inversion. Then, the roles are iteratively switched until a satisfacto-

ry result is achieved (Hu et al., 2009). Dell’Aversana (2001) used integration between seis-

mic, MT and gravity data through an iterative process. The seismic model is transformed into 

a resistivity model using empirical relationship from borehole data. The resulting resistivity 

model is used as a starting model for the MT inversion and back-converted into a new veloci-

ty section using the same relationship.  Another approach is a joint inversion (SJI) of different 

datasets using a link between the model domains. This link can be structural (Gallardo and 

Meju, 2004; De Stefano et al., 2011) or petrophysical (De Stefano et al., 2011), when rela-

tionships between the different parameters are available. The resulting models satisfy each 

data domain and are mutually constrained, structurally or petrophysically. 
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Here we present a correlation between seismic velocity and resistivity models analysed 

through a statistical approach. A statistical correlation of both physical properties in a joint 

parameter space was used to compare these two independent datasets. In order to compare 

both models (resistivity and velocity) we chose in the 3-D MT model the cross section Y32 

(Figure 5-13) which is the closest to the seismic profile. The first 10 kilometres of the models 

were analysed given the more uniform velocity distribution at greater depths delineated by the 

seismic refraction-wide angle reflection data. 

5.2.3.2 Analysis and models correlation 

The MT and the seismic models are defined on two different grids. The MT mesh is built on a 

non-uniform grid, where the cell size increases with depth. However, the seismic mesh was 

defined on a regular grid with an equal horizontal and vertical discretization of 0.5 km. In 

order to proceed with the cross plot analysis both parameters need to be defined on the same 

grid.  

Since both original grids are different, we chose to interpolate both grids in a common mesh 

with cell size increasing with depth. The horizontal spacing of the common grid was chosen 

to coincide with the original MT grid (2 km). Vertically the common grid is discretized using 

a step of 0.25 km between 0 and 3 km depth and a step of 0.5 km between 3 km and 10 km 

depth.  

Figure 5-19 and Figure 5-20 show how the interpolation on the common grid for the p-wave 

velocity Vp and the resistivity models was performed. In both figures the upper panel repre-

sents the original model (left) and its data distribution in form of a histogram (right). The 

middle panel shows the interpolated model on the common grid. Data interpolation was done 

using the natural neighbour gridding algorithm which was more suitable because of the dis-

crete distribution of the MT data. Data distribution in form of a histogram (on the right) al-

lows to compare the original data histogram with the interpolated. For both, the resistivity 

(Figure 5-19) and the seismic velocity parameters (Figure 5-20) the original and interpolated 

histograms show the same distribution. The lower panel represents the differences between 

the original and interpolated values for each node of the grid (residuals). Both models present 

very low values (around 0) of residuals, indicating that the interpolated models reproduce 

faithfully the original ones. 
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Figure 5-19: Interpolation of the resistivity MT model on the common grid. The original mod-

el, the interpolated model and the residuals are shown on the model space on the left and on 

the data space (relative frequency of each resistivity value) on the right. 

Differences occur when abrupt changes (in velocity or electrical resistivity) are present in the 

original model. The interpolation process smoothes the interpolated data across these bounda-

ries, resulting in slightly underestimated or overestimated values. However, histograms of the 

distribution of the residuals (shown on the right) are centred on zero.  

This analysis ensures us that the interpolation process was able to reproduce the original dis-

tribution of resistivity and velocity on the common grid, without introducing any artificial 

structures. 
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Figure 5-20: Interpolation of the seismic model on the common grid. The original model, the 

interpolated model and the residuals are shown on the model space on the left and on the data 

space on the right. 

Having defined a common grid in which each cell is described by a resistivity and a velocity 

value, a crossplot was generated. Figure 5-21a shows a histogram of the correlation between 

electrical resistivity and seismic velocity (Vp). This crossplot allows us to identify areas of 

high occurrences. Five zones are manually identified. Figure 5-21b shows the spatial region 

from which these zones derive.  

Zones 1 to 4 follow are grouped following a clear trend, with a general increase in apparent 

resistivity with increasing seismic velocity. Choice of zone 5 is conditioned by user’s criteria. 

They are grouped according to their resistivity: low resistivity data covering a wide range of 

velocities. This is why the red zone in the resulting image (Figure 5-21b) follows the trend of 

the resistivity model. 
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Figure 5-21: a) Cross plot resistivity-velocity. Coloured ellipses show the groups selected. 

Red line indicates the resistivity/velocity relationship modified from Dell’Aversana (2001). b) 

Spatial distribution of the groups identified in a). White areas indicate regions not belonging 

to any of the groups identified. Vertical exaggeration 4:1. 

Results 

Figure 5-21b shows the location in the spatial domain of the areas identified in the crossplot. 

White areas correspond to data that did not belong to any of the guessed zones. 

Zone 1, in yellow, characterized by low velocity and low resistivity is assimilated to the Ter-

tiary infill of the sedimentary basins (Ebro basin and Catalayud basin). This formation is lo-

cated mainly on the uppermost parts of the model, with moderate thickness (up to 1.5 km 

thick). Low rock compaction and reasonable fluid content are responsible for this behaviour.  

Zone 2, in green, has conductive to moderately resistive values and low velocity values. This 

area was interpreted to be related to the Mesozoic cover, which is mainly composed by dolo-
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mites, gypsum, shales, marine limestones and dolostones and continental and marine deposits. 

Mesozoic rocks are mainly visible SW of the Almazán syncline, having thickness ranging 

from few hundred meters to several kilometers. In the NE it is also possible to see some Mes-

ozoic materials beneath the Tertiary Ebro Basin. In the Castillan Branch the less amount of 

Mesozoic sediments could be explained by the strongest erosion that affected this part of the 

Iberian Chain. 

Zone 3, in blue, has resistive values and moderate velocity values. This zone was attributed to 

the Palaeozoic basement, mainly formed by metamorphic shales, sandstones and limestones. 

The basement has a slightly variable thickness along the studied profile, from 4 km at km 120 

on the NE (Figure 5-21b) to 5 km thick at kilometre 0 on the SW. 

Zone 4, in purple, has the highest resistivity and velocities found in this analysis. We interpret 

this zone as the upper crust, constituted by highly metamorphized and intruded rocks. 

As pointed out, zones 1 to 4 follow a trend that points towards an increase of both the velocity 

and the resistivity. This trend has been observed for different rock formations (both sedimen-

tary and igneous) by several authors (Bedrosian et al., 2004; Bernard et al., 2009; Munoz et 

al., 2010). Dell´Aversana (2001) proposed the following empirical relationship, obtained from 

well log analysis: 

�� = 1.63	log�log�ρ�� + 3.12 									in	km/s 
Because of the large scatter observed to build this relationship, we introduce a modified rela-

tionship that fit our observation and still is in the confidence limits of the well log analysis 

carried out by Dell’Aversana (2001): 

�� = 1.5	log�log�ρ�� + 4.1 									in	km/s 
This trend is pictured on top of the Figure 5-21a and follows the zones of most occurrences in 

the histogram.  

This correlation depicts the effect of rock compaction with depth. A decrease in porosity and 

permeability produces an increase in electrical resistivity and seismic velocity. Older rocks 

were buried deeper with time and compacted or metamorphized, decreasing porosity and ex-

pelling fluids.  

Zone 5, in red, is defined because of its low resistivity content with a broad range of veloci-

ties. While zones 1 to 4 define uniform material properties representing different geological 

units, zone 5 represents a hydrologic contrast within the same geological unit separating areas 

with different water content. The areas have been interpreted as fractured and faulted zones. 

Because of its resolution the refraction seismic model is not expected to detect changes in 

velocities related to dipping faults, and is laterally homogeneous. On the other hand the MT 
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detects the presence of the fluids distributed along the fault planes. The preferred explanation 

for the origin of the enhanced fault zone conductivity is the presence of aqueous fluids in the 

fault zone and its fractured surrounding areas (e.g. Unsworth et al., 2001). 

An integrated geophysical model for the upper crust is presented in Figure 5-22. Five distinct 

zones are evidenced: 

Zone 1- The Tertiary infill 

Zone 2- The Mesozoic cover  

Zone 3- The Palaeozoic basement 

Zone 4- The Upper Crust 

Zone 5- Fluid saturated regions 

 

The resistivity and velocity of these regions are summarised in Table 5-1, which includes the 

interpreted lithological and geological types. The zone 5 is not included in this table as it rep-

resents a hydrologic contrast and could belong to several lithologies. 

 

Zone ρ (Ωm) Vp (km/s) Lithology Geol. classification 

1 3 - 40 4.2 – 5.1 continental deposits Tertiary filling 

2 30 - 300 5.1 – 5.3 

dolomites, gypsum, shales, marine 

limestones / dolostones and continental 

/ marine deposits 

Mesozoic cover 

3 70 - 3000 5.3 – 5.5 
metamorphic shales, sandstones and 

limestones 

Palaeozoic base-

ment 

4 100 - 104 5.5 - 6 metamorphic Upper crust 

Table 5-1: Resistivity, velocity of the regions shown in Figure 5-21. Velocity values from Seil-

lé et al. (2015).  

The seismic events shown in the Figure 5-22 were taken from the Intituto Geografico Nation-

al (http://www.ign.es). Relation between the recorded seismicity and the detected fractured 

areas seems to be divided into two patters: seismicity observed in the vicinity of the interpret-

ed faulted areas and seismicity beneath the Almazán syncline where no conductive anomalies 

were detected. The first one shows a correlation between the hypocentre locations and the 

orientation of the interpreted faults. The second pattern is characterized by a high seismicity 

of low magnitude beneath the Almazán syncline (magnitude below 3 in the Richter scale) 

without any clear orientation, and with most of the earthquakes concentrated in the brittle 

upper crust. This indicates that in the Iberian Chain the main intraplate tectonic stress current-

ly existing in the upper crust could be released beneath the Almazán Syncline, which sepa-
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rates the two crustal-scale anticlinoria structures, the Aragonese Branch Arch in the NE and 

the Castilian Branch Arch in the SW. 

 

Figure 5-22: Top) geological map. Red points: MT sites. Blue points: earthquakes epicentres 

(http://www.ign.es). Dashed line represents the cross section shown in the bottom figure. Bot-

tom: Interpreted model. Blue circles are the projected earthquakes hypocentres. Vertical ex-

aggeration 1:5. 
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5.3 Conclusions: 

Thirty-seven new magnetotelluric soundings were acquired along two profiles oriented NE-

SW across the Iberian Chain, coincident with a wide-angle seismic profile. An integrated 

interpretation of the 3D resistivity model and the seismic velocities was carried out, leading to 

these main conclusions: 

• A 3-D resistivity model was obtained from a 3D joint inversion of the full impedance 

tensor and the magnetic transfer functions. This is the first image of the crustal struc-

ture of the Iberian Chain.    

• The major thrusts depicted after MT data reach a maximum depth of 15 km which 

agree with seismic data in that the crustal thickening is concentrated in the upper 

crust. This is consistent with the hypothesis of a Cenozoic thrust system involving on-

ly the upper crust proposed by Guimerà and Alvaro (1990). The Serranía de Cuenca 

Thrust located in the SW and the North Iberian Thrust located in the NE have been 

evidenced to be linked to the thrust system detachment at 10–15 km deep.  

• Analysis of the correlation between electrical resistivity and seismic velocity permit-

ted to map the distribution of the main geological formations of the first 10 kilome-

tres along a SW-NE profile. Attribution of electrical resistivity and seismic velocity 

for each geological unit was performed. Aqueous fluids present in the fractured areas 

are responsible for the enhanced conductivity observed in the fault areas. 

• We explored various hypotheses to explain the origin of the Moho High. None of 

them were satisfactorily. Tentative interpretations include an origin related to a relict 

feature of the Variscan crust or with the late Jurassic–Early Cretaceous extension. 

Further research is required to provide a satisfying interpretation for the enigmatic lo-

cal rise of the Moho and its possible connection with conductor A.  
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6 Discussion and Conclu-
sions 

 

6.1 Discussion 

Geophysics is a geoscience discipline used to sense the physical properties of the subsurface 

using non-invasive technologies. The physical fields are measured on surface to infer the sub-

surface characteristics. The forward problem determines the responses that would be meas-

ured in the surface on top of a given Earth model, following theoretical physical equations. 

The forward problem has a unique solution. However, the inverse problem suffers from am-

biguity, or non-uniqueness, meaning that several different geological configurations can re-

produce the observed measurements. Furthermore, the experimental errors associated to the 

data acquisition add some uncertainty. Since a unique solution cannot be directly determined 

from a set of field measurements, the geophysicist needs to reduce the number of possible 

solutions, using a priori information (geological, geophysical) or logical criteria, such as find-

ing the simplest possible model able to explain the data. 

The magnetotelluric inverse problem suffers from this non-uniqueness. The experience de-

rived from this thesis showed several ways to undertake this uncertainty and to reduce the 

possible solutions. 

Errors affecting the field measurements increase the uncertainty dramatically. This is espe-

cially true for the MT method and a good data acquisition is the base in obtaining a robust 



Chapter 6: Discussion and Conclusions 

 

126 

inverse model. Discarding noisy data into the inversion was found a good procedure, other-

wise the fitting of highly noisy data produce unrealistic models. 

Dimensionality analysis is crucial in order to choose the appropriate modelling approach. 

When using a 2-D approach not including data with 3-D characteristics resulted to be the 

most suitable procedure to obtain reliable models. 

Knowing the resolvability of the targets by means of forward modelling tests is of crucial 

importance. This allows building adequate meshes for adequate frequency ranges, prior to the 

inversion. It can also reveal the limitations inherent to the proper MT method in certain geo-

logical environments. This allows to understand the data, its contribution on the interpretation 

and the uncertainties associated to the model. 

The inclusion of a priori information during the modelling can guide the inversion process 

towards a solution that will satisfy other geological or geophysical measurements, discarding 

models that equally fit the data. 

Finally, the experience acquired during the course of this thesis highlighted the importance of 

the integration of multiple datasets (geological, geophysical) during the interpretation stage of 

the geoelectrical models. This integration can be performed qualitatively to spot similarities 

between several observations (as it has been done for the Cantabrian Mountains and the Iberi-

an Chain) or statistically to obtain unified Earth model satisfying each observable (as it has 

been done for the Iberian Chain).  Each geosciences discipline and results have to be taken as 

a contribution to build unified Earth models in order to obtain a better understanding of the 

structure and processes happening in the Earth.  

It has been shown during this thesis that the MT method resulted to be a powerful tool to 

study the Earth at crustal scale, but also at shallower depths. Determination of the transition 

between conductive basin sediments and a resistive basement can be done accurately, as it has 

been done in the Duero Basin, confirmed by well data. At crustal scale presence of fluids in 

the fractured areas permit to reveal the shape, depth and orientation of the faults. Other geo-

physical techniques, especially the seismic reflection, cannot directly sense the presence of 

vertical faults. In this case, the MT method reveals them, even if the faults cross homogene-

ous geological formations. Another example of the added value of the MT method is the be-

haviour of the EM waves in some geological environments where the seismic method has a 

poor resolution. For example in subsalt or subbasalts environments the seismic waves are 

easily scattered, which prevent the geophysicist to obtain reliable images of the subsurface. In 

these cases the use of the MT method (or other EM methods) undertakes those difficulties 

being sensitive to another physical parameter, the electrical conductivity.  

However, the MT method suffers from inherent difficulties. The most important one is the 

influence of the near surface static distortions that affect the data and can influence the inter-
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pretation of the whole model, even in its deeper parts. Several advances were recently made 

and a way to by-pass this issue can be found when large dataset are acquired and inverted 

using advanced inversion algorithms. Other limitation of the MT method that was outlined in 

this thesis is the resolvability of the high resistive features. Because of the behaviour of the 

EM waves in electrically resistive mediums, the MT method cannot easily detect changes 

related to thin or deep high resistive anomalies. In these cases the use of active EM methods 

(Constable and Weiss, 2006) or inclusion of a-priori information (Matsuno et al., 2010; 

McGary et al., 2014) is necessary.  

6.2 Conclusions 

6.2.1 Cantabrian Mountains 

In the Cantabrian Mountains the thirteen sites acquired along an N-S line crossing the Canta-

brian Mountains and the Duero Basin permitted to construct a 3-D resistivity model, from 

which a resistivity profile was extracted and interpreted. 

The main conclusions regarding the analysis and the inversion of this MT dataset are: 

• Detailed analysis of the data showed the presence of numerous 3-D effects, as ex-

pected from the geology of the area. Part of the data (T < 300s) was found to be 

compatible with a 2-D approach, with a dominant strike estimated in N10°E.  

• 2-D inversion of apparent resistivity, phases and tipper of this limited data set was 

carried out.  

• However, to account for the 3-D behaviour of the data a 3-D inversion of the whole 

dataset was carried out. Experience with this dataset led us to follow the following 

strategy for the 3D inversion: first, the off-diagonal components of the impedance 

tensor were inverted. Second the model obtained was used as the initial model for 

the joint inversion of the off-diagonal components of the impedance tensor and the 

vertical transfer function data (VTF). Finally the diagonal of the impedance tensor 

were included in a last inversion to obtain the final model. The final 3-D model 

achieved a good fitting having a RMS=1.94. 

• Main differences between the 2-D and 3-D models were attributed to the different 

data ranges and to the 3-D effects that biased the location of the anomalies on the 2-

D image.  
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The tectonic interpretations of the main structures imaged with the 3-D resistivity model are: 

• The correlation between the geoelectrical image, the existing geophysical models 

and the surface geology provided a deeper understanding of the lithospherical pro-

cesses.  

• The final 3-D inverse model shows excellent correlation with the superficial geolo-

gy, depicting the main faults and lithologies at depth. 

• The Duero Basin sediments are well delineated. A thickness of 2.5 to 3.5 km was 

deduced, and is in agreement with the seismic studies and well log data.  

• Conductive zones in the Palaeozoic basement are related to enhanced permeability 

along the main Alpine faults. These conductive zones detected in the model do not 

reach more than 10 km in the southern part of the Cantabrian Mountains and 15 km 

in the northern part, and are therefore concentrated in the upper crust. 

• The hydration/serpentinization of the upper mantle within the mantle wedge and be-

neath the Moho of the Cantabrian Margin is imaged as a zone of low resistivities. 

 

6.2.2 Iberian Chain 

The first magnetotelluric data acquired through the Iberian chain has been described and in-

terpreted in this thesis. The MT data consists in thirty-seven broad band magnetotelluric 

soundings acquired along two profiles oriented NE-SW across the orogen.  

The main conclusions related to the analysis and inversion of this MT dataset are summarized 

as follows: 

• The dimensionality analysis indicates a dominant strike direction for short-medium 

periods, however, it shows clearly a 3-D regional resistivity structure at long periods 

(T > 500s). Real induction arrows are deflected parallel to this strike direction in the 

southern part of the studied area. Accordingly, a 3-D inversion was carried out. 

• A joint inversion of the full impedance tensor and the vertical transfer function was 

performed and a very good fitting of all the data was obtained. RMS = 1.88. 

 

The tectonic interpretations of the main structures imaged by the 3-D resistivity model are: 

• The main geological structures observed in surface are well imaged in the resistivity 

model. The Mesozoic and Cenozoic covers are depicted as low resistivity features 

well distinguished from the high resistivity of the Variscan basement. The Almazán 

Syncline megastructure is characterized by a conductive structure. 

• The middle and lower crust in the central part of the Iberian Chain is highly resis-

tive, suggesting the absence of major crustal faults.  
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• Several alpine thrusts are imaged as dipping conductors, which are limited to the 

upper crust. Two of them are the North Iberian Thrust and the Serranía de Cuenca 

Thrust, which bound to the north and to the south respectively the basement in-

volved areas of the Iberian Chain. Both faults do not reach more than 15 km depth, 

suggesting that they are linked to the thrust system detachment at 10–15 km deep. 

This indicates that the Cenozoic thrust system causing the crustal thickening of the 

Iberian Chain is concentrated in the upper crust, which confirms the previous geo-

logical hypothesis proposed by Guimerà and Alvaro (1990). 

• The resistivity model was integrated with an existing seismic velocity model. Be-

cause of the different sensitivities and depth resolution of both methods their inte-

gration allowed to obtain a complete image of the Iberian Chain at crust and upper 

mantle depths. The seismic velocity model shows a thickening of the upper crust 

consistent with the base of the conductors associated to the thrust system detach-

ment, confirming that the Cenozoic thrust system causing the crustal thickening of 

the Iberian Chain is concentrated in the upper crust. 

• The statistical analysis of the correlation between seismic velocity and electrical re-

sistivity along a NE-SW profile showed a clear correlation between both parame-

ters. An increase in both seismic velocity and electrical resistivity is observed and is 

related to the depth at which those formations are located. A geological classifica-

tion of the main lithologies of the upper crust based on their physical characteristics 

was realized.   

 

6.3 Future works: 

This study allowed us to characterize the crustal structure in the two Alpine orogens of the 

Iberian Peninsula by means of the interpretation of geoelectrical models. From this study new 

questions arose related to the geodynamics of both areas.  

• In the Cantabrian Mountains the resistivity image obtained took into account the 3-

D effects observed in the data. However, a more precise image of lateral structures 

could be achieved including more MT sites on each side of the current profile. The 

characterization of the continuity of the deep conductor to the north beneath the Bay 

of Biscay could only be achieved if MT sites could be acquired in sea. 

• In the Iberian Chain the presence of a deep conductor close but outside of the survey 

area was evidenced. This conductor is correlated with the Moho high evidenced in 

the seismic image and is similar with another conductor found at the same depth in 

another MT study located NW, in the Sierra de la Demanda. Acquisition of new MT 

sites NW of the present study area would lead to a broader 3-D electrical resistivity 

image of the crust beneath the Iberian Chain.  Another remaining question is the ge-
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oelectrical characterization of the whole lithosphere, especially the geometry of the 

lithosphere asthenosphere boundary (LAB) beneath the Iberian Chain. In that case 

new long period magnetotellurics (LMT) would be required. 
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