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Abstract

The Iberian Peninsula is considered as a “micrdheent”, located between the Eurasian and
the African plates. Several ranges formed durirey Alpine orogeny, in the borders of the
plate or intraplate. As part of this thesis thetfimagnetotelluric (MT) data was collected
across the intraplate Iberian fold and thrust belt the first long-period magnetotelluric was
collected across the Cantabrian Mountains, locatettie northern boundary of the Iberian
plate. This MT data was used to image the ele¢tdoaductivity distribution of the crust

beneath these two orogens. The analysis of the Bt@ cevealed the presence of three-
dimensional structures in both studied areas amefbre 3-D inversion algorithms were used

to obtain the final resistivity models.

In the Cantabrian Mountains the correlation betwiengeoelectric image, the existing geo-
physical models and the surface geology providddeper understanding of the lithospheri-
cal processes. The final model shows excellentetaion with the superficial geology, de-
picting the main faults and lithologies at deptheTDuero Basin sediments are well delineat-
ed. A thickness of 2.5 to 3.5 km was deduced, arid agreement with the seismic studies
and well log data. Conductive zones in the Palaedzasement are related to enhanced per-
meability along the main Alpine faults. These cartoke zones detected in the model do not
reach more than 10 km in the southern part of thet&brian Mountains and 15 km in the
northern part, and are therefore concentrated ie thpper crust. The hydra-
tion/serpentinization of the upper mantle withie timantle wedge and beneath the Moho of

the Cantabrian Margin is imaged as a zone of I@istigities.

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

as dipping conductors, which are limited to theerpgrust. Two of them are the North Iberi-



an Thrust and the Serrania de Cuenca Thrust, viddahd to the north and to the south re-
spectively the basement involved areas of the dbe@hain. Both faults do not reach more
than 15 km depth, suggesting that they are linkethé thrust system detachment at 10-15
km depth. This indicates that the Cenozoic thrystesn causing the crustal thickening of the
Iberian Chain is concentrated in the upper crubickvconfirms the previous geological hy-
pothesis proposed by Guimera and Alvaro (1990).3Beinversion model is consistent with
the collocated seismic image. A statistical analgsithe correlation between seismic velocity
and electrical resistivity along a NE-SW profilecarried out for the upper crust and shows a
clear correlation between both parameters. An aszen both seismic velocity and electrical
resistivity is observed and is related to the deptivhich the geological formations are locat-
ed.
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Resumen

La Peninsula Ibérica es un micro continente situeadee las Placas Euroasiatica y Africana.

Existen varios ordgenos alpinos situados en elebdedplaca y en su interior. En esta tesis se
han realizado perfiles de magnetotellurica a tralgéslos de estos ordgenos: la Cordillera
Cantéabrica y la Cadena Ibérica. A partir de looslale magnetotellrica se han obtenido las
imagenes de resistividad eléctrica a escala Iticsfén la Cordillera Cantabrica y a escala

cortical en la Cadena Ibérica. En ambos casosaisende la dimensionalidad de la estructu-

ra geoléctrica ha puesto de relieve un comportami&®. Por tanto se han realizado en cada
caso inversiones 3-D conjuntas de las cuatro caemies del tensor de impedancias y de la
funcion de transferencia geomagnética.

En la Cordillera Cantabrica, la correlacion de istribucion de resistividad eléctrica con
otros modelos geofisicos y la geologia de superfiei conducido a una mejor comprension
de los procesos litosféricos de formacién de lditera. El modelo de resistividades obteni-
do da una imagen de las principales fallas y eiras en profundidad. La Cuenca del Duero
esta formada por sedimentos con un espesor varatie 2.5 a 3.5 km. El basamento pa-
leozoico resistivo presenta zonas de conductivededhda relacionadas con las fallas alpinas
qgue no superan los 10 km de profundidad en la padtemeridional de la Cordilleray los 15
km en la parte septentrional de la misma, lo qd&@nque se sitlan en la corteza superior. La
hidratacion /serpentinizacion en la cufia del mal®lomargen cantabrico aparece reflejada
por una zona de elevada conductividad eléctrica.

En la Cadena Ibérica el modelo de inversiébn 3Drobterevela la geometria de los cabal-
gamientos alpinos mediante zonas de elevada ctividad. Los dos principales son el Ca-
balgamiento Frontal Noribérico y el de la SerradaCuenca que limitan, al Norte y al Sur
respectivamente, el basamento de la Cadena IbAmcbas fallas no superan los 15 km de
profundidad, indicando que el sistema de cabalgawsecenozoico causante del engrosa-
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miento de la cadena se concentra en la cortezaicuge ha realizado un analisis estadistico
de la correlacién entre el modelo de resistividaatdenido y un modelo de velocidades sis-
micas existente. El resultado indica una coinci@gesntre un aumento de velocidades sismi-
cas y un aumento de resistividad eléctrica reladorcon la localizacion de las formaciones
geologicas a distintas profundidades.
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Chapter 1: Introduction

1 Introduction

This thesis is about the characterization of thestet structure of two alpine orogens in the
Iberian Peninsula, the Cantabrian Mountains andld@ean Chain, using the magnetotelluric
method. This work focuses on the analysis, modgkind interpretation of the magnetotellu-
ric data acquired across these two orogens.

1.1 Motivations and objectives
1.1.1Structure of the Iberian Peninsula and its alpine cogens

The present lithospheric structure of the IberianiRsula developed from the succession of
geodynamic processes that took place since theif@emrind Triassic time. The basement of
the Iberian plate, mostly constituted by Palaeozwid Precambrian rocks deformed during
the Variscan orogeny (Perez-Estaun, 2004), stéotsttetch during the extensional processes
related to the break-up of Pangaea and the consegpening of the Atlantic Ocean (Ziegler,
1990). Later on during the Early Cretaceous, thenomg of the northern part of the Atlantic
Ocean reached the Iberian plate causing the sepamait the Eurasian and Iberian plates
through the Bay of Biscay, which led to the indivéidization of Iberia as a microplate
(Franke, 1989; Rosenbaum et al., 2002). This eiirakprocess permitted the development
of rift basins in the borders and in the interibthe Iberian Plate. Finally, in Late Cretaceous
to present time, the North-South convergence oicAfand Europe caused the partial closure
of the Bay of Biscay and the formation of the Cantn-Pyrenean Mountains in the north of
the Iberian plate, followed by the formation of tBetics-Rif Chain in the south. The motion
of the different tectonic plates is responsibletf@ creation of zones of intense deformation,
which are generally concentrated along the platemfaries. However, intraplate deformation
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also occurred in the Iberian plate (Dercourt et H86; Vergés and Fernandez, 2006; De
Vicente et al., 2008), provoking significant intlae compressional structures (Central Sys-
tem and Iberian Chain).

As a result of this complex geodynamic history, therian Peninsula is characterized by
different geological units: in the west of the liderPlate, the Variscan Iberian Massif, which
is mainly constituted by outcrops of a PrecambRataeozoic Basement, while the eastern
part shows thick Mesozoic sedimentary sequencested during the Alpine orogeny. The
Variscan basement was also involved in the Alpimeg@ny, generally by the inversion of
Mesozoic normal faults. Cenozoic foreland basinsndathe orogens: the Duero Basin, locat-
ed between the Cantabrian Mountains and the CeBystem, the Ebro Basin between the
Pyrenees and the Iberian Chain and the GuadalgBasin north of the Betic Chain. The
magnetotelluric profiles studied during this thesiess the Cantabrian Mountains and the
Iberian Chain, which involve outcropping formatidhat are Cenozoic in the basins and vary
from Palaeozoic to Mesozoic in the orogens.

T
- Iberian Massif
. P
5000000 % de : - yrenees
[ Betic chain
I:l Cenozoic Basins
- Mesozoic Basins
4800000 | '
4600000
4400000 ‘ 3 = )
rl - AT ey '“C__, ]
rl Sy ‘“';_. \;\-, 4
. ‘ _@-.‘ R TGN ‘)~ __;:"}‘:., '
.‘\~A.§_o(.:\ em‘-‘:f"}’ ;gr:;/ s St 5
-0 200000 400000 600000 800000 1000000

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

The crustal structure of the lberian Plate is wvdglfined from several seismic, gravity and
magnetotelluric surveys. It has been extensivelylagrd using seismic data since the late
1970s. The crustal imbrication beneath the Pyremeashing thicknesses of 45-50 km, has
been documented from wide-angle (Daigniéres etl882, Gallart et al., 1981) and deep
multichannel seismic profiles (Choukroune et a8089). The seismic exploration of the Va-
lencia Trough using marine multichannel profilesl ande angle profiles (Watts et al., 1990,
Torne et al., 1992, Gallart et al., 1995, Dafiohesti al., 1992) has revealed the strong varia-
tion in crustal thickness as a result of the riftiprocess that affected the zone, with Moho
depths around 35 km in NE lIberia, thinning to 15k beneath the centre of the Valencia
Trough and thickening again towards the Balear@muntory. The crustal structure beneath
central Iberian Massif was already explored byyeseismic profiles (Banda et al., 1981), but
the recent IBERSEIS and ALCUDIA experiments havevad to define precisely its geome-
try and velocity structure, which is characteribgda subhorizontal Moho located close to 32
km depth (Simancas et al., 2003, Carbonell eR@04, Ehsan et al 2014, Ehsan et al, 2015).
Although scarce seismic information is available ttee Iberian Chain, Zeyen et al. (1985)
showed an average crustal thickness of 30-32 kith, aviocal thickening beneath the central
northern part of the chain. Diaz and Gallart (2008npiled the results from deep seismic
profiles beneath the Iberian plate and its surrondreas, providing a crustal thickness map
of the region.

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

related foreland basins in the Iberian Peninsufe Alpine orogens investigated are the Pyr-
enees (e.g. Pous et al.1995; Ledo et al., 2000;p&aya et al., 2012), the Cantabrian range
(e.g. Pous et al., 2001) and Betic Mountains (@ogis et al., 1999, Marti et al, 2009; Rosell et
al.,, 2011; Ruiz-Constan et al, 2012), while MomteBantos et al. (1999), Almeida et

al.(2005), Pous et al. (2004), Mufioz et al.(20B8)us et al. (2011) have investigated the
Iberian Variscan Massif. As the electrical resisfivs a physical parameter independent of
the elastic seismic parameters a combination di gebphysical methods has contributed to
clarify ambiguities in the interpretations (e.gr@aell et al., 2004).

This thesis is part of the Topo-lberia project, @tirdisciplinary national Spanish project that
involves several institutions with the aim of dafip the whole structure of the Iberian ‘mi-
cro-continent’. This thesis focuses on the userd of the disciplines, the magnetotelluric
method, applied to the investigation of two orogefihe Iberian Peninsula.

1.1.3Approach employed: the magnetotelluric method

The magnetotelluric method was first proposed kishdinov (1950) and Cagniard (1953).
This passive electromagnetic method allows to detex the electrical conductivity of the
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subsurface as a function of depth. Over the yéesggeophysical exploration technique start-
ed to gain importance and became the most usedthéth deep EM exploration in the aca-
demic community. The development of the instrumigamnaimprovements of modelling and

inversion algorithms (2-D and 3-D) and the increalseomputing capabilities have led to its
use on a regular basis to build reliable electrdcadductivity models for geodynamic studies
and for natural resources exploration.

The MT method is a pretty flexible and robust methData acquisition can be performed by
small teams in a short amount of time with a regmall budget. Compared to other geo-
physical methods it can be performed under almbgeagraphical conditions and in several
geological environments. Over the last decadegnéireious increase in the use of the MT
method for geothermal, oil, gas and mining exploratndustry has been observed. In addi-
tion, its sensitivity to the electrical conductiyitvhich is independent from other geophysical
parameters, has turned the MT method into a powexploration technique, especially when
it is integrated with other geophysical methods.

In the scope of this thesis the MT method has luserful to study the two orogens at crustal
scale. It has been able to detect interconnectibdifldiscriminate between different geologi-
cal formations, map faulted areas and detect lghesc conductivity anomalies related to
tectonic processes. These results, associatedlogieal observations and geophysical mod-
els allowed us to obtain an image of the structdirde lithosphere beneath both orogens and
to interpret them geodynamically.

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

mensions that have to be considered to accuratetiehthe geology. The Earth is intrinsical-

ly three-dimensional. When assumptions of one ar tlimensions are not taken properly
incorrect or biased models can be obtained. Inttigsis the dimensionality analysis of the
conductivity structure was rigorously studied amsdaaconsequence 3-D modelling was the
more suitable approach to explain both datasets pritcision. We therefore employed 3-D
inversions for the two areas of study.

It is well known that all the geophysical methodsfer of an inherent ambiguity, or non-
uniqueness, in the determination of the structak @mposition of the subsurface. The dif-
ferent sensitivity and/or resolution of all geoplegs techniques can be used to reduce this
ambiguity when an integration using different geggital methods is applied. In this thesis
the complementarity and relations between the MTeatwand other existing models was
considered.
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1.1.4Aims of the thesis

This thesis focuses on two areas of the Iberiate pthe Cantabrian Mountains and the lberi-
an Chain. The Iberian Chain is an intraplate mdanthain where geophysical studies are
scarce and no relevant information on the majostatustructures has been obtained so far.
The Cantabrian Mountains, formed at the northeranbdary of the Iberian plate, are the
western prolongation of the Pyrenees. Although weitistrained from a number of geophysi-
cal, geological and petrophysical studies (Galpgte2000; Pedreira, 2015; Pulgar, 1996),
the understanding of the electrical conductivitstidbution will provide new insights. In this
context theaims of this thesis are:

Characterization of the crustal structure below theDuero Basin and the Cantabrian
Mountains. An MT N-S oriented profile across the Cantabfidountains and the north part
of the Duero Basin was acquired between 2009 afd 20the scope of this thesis. The pro-
file consists of 13 MT soundings, 6 of them inchgliong period data. The main aim of this
study is to provide a new geoelectric model of@amtabrian Mountains that: (1) satisfies and
integrates all the geological and geophysical ssidvailable for the area; (2) reproduces the
complex magnetotelluric responses observed. Theadstadopted here allowed us to build a
3-D geoelectrical model of the area integrated \thin previous seismic and geological ob-
servations, in an effort to achieve a deeper utaeding of the crustal structure and the geo-
dynamical evolution of this orogen.

Characterization of the crustal structure of the lberian Chain. Two MT profiles consist-
ing of 38 soundings were acquired across the dgudra of the Iberian Chain between 2011
and 2013 in the scope of this thesis. The first gbthis study is to provide the first geophys-
ical image of the crustal structure of the Iber@min. The integration of the 3-D geoelectri-
cal model obtained with a recent refraction/widedarreflection seismic profile and gravity
modelling carried out by the Institute of Earth &wes (CSIC) allowed us to obtain a con-
strained crustal model of the Iberian Chain. Thelagical interpretation of this new integrat-
ed modelling permits to confirm previous geologiagsumptions 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 Maotivations: lllustrates 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 thieeédbelts in the lberian Peninsula. A geo-
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logical and geophysical review of the Cantabriaruktains and the Iberian Chain areas are
presented and specific objectives for each areadaeessed.

Chapter 3. Introduction to the magnetotelluric method: The third chapter gives an
overview of the magnetotelluric method. The theofythe method, data acquisition, data
processing and the multidimensional modelling aseussed.

Chapter 4. Results for the Cantabrian Mountains This chapter presents the results
obtained from the 2-D and 3-D inversion of the metgtelluric transect through the Canta-
brian Mountains. The methodology adopted for thia danalysis and inversion is presented.
The comparison between both inversions and theirsgant for a 3-D inversion is dis-
cussed. The 3-D model obtained is then integraiddthe 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 structurelo$ intraplate orogen. The 3-D inversion of
the MT data is presented, along with the interpi@taobtained integrating the MT model and
the seismic results.

Chapter 6. Discussion and conclusiondn 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 westernipasdt of the Alpine-Himalayan Belt be-
tween the Eurasian and African plates. The Alpin@diayan Belt extends from the Iberian
Peninsula to New Zealand (Figure 2-1). The Ibencroplate belongs nowadays to the Eur-
asian plate but behaved as an independent pl&arip Cretaceous during the opening of the
Bay of Biscay (Srivastava et al., 1990). The Alparegeny started in Late Cretaceous, with
deformation occurring in the borders of the Ibefidate and in the interior of the plate, giving
rise to the current mountain ranges in the Perénand their associated foreland basins.

This thesis will focus on the characterizationtad tithospherical structure of two orogens of
the Iberian Peninsula: the Cantabrian Mountainthrast and fold belt located along the
northern coast of Iberia, and the Iberian Chainjndraplate thrust belt located within the
Iberian plate.

In this chapter an overview of the structure of iherian Plate will be given followed by a
specific description of the two orogens studiedrfra geological and geophysical point of
view. Finally, the objectives of this thesis foccharea of investigation are presented.
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Figure 2-1: Sketch of the Alpine-Himalayan orogedpetdt (Lister et al., 2001).

2.2 Structure of the Iberian Plate

The major part of the Western and Central Europemstituted by a pre-Mesozoic basement,
formed by Superior Protozoic to Carboniferous rodeformed and partially metamorphized
and intruded during the Variscan orogeny that tplake at the end of Palaeozoic. The Var-
iscan orogeny resulted from the collision of twantiigents, Laurentia to the NW and Gond-
wana to the SE, at the end of the Carboniferousttéyl2001) forming the supercontinent
called Pangaea. Figure 2-2 shows the tentativdgopgeographical maps from Ordovician to
Carboniferous describing the Variscan orogeny (&&001).

This Palaeozoic mountain system extended for ntae 8000 km long and 1000 km broad,
from the Caucasian Mountains in the East to thett&on Appalachians in the West. The
European Variscan Orogen shows a complex sinuadtsrpanaving an arc-shape in the SW
part of Europe (Figure 2-3). It is known as theriken-Armorican Arc, located in the NW
part of the Iberian Peninsula (Franke, 1989; M&6@f)1). The European Variscan Orogen is
still visible and well conserved in the Iberian Psula.



Chapter 2: Geological Setting

EARLY CARBONIFEROUS MIDDLE DEVONIAN
=340 Ma =375 Ma

Figure 2-2: Tentatively paleo-geographical mapstir®rdovician to Carboniferous describ-
ing the Variscan orogeny (Matte, 2001).

Palaeozoic outcropping is mainly present in thedsstal part of the Iberian Peninsula, in the
Iberian Massif. In the Cantabrian Mountains the pdfile carried out is located in Palaeozo-
ic rocks, while the MT profiles crossing the Iberi€hain are located in Mesozoic rocks
(Figure 1-1). However, Palaeozoic outcroppingswasible in the Iberian Chain, mainly be-

cause of the posterior Tertiary contraction thabived the Variscan basement. In the NW
part of the Iberian Peninsula different charactiessof the Variscan collisional orogeny can
be observed: an internal area characterized bymagpdism and intrusive bodies (Asturo
Occidental-Leonesa Zone) and an external zone thithskinned tectonics, with thrusts and
folds structures and absence of metamorphism (8aateZone).

At the end of the Variscan Orogeny, in Permian &880 Ma), the supercontinent Pangea
started to suffer an extensional process thatdasteil the Late Cretaceous (80 Ma). This
distensive episode created a divergent margin leetwidrica-Europe and America (Figure

2-2).
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Figure 2-3: Main structural elements in the VariadBelt of Europe during the Early Carbon-
iferous (Franke, 1989).

The oceanization of these rifts started in thesBica(180Ma). At that point the behaviour of
the Iberian Plate is independent from Eurasia ¢oNbrth and Africa to the South. Consider-
ing Eurasia as stable, the movement of Africa eéoEhst is due to the opening of the Atlantic
Ocean (Srivastava et al., 1990). Opening of theiNatlantic Ocean provoked the motion of
the Iberian plate to the SE, accompanied by a eotahbckwise rotation, dragged by the
eastward movement of Africa (Malod y Mauffret, 199This rotation of the Iberian plate
provoked the opening of the Bay of Biscay, splgtthe Cantabrian and Armorican margins,
which later on behaved as passive margins (Fig#ta) 2The Bay of Biscay opening is done
from west to east from the Aptiense until the Camiesse. In the eastern part the continental
crust is thinned, while in the most western padamic crust formation occurred (Malod et
al., 1982). During this extensional process rifiba developed in the borders and in the inte-
rior of the Iberian plate. The most important syistems that developed in northern Iberia are
the Pyrenean rift and the Iberian rift, where Mesozediments deposition occurred.

In Late Cretaceous (Figure 2-4b) the opening ef $outh Atlantic Ocean provoked the
northward drift of the African plate and, as a aansence, the beginning of the convergence
between the Eurasian and Iberian plates and the@fetin® Mesozoic extension. This conver-
gence led to the partial closure of the Bay of 8ysand the development of the Cantabrian-
Pyrenean Mountains. The Mesozoic basins of therlegme rift were inverted and formed part
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of the Pyrenean orogen. To the west a limited sciimlu took place along the Cantabrian
Margin with the associated uplift of the Cantabfdountains.
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Figure 2-4: Left: a-c) Palaeographic evolution bktlberian Plate, between Early Cretaceous
and Miocene. d) Present tectonic map of the Ibepkate and surrounding areas (modified

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

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

In the Oligocene, the convergence of the Africad Herian plates started to be mostly ac-
commodated by the Betic-Rif orogenic system anditk@plate orogens (Verges and Fer-
nandez, 2012) (Figure 2-4c). The contractive ewaaurring in North Iberia ended in the
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middle Miocene (Verges and Fernandez, 2012). Ifatapshortening took place with the
formation of the Iberian fold-and-thrust belt (Ilzer Chain) and the Central System from late
Eocene to end of Miocene (Guimera et al., 19954206 Vicente et al., 2007). The Iberian
Chain shortening is about half of that of Pyrengasimera et al., 2004; Mufioz-Jimenez and
Casas-Sainz, 1997; Sibuet et al., 2004). Sincg &tidcene the convergence between Eura-
sia and Africa became slow, leading to an extemdienent that gave rise to the Alboran Ba-
sin and the Gibraltar Arc (Rosembaum et al., 260jre 2-4d).

2.3 Regional geophysical background

2.3.1Crustal thickness inferred from seismic studies

The structure and thickness of the crust in theidbePeninsula has been estimated by several
regional seismic studies. Diaz and Gallart (200@nhpiled crustal depth thicknesses along
published deep seismic soundings (DSS) profilehénwhole Iberian Peninsula. The result-
ing map is shown in Figure 2-5a. The crustal thighg reaches a maximum of 50 km be-
neath the Pyrenean Range, extending westwards #lengantabrian Mountains to a crustal
thickness of about 42 km. The Iberian Chain hasiatal root reaching 40 km in its SE part.
In the rest of the Iberian Peninsula crustal thesenbetween 30 km and 35 km are reported
with the exception of the Betics Chain with a crafs88 km thick.

A recent regional study using P-receiver functifRF) was carried out by Mancilla and
Diaz (2015) (Figure 2-5b). It covers the whole laerPeninsula and northern Morocco. The
receiver function technique consists in measurirguigd motion at a seismic station when
distant teleseismic signal arrives. Comparing opfrevious studies, these techniques allowed
to obtain a regular grid of crustal depth estimagidoecause of the high coverage of seismic
stations deployed in the whole Peninsula, althomigi less resolution.

Consistent results between active and passive eugicow a thickened crust beneath the
Pyrenees/Cantabrian Mountains and the Betics (drd&ih In the Iberian Chain the Moho is
found at a depth around 40 km. However, some d@iffiees appear in some parts of the Pyre-
nean-Cantabrian orogen and in the Betics. In th&a®aian Mountains the base of the crust
differs more than 10 km between active and passiueces. The complex lithospheric struc-
ture and the lateral variations in the crustalkha&ss beneath northern lberia could explain
those differences (Mancilla and Diaz, 2015).
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Figure 2-5: Crustal depth thicknesses. a): baseddeap seismic soundings (active source).
b): based on receiver function data (passive sou(Péaz and Gallart, 2009; Mancilla and
Diaz, 2015). Colour scale in km depth.

2.3.2Crustal and lithospheric thicknesses inferred frompotential field data

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

state thermal analysis carried out for the entiveribn Peninsula. Figure 2-6a shows the
Bouguer anomaly map and Figure 2-6b the crustekmigiss obtained from combining eleva-
tion and geoid data. Although there is a generaéeagent with the DSS and PRF values,
significant differences appear beneath the CarstaliMountains, probably due to the com-
plex crustal structure of this area, as previousintioned (Figure 2-6b and Figure 2-5).

The combination of elevation and geoid data giteslithospheric thickness (Figure 2-6¢). It
points to a thick lithosphere (>150km) beneathRlgeenees, while in the Iberian Chain, the
Betics, and the Cantabrian Mountains the lithosphtéickness is between 140 and 150 km
(Torne et al., 2015) and beneath the Duero Basiorar 130 km. However, Pedreira et al.
(2015) and Carballo et al. (2015) studies poird tteeper lithosphere beneath the Cantabrian
Mountains, reaching 170 to 180 km.
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Figure 2-6: a): Bouguer anomaly map (Torne et 2015 from Ayala (2013)). Crustal (b) and
lithospheric (c) thicknesses obtained from comlgnétevation and geoid data (Torne et al.,
2015).

2.3.3Seismicity

The borders of the Iberian plate are active, esfigdn the contact with the African plate in
the south and the Eurasian plate in the north.rEi@d7 shows the seismicity of the Iberian
region projected on a map of active faults (Sticale 2006).

Activity is concentrated in the borders, but sorotvity is also evidenced intraplate, in par-
ticular in the Iberian Chain, where earthquakeshwitagnitudes greater than 3 have been
recorded. The few earthquakes observed in the BaataMountains are concentrated north
of the Venteniella-Ubierna strike-slip fault, oried NW-SE, at depths between 5 and 15 km
as well as in the Basque Cantabrian Basin.

These data correlate well with the active tectameas. It should be pointed out that the mag-
netotelluric method is sensitive to electricallyndactive fluids, and therefore, it has the ca-
pacity of mapping faults, although it is not possito differentiate between active and pas-
sive faults based only on the electrical condustigGimpson and Bahr, 2005).
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Figure 2-7: Seismicity observed in the Iberian Penia and northern Morocco (after Stich et
al., 2006).

2.3.4GPS data

Deformation of Earth’s surface in terms of slip atiGhins rates can be quantified using global
positioning system (GPS) geodesy techniques. Mglotap shown in Figure 2-8 was derived
from GPS measurements obtained between 1998 aril (3B¢h et al., 2006). Considering
the European plate as stable, we can see thaingtdticated NE of the Iberian Peninsula al-
most do not move, suggesting that this regiontached to the Eurasian plate (Stich et al.,
2006). In the southern part of the Iberian Penmswdstwards velocities are observed.

The CANT GPS station, located in the Cantabrian Mountash®ws south-eastwards dis-
placement at a relative velocity of 1.22 mm/yr.i¢lstet al., 2006), suggesting a NW-SE ac-
tive tectonics in the Cantabrian Mountains, whigtaliso pointed out by the earthquake epi-
centres alignments (Figure 2-Mhe EBREGPS station located NE of the lberian Chain, in
the Ebro Basin, shows a SSE directed displacemghtawelative velocity of 1.15 mm/yr.
(Stich et al., 2006).
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Figure 2-8: GPS velocity fields for the Iberian f@aand surrounding areas. Black arrows
show the horizontal motion relative to the stabledpean plate (Stich et al., 2006).

2.3.5Integrated geophysical studies

Large scale integrated studies (Quintana et all52Carballo et al., 2015) have obtained
overall images of the crust and upper mantle afbgtransects of the whole Iberian Plate.

Quintana et al. (2015) used results from previdudiss to calculate the displacement trans-
fer during the Alpine Orogeny in the entire platéey conclude that the total alpine shorten-
ing of the Iberian plate is between 267 and 292 krmid-crustal detachment could exist in

the entire Iberian Plate allowing the displacenteansfer from the Betics and Cantabrian
Mountains to the intraplate ranges.

Carballo et al. (2015), combining potential fieltsgrmal elevation, seismic and petrological
data, obtained the lithospheric thickness alondgsandnsect crossing the whole Iberian plate.
The lithospheric thickness and the interpreted amsitipn allowed to reproduce well the P
and S-wave velocities. This study pointed to a deéposphere Asthenosphere Boundary
(LAB) beneath the Cantabrian Mountains (around kB8 with a hydrated upper mantle
composition. Beneath the Duero Basin, the Cenyistesn and the Tajo Basin, the lithosphere
thickness is estimated around 130 km, getting #ri¢ck the south beneath the Betic Chain,
where the LAB depth estimation is 160 km.
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2.4 Cantabrian Mountains: Geological Setting

2.4.1Geological structure of the Cantabrian Mountains

The Cantabrian Mountains, which extend for morentha0 km along the northern border of

the Iberian Peninsula, constitute the western pgation of the Pyrenees. To the south, the
range is flanked by the Tertiary Duero forelandbasid, to the north, it overlies the northern
Iberian continental margin and the Bay of Biscaysahl plain. The range evolved from dif-

ferent tectonic regimes in Palaeozoic, Mesozoic @adozoic times. Figure 2-9 shows the
geological map of the studied area, along withlteation of the MT sites recorded in this

thesis.

During the Palaeozoic, the NW Iberian Peninsulsstiited part of the continental margin of

Gondwana and the collision with Laurentia gave tisthe European Variscan belt. The Var-
iscan Iberian Massif outcrops in the central andtem parts of the Cantabrian Mountains,
constituted by Palaeozoic and Precambrian rockgi(€i2-9a). The main zone of the Iberian
Massif recognized in the Cantabrian Mountains & @antabrian zone CZ (or the Asturian

Massif, Figure 2-9b). It is the most eastern zdnh® Iberian Massif, and represents the fore-
land fold-and-thrust belt of the Variscan orogeny.

The Variscan orogen was then eroded, followed ley Mtesozoic extension related to the
opening of the Atlantic Ocean and the Bay of Biscagveral sedimentary basins between
Eurasia and Iberia developed, giving rise to theetes and Basque-Cantabrian basins, locat-
ed in the present-day extremity of the Bay of Bysdehe Mesozoic extension ended up in the
mid to Late Cretaceous with formation of oceanigstrin the centre of the Bay of Biscay
(west of 6°W, Sibuet et al., 2004). The Bay of Bisés flanked by two passive margins, the
North-Iberian (or Cantabrian) continental marginthie south and the Armorican margin to
the north. The Basque-Cantabrian Basin (BCB) iatlet east of the CZ (Figure 2-9b) and
presents several thousand meters of Mesozoic setlimEhe transition from the BCB to the
CZ is diffuse, defining gradually the limit of thasin deposits that lies unconformably on the
Variscan basement (Pedreira et al., 2007).

In Late Cretaceous-Cenozoic times, the Alpine Ongdeegan and Iberia and Eurasia started
to converge. It resulted in the inversion of thesblmic basins and the development of the
Pyrenean-Cantabrian mountain belt as a doubly-mei®gen all along northern Iberia. This
belt is characterized by the northwards subduatibthe Iberian crust beneath the Eurasian
plate for the Pyrenees (Mufioz, 2002) and beneathlltbrian margin for the Cantabrian
Mountains (Pulgar et al., 1996).
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Figure 2-9: a) Geological map of the Cantabrian Mtains (modified from Tavani, 2012).
Black points are the MT sites. b) Tectonic maghefdrea, with the name of the main faults.

The central Cantabrian Mountains formed as a redjioplift of the Palaeozoic basement over
a north dipping thrust ramp connected to a flatamidtal detachment (Alonso, 1996). Even if
the northward subduction of the Iberian plate aland=-W strike is shared from eastern Pyr-
enees to the western part of the Iberian Peninslida,Cantabrian Mountains show along
strike differences in the style and trend of defation. WNW-ESE striking anticlines and
synclines are running parallel to main extensidaelts (Ventaniella, Ubierna, Golobar and
Rumaceo faults, see Figure 2-9b). The Ventaniebaetha faults system is the longest of
them, being a 300 km-long right-lateral strike-dipear zone (Boillot and Malod, 1988; Ta-
vani, 2012) oriented WNW-ESE (Figure 2-9b). In ttethern part of the Cantabrian Moun-
tains the structural trend changes. The most impbE-W striking structures are the Llanera
and Cabuerniga faults. The Cenozoic sedimentseoDilero Basin are located south of the
Cantabrian frontal thrust. The N-S oriented MT peo€arried out crosses most of these tec-
tonic structures.

2.4.2Previous data: Seismic velocity structure

The present day knowledge of the structure of that&brian Mountains lithosphere as de-
scribed before has mainly been driven by the seigxperiments carried out in the last dec-
ades. The deep seismic reflection profile on lagCHE-2 (Pulgar et al., 1996, 1997), the
wide-angle reflection profile offshore ESCIN-4 (Randez Viejo et al, 2000) and the onshore
refraction Profile 5 (Fernandez Viejo, 1997; FedemViejo et al., 1998, 2000), permitted to
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obtain a detailed image of the lithosphere ben@eglbuero Basin, the Cantabrian Mountains
and the Bay of Biscay. Location of NS oriented pesfis shown in Figure 2 10a.
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Figure 2-10: Seismic models in the Cantabrian Maing area. a): location of the profiles.

b): ESCIN-2 unmigrated profile (TWT in s), showihg main reflectors interpreted by Pulgar
et al. (1996). c): P-wave velocity model of proBl¢Fernandez Viejo et al., 1998). d): P-wave
velocity model of profile ESCIN-4 (Fernandez Viejal, 2000).

Crustal P-wave velocities range from 5 km/s inudbper crust to 6.9 km/s in the lower crust,
with some lateral variations in the lower crustibtited to different water content (Pedreira et
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al., 2015). P-wave velocities of the Iberian maatie in 8.1 km/s. The ESCIN-4 wide-angle
seismic experiment revealed a lower crustal lajengathe margin with velocities of ~6.6
km/s beneath the coastline, increasing up to ~732kif/s to the north of the continental
slope. Upper mantle shows anomalous low velocityas(7.7 — 7.9 km/s). It was interpreted
as upper mantle hydration/serpentinization (Roc.e2011, Pedreira et al., 2015). All these
profiles exhibit coherent features, with a Moho tilepf 34 km below the Duero Basin. The
north-dipping behaviour of the Iberian Moho subthgtheneath the Margin, as observed in
the Pyrenees, is revealed by both the reflectiemse and the wide angle records. The Moho
reaches a depth of 55 km at 20 km south of thetlooasBelow the coast line, the Moho is
detected at a depth of 30 km shallowing to 18 kiowehe Bay of Biscay abyssal plain. This
reflection in this case is attributed to the CantabMargin Moho (Pulgar et al., 1996, 1997).

Gallastegui (2000) constructed a NS transect iategy all the geophysical results (Figure
2-11. It shows the complex imbrication between Ithexian and Cantabrian crusts related to
the northward subduction of the middle and loweridn crust. This important crustal thick-

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

north dipping thrusts that cross the upper crudt@mverge to a flat mid-crustal detachment
located at 14 - 15 km depth (Figure 2-11; Gallagtez00).
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Figure 2-11: N-S crustal transect of the Cantabrisiountains (modified from Gallastegui,
2000).

20



Chapter 2: Geological Setting

2.4.3Previous data: Magnetotelluric data

A broad band MT transect (Figure 2-12), close ®dtrrent MT profile, has been carried out
in 2001 (Pous et al. 2001). It is coincident whik seismic profile ESCIN-2 (Figure 2-10b).
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Figure 2-12: 2-D resistivity model obtained by Patsl. (2001).

Main conclusions rising from this study were higinductivities related to the Duero Basin
sediments and the presence of north-dipping conduetssociated with alpine faults, one of
them being interpreted as the sole detachmenteo€Ctdntabrian Mountains (Figure 2-12). A
deep conductor located north of the profile ben#faghcoastline was tentatively explained as
partial melting, as it has been interpreted furtbethe east in the Pyrenees (Pous et al 1995;
Ledo et al. 2000; Campanya et al., 2012). This Mdal band dataset has been interpreted
using a 2-D approach. By contrast the present éatastains long period data and a 3-D
inversion had to be carried out after the dimeradignanalysis.

2.4.4Geodynamical evolutionary model

Pedreira et al. 2015 presents a tentative evolatjomodel (Figure 2-13) of the studied area
during the Alpine orogeny. This model explains thederthrusting and indentation to the
south of the lower crust of the oceanic/continentatgin, which is responsible for the uplift
of the Cantabrian Mountains and the formation ofwstal root at 55 km depth. This evolu-
tionary model from the end of the extension in L@tetaceous to the present day is similar to
the one proposed by Gallastegui (2000).
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Figure 2-13: Schematic Alpine tectonic evolution tiee N-S transect from Pedreira et al.
(2015).

During the Late Cretaceous the North-lberian margionder extension, with upper crustal
normal faults that root in a mid-crustal extenslaletachment. In the continental slope, lower
crustal rocks are exhumed through the normal faphsviding a path for the seawater into
the mantle and serpentinize it (Figure 2-13a)hin Middle Eocene, the compressional stage
started, provoking the underthrusting of the lowentinental crust of the margin accompa-
nied by its indentation into the Iberian crust,tiph it along the former extensional detach-
ment. The indentation provoked the subduction eflbderian lower crust to the north (Figure
2-13b). In the Oligocene, the lower crustal indemiogressed towards the south, uplifting
the Variscan basement (Figure 2-13c). The weakatgdrmantle of the margin could not
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indent and therefore began to accrete againstutb#usting Iberian crust, forming the mantle
wedge (Figure 2-13d).

This geodynamical model explains the low velocifmsnd in the mantle wedge (serpentini-
zation), and the shortening inferred from sectiatabcing, about 100 km, as proposed by
Gallastegui (2000).

2.4.5Summary and objectives in the scope of this thesis

A good geological and geophysical knowledge of litte@spheric structure and the geody-

namical evolution of the Cantabrian Mountains ane Duero Basin have been achieved.
Recompilation of the results obtained so far ingisdhat the Alpine contraction provoked the
northwards subduction of part of the Iberian caartial crust beneath the Cantabrian Margin,
leading to the uplift of the Cantabrian MountaiBsismology and GPS studies indicate active
tectonics along WNW-ESE to NW-SE directions.

The MT study presented in this thesis deals witliffarent physical parameter, the electrical
conductivity, to bring new insights about the matkms responsible for the formation of the
Cantabrian Mountains. The new MT transect diffemf the previous one of Pous et al.
(2001). The new data was acquired using new ingnsiation that included long period data.
The modelling of the complex crustal structure e Cantabrian Mountains has to be ap-
proached using advanced MT dimensionality analgsig inversion techniques to achieve
more accurate and reliable results.

Main objectives of this study from the new acquifdd transect across the Cantabrian
Mountains are:

» Obtention of a 3-D inverse model able to fully mghrce the complex MT responses
observed in the acquired data.

* Imaging the orientation and extension in depthhefrhain faults observed in surface
and quantify which part of the crust was affectgdhe Alpine contraction.

» Determining the geometry of the subducted Iberiarstcalong the N-S transect by
means of the interpretation of the conductivity maabes.

* Providing insights to clarify the serpentinizatioocurring in the mantle wedge, as it
has been previously interpreted.

» Achieving a deeper understanding of the crustatsire and the geodynamical histo-
ry of the area.
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2.5 Iberian Chain: Geological Setting

2.5.1Geological structure of the Iberian Chain

The Iberian Chain is the major intraplate thrudt-lbé the Iberian Peninsula. It developed
during the Cenozoic as a consequence of the cariaesversion of the Iberian Mesozoic rift

basins (Salas et al, 2001). The current structhitki® part of the Iberian Peninsula is mainly
the result of the geodynamic evolution occurringryithe Mesozoic and the Cenozoic. The
range is flanked to the NE by the Tertiary DuergiBaand to the SW by the Tertiary Tajo

Basin (Figure 2-14).
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Figure 2-14: Simplified geological map of the ll@riChain and surrounding Tertiary basins
(modified after Guimera, 2004, 2013). Red linestare MT profiles carried out in this thesis.
UTM coordinates (30T, ED50) are shown in km. Bined represent the two geological sec-

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

half of the Iberian Peninsula) and also within saneas of the Iberian Chain (Figure 2-14).
The Variscan basement was strongly eroded duriadatest Palaeozoic and a generalized
planation surface was developed over it.

As a consequence of the extension period relatedetmpening of the Atlantic Ocean the
Iberian Basin was formed as an intracratonic basinng the Mesozoic. It contains thick
sequences of Upper Permian and Mesozoic continantbshallow marine clastic rocks, car-
bonates and minor evaporites. Large lateral thiskrehanges are observed in the Mesozoic
sedimentary sequence of the Iberian Chain, indigadeposition in tectonically active basins
(Guimera et al., 2004).

The contractive event happening in the IberianePd#rted to affect the Iberian Basin during
the Eocene (Guimera and Alvaro, 1990), forming lthexian Chain. It formed as a double-
vergent intraplate thrust-belt, with a NW-SE maiend (Guimera and Alvaro, 1990). It re-
sults from the contractional inversion of the IaariMesozoic basins, also involving the Var-
iscan basement between the North Iberian and tharBe de Cuenca Thrusts (Figure 2-14
and Figure 2-15) (Guimera et al., 2004; Salas.e28D1). In the areas where the basement
has been involved in the inversion, two big arcftles Castilian Branch Arch and the Arago-
nese Branch Arch) can be distinguished, separatedebAlmazan Syncline. Both arches are
crustal scale structures. The Cenozoic thrust systas been proposed to involve only the
upper crust with 10 -12 km deep detachment leveir(@ra and Alvaro, 1990) or the whole
crust (Salas and Casas, 1993 and Anadén and Re26). lGuimera et al. (2004) proposed,
based on the fact that the Pyrenees and the Be#ios active simultaneously in Oligocene,
that the deformation of the Iberian Chain coulddlated to either of them, or both of them,
by means of a mid-crustal detachment.
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Figure 2-15: Geological sections across the centkarian Chain (B: After Guimera, 2004;
C: after Guimera and Alvaro (1990) and Mufioz Marimd de Vicente (1998). For location,
see Figure 2-14.

Cenozoic shortening in the Iberian Chain is estmdb vary between 41 km (19%) in the
NW across the Cameros area and 37 km (14%) inghteat parts, along the sections shown
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in Figure 2-15 (Guimera, 2013). The Cenozoic simimgeis responsible for the uplift of the
Mesozoic and Lower Cenozoic rocks and the generatidhe present day topography of the
Iberian Chain (Guimera and Gonzalez, 1998, Guin0a3). The crustal thickening exceeds
40 km beneath the Iberian Chain (Salas and Ca888).1

In the eastern coastal areas of the Iberian Pdainhe topography is strongly influenced by
the late Oligocene-to-Present development of thet&ve Mediterranean. NE-SW extension-
al faults related to the crustal thinning betwdss Balearic Islands and the Iberian Peninsula
are preserved on-shore, producing a descendingjtaploic gradient from the elevated inner
parts of Iberia to the Mediterranean coast (Setilal., 2015).

2.5.2Previous data: Seismic velocity structure

A refraction/wide-angle reflection seismic profibeossing the Iberian Chain confirms the
existence of a moderate crustal thickening berntbaticentral part of the profile (Gallart et al.,
2004; Seillé et al., 2015), where Moho depths edicge40 km is documented. The profile
samples the area with a Bouguer gravity low inrdrege of -100 to -140 mGal (Figures 2-16
and 2-17).
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Figure 2-16: Bouguer anomaly map of the study d®sillé et al., 2015). The map has been
calculated using the geodetic reference system GRS8 a reference density of 2670 kg/m3.
Colour key shows Bouguer Anomaly. Contours everyn@al. Shading indicates elevation.

White thick lines show the location of seismic itgofrellow thick lines represent the geologi-
cal cross-section shown in Figure 2-15. Red dotswsKIT sites.
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The uppermost sedimentary layer has velocitiesearigpm 4.2 to 5.1 km/s (Figure 2-17).
The basement depth ranges between 3 and 5 km #lengrofile and it is defined with ve-
locities between 5.1 and 5.4 km/s. A local thickenis present in the model, reaching depths
of 7-8 km. The model has a middle crust layer withocities ranging between 6.3 and 6.45
km/s and showing smooth vertical gradients (Seilal. 2015).

The main result inferred from the velocity-depthdalling is the presence of a 100 km wide
crustal thickened area located NE of shot T2 (Seitlal., 2015). The top of the transitional
zone associated with the Moho evolves from 30 kithatSW part of the profile to a maxi-
mum depth of about 40 km at offsets close to 200 khen thin again to 30 km at the NE
edge of the profile. The thickened area, locatetbuf0 km NE of shot T2, is consistent with
results arising from passive seismic experimentan®flla and Diaz, 2015), as well as with
the gravity minimum observed in the Bouguer anormmafp (Figure 2-16). In addition the
model shows a local rise of the Moho boundary atagices of 110-150 km from the SW
edge.

Iberian Chain basement involved thrust system

Mesozoic- .
Cenozoic Serrania de Cuenca Almazan Pz basement )
Tajo Basin cover  Thrust Pz basement syncline (Montalban) North Iberian

SW Thrust = NE

w >\ Aol N

1

Depth (km)

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Distance (km)
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50 6.0
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Figure 2-17: Velocity-depth model along the profi&eillé et al., 2015). Colour scale shows
the corresponding P-wave velocities. Note the #makg of the upper crust beneath the Iberi-
an Chain basement involved thrust system. T1, @2T&nare the shots location.

2.5.3Summary and objectives in the scope of this thesis

The MT data was acquired along two parallel prefilgiented NE-SW, one of them being
coincident with the trace of the seismic profilgelgration of the results of the seismic veloci-
ty model with the results of the 3-D MT resistivityodel will give the first geophysical im-
age of the Iberian Crust.
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Main objectives of this study involving the 3-D ergion of the two acquired MT profiles
across the Iberian Chain are:

» Obtaining a 3-D resistivity model able to accunatelproduce the MT data acquired.

» Characterisation and mapping of the orientatioppidig and extension at depth of the
faults involved in the Tertiary contraction.

» Elucidating if the Cenozoic thrust system involeesy the upper crust (Guimera et
al., 2004) or the whole crust (Salas et al., 1993).

» Integration of the 3-D resistivity model with theigting seismic velocity, in order to
obtain a first constrained image of the crustalcitire of the Iberian Chain.
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3 The Magnetotelluric
Method

3.1 Introduction

The magnetotelluric method (MT) is a geophysicahtéque used for imaging the electrical
conductivity in the Earth's crust and upper marities a passive electromagnetic method
which uses the propagation of the natural eleetnid magnetic fields in the conductive sub-
surface. Simultaneous measurements of electricnaaghetic varying fields in orthogonal

directions at the surface of the Earth allow t@irthe subsurface electrical conductivity vari-
ations from hundreds of meters to hundreds of léives depth. Recent publications include
in details all aspects of the MT method (Simpsamh Bahr 2005; Berdichevsky and Dmitriev,

2010; Chave and Jones, 2012).

3.2 Electrical properties of the earth

The electrical resistivity, or its reciprocal thedarical conductivity, is the most variable geo-
physical property. Variation of ten orders of magde can be encountered in the Earth and
several orders of magnitude can appear for the saakeformation. The electrical resistivity
of the typical subsurface rocks generally variesvben 1G5 Qm and 16Qm. The electrical
resistivity of common materials of the lithosphexshown in Figure 3-1.
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Figure 3-1: Electrical resistivity of common matds of the lithosphere (left: Chave and
Jones, 2012, in log resistivity).

Transmission of electrical currents occurring ink®and minerals is done via three types of
conduction: electrolytic, electronic and semi-coctcan.

Electrolytic conduction occurs in solution contamidissolved ions. The conductivity de-

pends on the rock porosity, pore connectivity @mpeability), fluid content and fluid satura-

tion. Pores in the rock matrix are generally filledh saline water, which increases the bulk
conductivity of the medium. Porosity, fluid condivity and saturation are empirically related

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

pp = ppd™ ST (3.1)

Wherepg is the bulk resistivitypy is the pore fluid resistivityg the porositySthe pore satu-
ration, n the saturation exponent analis an exponent controlling pore geometry. Typical
values form are between 1 and 2. In crack-like pores it is@ldo 1, while for spherical pores
it is closer to 2.

Considering a sedimentary rock such as calcaremudstone with a porosity of 20%,na
value of 2, fully filled by meteoric water with elgical resistivity of 0.50m, the bulk resis-
tivity of the sediments ig,,= 12.50Qm. Accordingly, typical values for sedimentary ksc
can be around 10m. This value generally increases with depth, asressequence of the
rock compaction and porosity reduction. On the olide, crystalline or metamorphic rocks
generally present very low porosity and have vegh tbulk resistivity. For a fixed salt con-
centration of the fluid, the fluid conductivity ireases with temperature until 300-400°C due
to increased ionic mobility (Bedrosian, 2007). Aeaf crustal depths several metamorphic
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processes release free water, and, associategmesience of high heat flow (i.e. high tem-
peratures), the melting point of the crustal roskiwered causing partial melting. Presence
of melts in the rocks matrix increases the eleatrionductivity. Partial melting in the crust

was observed for example in Southern Tibet (Undwertal., 2005).

Metallic ore minerals are responsible for electtocwnduction. The transport of charges is
carried out by the electrons contained in the rietalinerals. Electronic conduction due to
presence of graphite can be observed in the cngshas been detected by EM studies (e.g.
Pous et. al, 2004).

Semi-conduction occurs at greater depths, in tipeumantle. Increase of temperature, pres-
sure and oxygen fugacity controls the charge catna@sport, increasing the bulk conductivi-
ty of the mantle rocks. Semi conduction dominateshe mantle minerals such as olivine
(Chave and Jones, 2012).

3.3 Sources

The most important part of the magnetic field oe Hurface of the Earth is generated by
magneto-hydrodynamic processes in the outer cotieeoEarth. However, what is of special
interest for MT investigations are the fastest &wier amplitude variations which have an
external source.

Sources of the electromagnetic fields studied in & generated by two different types of
natural phenomena, depending on the signal frequé&igure 3-2 shows the power spectrum
of the natural magnetic field, and their associastmarces.

Electromagnetic fields with frequencies higher tlakiz (period shorter than 1 s) have its
origin in the thunderstorm activity, propagatinghim the waveguide bounded by the Earth’s
surface and the ionosphere.

The second type of natural source is charactebyetequencies below 1 Hz (period greater
than 1 s) and is of interest to study the Earfittaispheric scale. These electromagnetic fluc-
tuations are generated by the interaction betweersolar wind and the magnetosphere. The
amount of solar wind produced by the sun acti\styasponsible for the intensity of the EM
field variations. Low solar activity decreases #maplitude of the signal, affecting the quality
of the data.
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Figure 3-2: Power spectrum of the natural magneteiations (modified from Simpson and
Bahr (2005) after Junge, 1996).

Around 1 Hz a minimum in the intensity of the saumf the electromagnetic field is ob-
served, because of the intensity of both sourcé&siwband above 1Hz. This zone is called
“dead band”, which is generally affected by pooaldgy data (Figure 3-2).

Electromagnetic fluctuations due to the interactoérthe magnetosphere and the solar wind
are of special interest for lithospheric scale igtsldn this context a high sun activity is of our
interest in order to obtain good quality data. Fég8-3 shows the solar activity for the last 50
years, along with the acquisition periods of the 8#ifa recorded in this thesis.

The campaign realized in 2009 in the Cantabrian Mains suffered from a low solar activi-
ty, which decreased the signal to noise ratio. l@nother hand a high solar activity was regis-
tered during the campaigns realized between 208112844, which allowed to obtain good
quality data.
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Figure 3-3: (Top) Cycle of solar activity from 1958 2015. (Bottom) Cycle of solar activity
from 2009 to 2015 with the periods of data acqignitin this thesis (Source: WDC-SILSO,
Royal Observatory of Belgium, Brussels).

3.4 Data acquisition

The acquisition of MT data is done according to fie&l layout shown in Figure 3-4. The
electric and magnetic field variations are recordedultaneously in orthogonal directions,
generally along the magnetic north and its orthafjdirection. Vertical magnetic field is also

recorded in order to obtain the complete magneéld.fFive channels are then recorded: EX,
Ey, Hx, Hy and Hz.

N\ Hz
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Acquisition Uni
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2 . I Rt
() e
‘(\
@0 \QQ
o -
£

Figure 3-4: Magnetotelluric layout (after http://wwmoombarriga.com.au/).
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Two pairs of electrodes in forms of dipoles of léngetween 50 and 100 meters cross each
other orthogonally. The fluctuations of the elexfreld for each pair of electrodes are record-
ed from the electric potential differences betweaoh electrode. Two orthogonal magnetom-
eters are disposed horizontally in the same doestas the electrical dipoles, and one magne-
tometer vertically. They record the fluctuationgted magnetic field over time. Depending on
the type of recording system used, the magnetomaterinduction coils that record separate-
ly the magnetic field in each direction (N-S, E-Wdavertical), or a fluxgate magnetometer
that records the magnetic field in the three dioast

The equipments used in this thesis for data reagrdre the ADU-07 equipment with induc-
tion coils as magnetometers and the LEMI-417 eqgainwith a fluxgate magnetometer.
Differences between magnetometers involve diffesemisibility to the period of the fluctua-
tions of the magnetic field. For long periods, gafig higher than 1000 s, the fluxgate mag-
netometer is more sensitive. The fluxgate is méaguhe magnetic field (B) while the induc-
tion coil measures dB/dt.

Figure 3-5 shows the frequency spectrum and neigd for these two types of magnetome-
ters indicating the effectiveness of each one ddipgron the period. For periods longer than
100 s (0.01 Hz), the noise level of the fluxgategneiometer is below the induction coils. All
the data are recorded in a datalogger for its postenalysis.

With the ADU equipment the measurements are redarddifferent runs, which differ in the
sampling rate and recording time. High frequensaapling (e.g. 8 kHz, 2 kHz) are recorded
during minutes while lower frequency (e.g. 128 l#zjuire hours or days depending on the
depth of investigation. The LEMI-417 equipment melsoelectromagnetic field fluctuations
continuously on the same frequency (e.g. 4Hz, 1ddring weeks, in order to record periods
greater than 1000 s.

Once the data have been acquired a quality coistrcdrried out in order to check how the
time series are affected by external interferemitessto man-made noise or technical failures
(such as electric line cut off or motion of the matpmeters). Correlated noise (powerlines,
pipes lines, railways, towns, electrical fences) ancorrelated noise (wind moving the mag-
netometers, animals digging...) disturb the natuhMldignal (see section 3.6).
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Figure 3-5: Frequency spectrum analysing the ndéésel for various induction coils (MFS-
06E, MFSO7E) and a fluxgate magnetometer (FE&®):(/www.geo-metronix.dg/

3.5Magnetotelluric Theory

The generated natural electromagnetic fields prajgam the form of plane wave vertically

incident on the surface of the conductive Earths Hssumption is valid only if the measure-
ments are not contaminated by man-made noise orataise and when they are performed
away from the equatorial and auroral electrojets.

This incident plane wave reaches the surface ofB#eh inducing electric and magnetic
fields in the earth under Faraday's and Ampere/s.l@he measurements made on the surface
of the Earth are the sum of this primary and trmsdary fields induced by the conductive
Earth.

The electromagnetic fields convolved with the Eante measured in the surface: horizontal
electric fields g, andE,) and horizontal and vertical magnetic field (H, and H,). Hence,
the electrical nature of the Earth can be deterchtheough the transfer function of the meas-

ured input and output signals as a function ofdezgy. It takes the form of a complex tensor
2 X 2 (equation 3.2):
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(5)= (2 22) ()
E, Zyx Zyy H,

H
H,=(Tx Ty)- (H;

(3.2)

WhereZ; are the elements of the impedance tensorTartde elements of the geomagnetic
transfer function (VTF). The fields distributionpnds on its frequency and on the electrical
conductivity of the conductive medium traversededilomagnetic fields are more attenuated
in a conductive medium than in a resistive one lamdfrequency signals penetrate deeper
than high frequency signals. Electromagnetic figltdifferent frequency thus contain infor-
mation on the variation of the electrical condutyiwith depth. The skin-depth principle
resumes in a simply manner the relationship betwhenfrequency of an electromagnetic
wave and its depth of attenuation depending omesistivity of the medium:

§ = 503/p-T (3.3)

where$ is the skin depth in meterg,the resistivity inOm and T the period in seconds. The
skin depth is the depth to which the amplitudesattenuated the factor 1/e of their values on
the surface when the Earth is a homogeneous meafivesistivityp.

It has been shown that the simultaneous recorditigechorizontal components of the electric
field and the three components of the magnetid figrmits to determine the electrical con-
ductivity distribution of the subsurface with depBeing based on the propagation of the
electromagnetic fields through a conductive meditine Earth), the MT method follows
Maxwell's equations:

vxE= -8
ot
VXH= (]+a—D)
ot (3.4)
V-D=d
V-B=0

wherekE is the electric field intensity (in V/mB the magnetic induction vector (in T), the
electric displacement vector (in C)nH the magnetic field intensity (in A/m},the electric
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current density (in A/f) andd the electric charge density (in C)rE, B, D andH represent
the electromagnetic field. These 5 vectorial magigs are not independent and are related
through the constitutive relations:

D =¢E
B = uH (3.5)
] =0E

wheree is the electrical permittivity (in F/m); the magnetic permeability (in H/m) andhe
electrical conductivity (in S/m). For the majoritf rocks and material studied in MT the
variations in electrical permitivities and magngiermeabilities are negligible and therefore
these parameters are considered to be equal to fteeispace values & ¢y = 8.85 X
10712 F/m andu = uo = 471077 H/m).

Considering electromagnetic induction in the Eénmthfollowing assumptions are used:

» Far-field approximation: natural EM sources areggated far away from the Earth’s
surface, implying that they can be treated as wmifgplane-polarized EM waves
reaching the Earth’s surface with near-verticaldaence.

+ Quasi-static approximation: for the period rangedusy MT (10°- 10' s) and the
electrical conductivity of Earth materials the tiverying displacement currents are
negligible compared with the time varying conductaurrents.

Taking into account these assumptions the solutimng& and B of the Maxwell's equations
are:

E = Eoeiwt—kz

B = Boei(ut—kz (36)

whereEjandB, are the amplitudes at the Earth surf&cthie wavenumber and the angular
frequency. These relationships show the sinusdinte 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 eaclsifdTin the time domain as time series of
the electric and magnetic fields fluctuations ithogonal directions. In order to obtain the
transfer functions that links the electromagnagtds recorded on the surface to the electrical
conductivity distribution of the subsurface, thenporal series have to be processed. Robust
processing codes used during this thesis are theobigbert and Booker (1986) and Var-
entsov (2006). The first step in the processirthésvisual inspection of the time series.

Secondly the time series of each channel are vamsf to frequency domain using the Fou-
rier transformation. The horizontal componentslet&®omagnetic fieldE andH are related
by the complex impedance tensor, which is a comigesgor 2 x 2 defined by the equations:

Ey = ZyxHy + ZyyH,,

(3.7)
E, =7, Hy +Z,,H,

The componentg;;of the tensor are obtained resolving these equatidhis is a set of 4
equations (2 real and 2 imaginary) with 8 unknowhseal and 4 imaginary). This discrepan-
cy is resolved using the fact tHawaries very slowly with the frequency (Vozoff, 1972 is
then computed as average over frequency bandslué wdZ is calculated for a given num-
ber of frequencies per decade, generally betweamd6l0 (Simpson and Bahr, 2005).

Transfer functions are obtained multiplying equasi®.7 by the conjugate complex value of
the horizontal magnetic field8,and H,, in order to obtain a system of 8 equations and 8
unknowns. The conjugates of the magnetic fieldsugetl because noise is generally present
primarily in the electric field (Vozoff, 1972). Sdlons of these equations are:

_ (ExHxXHyHy) — (Ex Hy)(Hy Hy)
xx <HxH;>(HyH;) - <HxH;><HyH;)

_ (ExH;>(HxH;) - (ExH;xHxH;)
¥ (Hy,Hi)(HyHy) — (Hy Hy Y(H Hy) (3.8)

_ <EyH;)(HyH;) - (EyH;)(HyH;>
V¥ (HyHy)(HyHy) — (H Hy)(H,, Hy)
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_ <EyH;)(HxH;> - <EyH;><HxH;)
Y (HyHy)}H.Hy) — (HyHy}HHy)

Where AB* is the cross power of A and B and A* twmplex conjugate of A. Once Xal-
ues are known they can be replaced in the equaforisto meet the predicted valueskof
and Ey. Consistency between the observed and predictedgdlaes us important information
about the quality of the data and the presenceiskrfor which a coherency function is de-
fined (Vozoff, 1972). A coherency of 1 indicatepeafect correlation.

The impedance tensor is generally represented e resistivity and phases depending
on the frequency, which are calculated throughdhewing relationships:

— 1 7 2
Paij(w) = ,uo_a)l ij ()]
(3.9)
_ _ ImZU(a))
(pij = tan 1 <—R€ZU (w)>

The vertical magnetic fields are generated by dhteonductivity gradients. The geomagnetic
transfer function is introduced and is defined by telation between the vertical magnetic
field H, and the horizontal magnetic fieltfg and H,:

H, = THy + T, H, (3.10)

The complex geomagnetic transfer functioris T,), which is generally displayed as induc-
tion arrows. They are vectors represented sy@ane.

Given that the vertical magnetic fields are gerestaty lateral conductivity gradients, the
induction arrows can be used to infer lateral wemmes in conductivity. In this thesis the
Wiese convention has been adopted, where the mdattion arrows point away from the
conductive zones. Their distribution can give daéire indications on the dimensionality of
the data: in a 2-D case the real induction veaoegperpendicular to the geoelectric strike.

Generally, MT signals are superimposed with sevsfaés of other EM signal that act as
noise sources (Junge 1996; Szarka 1988). The wtatmd noise is related to instrumental
noise such as variations in the contact potenfigh® electrodes, temperature dependence of

39



Chapter 3: The Magnetotelluric Method

the magnetometers or motion of the magnetometetbak case the noise present in the elec-
tric and magnetic channels is independent. Coaglabise is defined as man-made noise,
such as electrified railways, power lines, elealrfences... These sources are similar to near
field controlled source signals. The correlatedsapicharacteristic of near field sources, is
characterized by 45° slope of the apparent resisturve and zero phases for low frequen-
cies, as shown in Figure 3-6 (Junge, 1996).

Egbert and Booker (1986) showed that a robust illhgrfor time series data processing was
able to remove partially the coherent and incohermise. On the other hand, down-
weighting of outliers during the processing imprdie transfer functions obtained.
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Figure 3-6: Apparent resistivity and phase at adustrial MT site in China (dots) along with
the responses (continuous line) of a simple 1-Dehobitained using controlled source with
transmitter-receiver separation of 18 km (after @&nd Pedersen, 1991).

The best way to remove noise present in the magfietd and thus improving the transfer
function estimation is the remote reference teamnimtroduced by Gamble et al. (1979).
This technique uses remotely record of magneticddiat an additional location, which is
generally picked because of its low EM noise. Maignemote reference is used because the
natural magnetic field is coherent over large sphattales and because it is less affected by
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noise than the electric fields. Noise componemis &re not correlated between the MT site
and the remote station can be identified and rechove

3.7 Impedance tensor and the geoelectric dimensionality

This section shows the different configurationstieé impedance tensor depending on the
dimension of the conductivity structure of the sufsce. The approaches used to evaluate
the dimensionality, the Bahr decomposition (Bal®88), the Groom-Bailey decomposition
(Groom and Bailey, 1989) and the phase tensor (edlet al., 2004) are discussed.

3.7.10ne-dimensional case (1-D)

The one-dimensional case, 1-D, is referred to aotetal conductivity distribution that only
varies in one direction, usually the vertical direc. In the real world that case can be ob-
served at very shallow depth, or in basin enviramsyewhere the sediments are deposited
horizontally and uniformly in form of horizontal drparallel layers. In this situation the im-
pedance tensor is defined as (Cagniard, 1953):

[0 Z
ZlD‘[—ZO 0 (3.11)

Figure 3-7 shows for a three layer model the diffiéeffect of conductive and resistive layers
on the MT responses. A middle layer of varying segity (10 Qm, 400Qm, 1000Qm and
10000Qm) located at 5 km depth, 25 km thick, is embeddeml homogeneous half-space of
100Qm. At high frequencies, the apparent resistivity thee value of the first layer and phas-
es equal to 45°, corresponding to a homogeneou®lIm@aing to longer periods (i.e. to
greater depths), the apparent resistivity curvesgoethe value of layer 2 and finally reach
asymptotically the value of the last layer.
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Figure 3-7: 1-D models and their associated resgsnshere the resistivity of the intermedi-
ate layer varies (10, 400, 1000 and 10Q02®) embedded in a medium of 106.

The model with a conductive middle layer @fn) has a greater effect on apparent resistivity
compared to the models with a resistive middledg@¢80Qm, 1000Qm or 10000Qm). The
conductive medium strongly attenuates the EM sigjalising an important change on the
impedance computed in surface. On the other ham&hh signals travelling through the re-
sistive middle layer have low attenuation. Theslrface the responses have little change and
it becomes difficult to discriminate between diffat high resistivity values.

Figure 3-8 illustrates the ambiguity of the MT nmdhshowing the responses of a three layer
model where the second layer has different thickreesl conductivity but maintaining the
same conductance. The conductance of a layer ipritduct of the conductivity and the
thickness. In all cases the second layer has auctamte of 1000 Siemens. The different
curves are very similar and cannot be easily djsished one from another.

As shown in Figure 3-8 only the conductance of ¢baductive layer could be determined
through inversion. This non-uniqueness inhererth&éoMT method itself becomes more im-
portant if noise is present in the data. Largerdrers increase the possible models able to fit
the data. This non-uniqueness can be overcome adititional information such as geologi-
cal, geophysical or well-log data.
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Figure 3-8: 1-D models and their associated resgsnghere the conductance of the interme-
diate layer is constant (1000 Siemens) but witfediht thicknesses and resistivity values.

3.7.2Two-dimensional case (2-D)

The two-dimensional case, 2-D, has an electricaluaotivity distribution that varies with
depth and one of the horizontal directions. Indtteer direction, the strike direction, the elec-
trical conductivity remains constant. In this casben the axeg ory are aligned orthogonal-
ly and parallel to the geological strike directitve impedance tensor has the form:

P _[ 0 ny]
20 = (Z, 0 (3.12)

When thex andy axes are not aligned with the strike direction disgonal elements of the
impedance tensor are not null. In that case ib&sible to rotate the impedance tensor to min-
imize the diagonal elements, until reaching theedhst satisfies equation 3.12, having the
rotation angle equal to the strike direction (watth ambiguity of 90°). The off-diagonal com-
ponents are associated to two principal modes.isf the strike direction the electric field
polarized perpendicular to the strike directionafisverse Magnetic, TM mode Brpolariza-
tion) corresponds td,x and the electric field parallel to the strike direc (Transverse Elec-
tric, TE mode oE polarization) which correspondsZg,.
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Figure 3-9 shows the case of a profile across ticaércontact of two different resistivities
(Simpson and Bahr, 2005). Apparent resistivity ahdses at two periods (0.1 s on the top
and 10 s on the bottom) for the TE modg)XZnd the TM mode (£) are shown as a function
of distance along the profile. The TE mode apparesistivity varies smoothly across the
contact, while the TM mode apparent resistivitdiscontinuous. The TM mode behaviour is
due to the boundary conditions. The electric curdemsity perpendicular to the discontinuity
must be conserved and following Ohms lajy, € 0. E,) the electric field Emust be discon-
tinuous, as observed for the TM mode. Consequettity/,TM mode is more suitable to re-
solve lateral conductivity variations than the TEde.
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Figure 3-9: Apparent resistivity and phase as action of distance across a vertical contact
separating resistivity of 1@m (left) and 100@m (right), for T=0.1 s and T=10 s (Simpson
and Bahr, 2005).

3.7.3Tri-dimensional case (3-D)

In the tri-dimensional case, 3-D, the electricahdactivity varies in all directions, and the
impedance tensor takes the form:

(3.13)
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In this case the four components of the impedagesor are not null. Four apparent resistivi-
ties and four phases are then considered.

3.7.4Galvanic distortion

The galvanic distortion is caused by charges actatron at superficial small-scale heteroge-
neities (with dimensions of the dipole length aeds) beneath the MT sounding. These
charges accumulation can strongly distort the eetield, yielding to distortion of the im-
pedance tensor and different magnetotelluric resg®iirom the one that would have been
obtained without these heterogeneities.

In a 2-D case, the rotation of the impedance tetwstite geoelectric strike allows to eliminate
part of the galvanic distortion. Only one elemefnthe distortion matrix cannot be recovered.
It is a real scaling factor that enhanced or distied the impedance magnitude, causing a
shift in the apparent resistivity curves, callethts shift”. This effect is recognized when
analysing the apparent resistivity curves behaviSaveral methods are commonly applied to
overcome this problem:

* Manual adjustment of the apparent resistivity caniased on well log data, geologi-
cal constraints or simply by comparison with thereunding MT sites in order to
guess real resistivity at high frequency (Jone8819

e Calibration of the apparent resistivity curves bgams of TDEM soundings when
available (Meju, 2004).

» Inversion of the impedance phases only. Howevgragmt resistivity contains criti-
cal information about the subsurface resistivigttheeds to be included in the inver-
sion process.

* “Inversion for static shift”: This allows to obtacompensated static shift on average.
However this assumption is justified for a largentner of sites.

In the 3-D case the galvanic distortion cannotdraaved. Soyer et al., (2008) assumes that
modelling very shallow structures close to the MiEssand fitting the data could reproduce

the galvanic distortion. Recently, Adeeva et a0l proposed a new approach which in-

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

minimum distortion. Romero-Ruiz (2015) has devetbpestochastic method that using spe-
cific constraints allow to recover the distorticarameters in many 3D regional cases.
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3.7.5Bahr dimensionality parameters

Bahr (1988) suggested a decomposition method &rméte the 2D geoelectric strike direc-
tion and classify the dimensionality and galvangtattion.

This method supposes multi-dimensionality heteregass superposed on a regional 2-D
structure. In order to separate local heterogaseftom regional underplaying 2-D structure,
the data have to be rotated to the geoelectrkestFior data aligned along the strike direction,
the observed tensor Z can be decomposed as follows:

Z=C'Z2D

(3.14)

(Zxx ny)z(cl Cz)( 0 ZZD,xy)
Zyx Zyy C3 C4) \Zypyx 0

whereZ,p is the impedance tensor corresponding to the rag@D structure an@ the gal-
vanic distortion matrix which is assumed to be @iemacy independent. In this situation it is
easy to see that the tensor elements in the colarihtisee impedance tensor have the same
phase:

Re(Zux) _Re(Zy) = Re(Zyy)) _Re(Zy)
Im(Zeg)  Im(Zyy) 0 TmZyy)  Im(Zyy) (3.15)

The rotation angle that satisfies this conditioreiferred as thphase sensitive strik&hus, if
aligned with the geoelectric strike,, curve should be parallel 1§, curve, displaced on the
logarithmic scale by a scalar factor. Similar bebawvis observable fgr,, andpyy.

Bahr also defined a rotationally invariant parametige phase sensitive skey It defines a
measure of departure from ideal 1-D or 2-D behavifuhe data, as described in equation
3.14. Data presentinghase sensitive skew> 0.3 is considered to be 3-D (Bahr, 1988).

3.7.6Groom and Bailey decomposition

Considering a regional 2-D case a decompositiothefobserved impedance tengowas
proposed by Groom and Bailey (1989), where theueagy independent distortion matfix
is factorised as:
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C=gT-S-A
(3.16)

the product of three matrices, twiBf shearS, anisotropyA and a scalag. The measured
impedance tensor is:

Z=Bo-gT-S-A-Z,, Bh (3.17)

whereZ,p, is the regional impedance tensor gadhe matrix rotation to the strik@. T, S
andA matrices take the form:

__1 n
et 019
1
r=rm= (0 1l

t, eands being the twist, shear and anisotropy parametdrigh are generally represented as
angles:d=arctan(t) p.~=arctan(e) and=arctan(s).

In a 2D case g andl cannot be determined independently from equati@i and therefore
they are included in a new tenstly, = gAZ,,, and the decomposition equation takes the
form:

Z=PBo TS Zy B} (3.19)

Equation 3.19 is a system of 8 equations (realigadinary parts of the impedance tengdr
and 7 unknowns (real and imaginary parts of théored tensorZ’,p, twist, shear and rota-
tion angle). This new system of equations is redudl by least-square fitting. McNeice and
Jones (2001) implemented the method allowing terd@heT, S andBq for several frequen-
cies and several sites simultaneously. This armfysils a unique strike for a complete da-
taset and determines which sites or frequency saagenot compatible with the strike. How-
ever this analysis does not resolve for the s&iit issue and it is only valid for a regional 2-
D case.
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3.7.7Phase tensor

The above decomposition methods assume 1-D or &gdmal conductivity structure super-
imposed by near-surface heterogeneities which pedalvanic distortion. Caldwell et al.
(2004) presented a method that does not requirgiamynsionality assumption. The complex
impedance tensor is defined by its real and imaygiparts, asZ=X+iY (Caldwell et al.,
2004). The phase tensor is defined as (Caldwell. €2004):

(p — X_1Y= [ XX xy]
Dy Dy (3.20)

which is unaffected by galvanic distortion (Caldwet al., 2004), so the regional and ob-
served phase tensors are identical.

As a 2x2 tensor, the phase tensor is representan aipse, whose axes are equal to the
magnitude of the maximum and minimum phase terisonents, an@m.x anddmi, (Figure 3-
10).

Caldwell defines the skew ande

1 b, — D
P I (e 5 A
B = 5 tan <<Dxx — (Dy) (3.21)

For a 1-D case the phase tensor is plot nearly @ecle, becausé,,, and ¢max are almost
equal. Moreover th@ skew angle is zero.

For a 2-D case the phase tensor is symmetrig3affl The anglex is related to the geoelec-
trical strike direction for undistorted data. Thees of the ellipses are parallel or perpendicu-
lar to the strike of the 2D structure (Caldwelbét 2004).

In a 3-D case the direction of the major axis igegiby the anglet — . The skew ang|§
measures the deviation from two-dimensionality, the asymmetry in the regional MT re-
sponse (Figure 3-10). Values @£0 imply 3-D regional conductivity structure. Howeae
“quasi-2D” regional impedance tensor can be coms@tl@ 3|<3°, as suggested by Caldwell
et al. (2004).
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min

Figure 3-10: Graphical representation of the phasesor (Caldwell et al., 2004). Major and
minor axes of the ellipse are defined by the rotadlly invariantsg,, and ¢ma, and by the
angle «, which defines the orientation of the major axistlie symmetric case (grey line).
When non symmetric as represented here, the otientaf the ellipse is rotated by an angle
S away from its symmetric position, and the dirattid the major axis is given by the angte

B.

Thus, the phase tensor analysis gives useful irdtom about the dimensionality of the data.
Because it is unbiased by galvanic distortion it ba useful to determine variations in the
conductivity distribution (Heise et al., 2008). &ition of the major axis indicates the pre-
ferred flow direction of the regional induction cemts, allowing to determine quantitatively
the dimensionality as a function of the sites dmftequencies.

3.8 Modelling of MT data

In the framework of this thesis we used differes2 2nd 3-D inversion algorithms. The 2-D
inversion code used for the inversion of the datdée Cantabrian Mountains is the non-linear
conjugate gradient (NLCG) algorithm (Rodi and Magk?001), implemented in the WinG-
Link commercial software. The implementation ofstlilgorithm in 3-D (Mackie and Mad-
den, 1993; Rodi and Mackie, 2012) was used foBtbBeinversion of the Iberian Chain data.
The 3-D data-space inversion (Siripunvaraporn agtel, 2000; Siripunvaraporn et al.,
2005b, 2009) was used for the 3-D inversion ofdaia of the Cantabrian Mountains.

49



Chapter 3: The Magnetotelluric Method

The forward problem is the practice of calculativitat should be the observed responses of a
given model, it has a unique solution. The invgns®blem consists in determining the distri-
bution and values of a given physical parametezdmgparing the measurement to the predic-
tions of a model. The results of an inverse probdéeennon-unique since different models can
adjust equally the observed data, especially ifidia have large errors.

In the inverse problem the unknowns are the numbér of resistivity cells
m= [m,, m,, ..., my], in which the model is discretised, and the measents are the num-
ber N of observed dath= [d,, d,, ..., dy]. d is the complex impedance tensor and geomag-
netic transfer functions (3-D case) or the TM afdriiodes of apparent resistivity and phases
and tipper (2-D case) for each frequency.

In order to obtain a model whose responses repeodsiclose as possible the observed data,
the least-square method is employed in order tanmze the misfit function which account
for the residual between observed and calculattd(&pdi and Mackie, 2012):

N
®(m) = Z Cq*(d; — Fy(m))? (3.22)
i=1

WhereF(m) denotes the model responses @athe data covariance matrix. The data covari-
ance matrix is defined as the observed errors egeddo the data, but an error floor parame-
ter is generally introduced in the inversion pracdsrors below the error floor value will be
raised to the error floor value. This value is galtg chosen depending on the fitting required
and on the confidence the user has with the data.ldw error floors could bias the inver-
sion, forcing it to fit noisy data or data of nodeguate dimensionality (Booker, 2014; Siri-
punvaraporn, 2005b).

The misfit function could be reduced without angtrietions. However, due to the non-
uniqueness of the method a model structure pehalttion term is introduced in the objec-
tive function (Rodi and Mackie, 2012):

Q(m) = (m —my)" €' (m — my) (3.23)

whereC,, is the model covariance matrix ang, the prior model. This function penalizes a
modelm that go away from the prior model,.
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The purpose of the inversion is then to minimizetibtal objective function, which is the sum
of the two functions:

Y(m) = &(m) + AQ(m) (3.24)

The Lagrange multipliet, known as the regularizer, controls the weight th@iven to each
one of the functions during the minimization of thigective function. A high value dfwill
penalize the data misfit and give more weight tmdpce a model that do not go away from
the prior model, generally leading to a smooth mhdda the contrary, a low value #fpenal-
izes the smoothness in order to reduce the datht.nhis general a compromise has to be
found between these two functions in order to ebtasmoothed model but fitting satisfacto-
rily the data. During the inversion process an legeto be kept on the elements of the objec-
tive function in order to check which term is drigithe inversion.

The WS3DINV algorithm (Siripunvaraporn et al., 2602009) is based in the Occam ap-
proach (Constable et al., 1987), while the NLCGatgm (Mackie and Madden, 1993; Rodi

and Mackie, 2001; Rodi and Mackie, 2012) is basedhe non-linear conjugate gradient
modelling approach. Both algorithms allow for theearsion of the full impedance tensor and
the vertical transfer function. A complete reviefrtee 3-D MT inversion algorithms can be

found in Siripunvaraporn (2012). 3-D MT inversidmscome more and more popular thanks
to the current increase of the computation capaxfityomputers, workstations and clusters.
However, depending on the size of the dataset (rumbsites, number of frequencies) and
the size of the mesh used, which can be drastitadhpased if topography and/or bathymetry
have to be accurately modelled, the computatioaagpis still a major bottleneck.
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4 The Cantabrian Mountains
crustal structure revealed
by magnetotelluric souh
INQS

4.1 Magnetotelluric data

A north south profile was carried out across that&larian Mountains and the Duero Basin. It
consists of thirteen magnetotelluric sites, withagproximate length of 100 km. The acquisi-
tion was done during two campaigns carried outd®and 2011 in the frame of TOPOI-
BERIA project.

The five components of the electromagnetic fieldenecorded in N-S and E-W directions (
is north andy is east) with periods ranging from 0,001 s to ID80or six MT sites (long
period LMT) and from 0,001 s to 1000 s for eight gifes (broadband BBMT). The record-
ing time was between 2 and 3 days for the BBMT daah 2 weeks for the LMT data. The
space between sites is between 5 and 10 km (F&gd)je The BBMT data were processed
using the standard robust processing algorithm €Egind Booker, 1986) and the LMT data
using the code of Varentsov (2006). Good qualittadeas obtained for the whole period
range (Figure 4-2) with only some exceptions in saites in the interval 1-10 s.
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Figure 4-1: Geological map of the Cantabrian Mount (modified from Tavani, 2012).
Black points are the MT sites.

4.2 Data Analysis

Main issue arising from merging two datasets aeguwith different instruments is the pos-

sible static shift that can affect both impedaragsors independently. Consistency between
apparent resistivity and phase of the magnetotelata is expected for 1-D (Parker and

Booker, 1996) and 2-D data. In order to test thesistency across the whole frequency range
and to check the correct merging of these twosgasathe D+ smoothing solution (Parker

and Booker, 1996), was applied. The conclusiohas ho major discrepancies were found in

all the merged sites. Figure 4-2 shows the resulieomerging carried out for the sites 03 and
05.

Application of the D+ algorithm to the BBMT sites@ved that phases and apparent resistivi-
ties are in general consistent with each other.eSgdiscrepancies appeared around 10 s, prob-
ably due to poor data quality in this frequencygeas a consequence of the low solar activi-
ty during the field campaigns (Fig. 3-3).

Quality control of the data was carried out. Suspis behaviour of the apparent resistivity,
phase or tipper data were excluded from dimensityrehalysis and inversion. Typical near-
field effects affecting the data (such as apparesistivity curves with slopes higher than 45°
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and phases close to 0°) were excluded from thersiore process. Furthermore, points with
large error bars or considered as outliers wereralsioved.
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Figure 4-2: Apparent resistivity and phase data &ites 03 (left) and 05 (right). High fre-
guency data range was obtained using BBMT instruspevhile the long period data was ob-
tained using LMT instruments. Continuous lines espnt the smoothed curves using the D+
solution, with 10% error for the apparent resistyvand the phase respectively.

Figure 4-3 shows the apparent resistivity and phas$ell sites. Data are shown with a rota-
tion of —-N80°E, a dominant direction appearing frhma dimensionality analysis carried out
in section 4.3. This rotation allows us to bettesatibe the data behaviour in terms of the TE
and TM modes. We split the dataset between the kitmted in the Cantabrian Mountains
and those located in the Duero Basin. Regionaguiffces characterizing the data behaviour
can be observed. In the Cantabrian Mountains, gparant resistivity of the TE mode shows
a minimum between 100 s and 1000 s. By contrast]T W mode presents different behaviour
along the profile, as expected for this mode, whéchore sensitive to across strike conduc-
tivity heterogeneities. In the Duero Basin thessgbow a similar behaviour for both modes,
suggesting a relative 1D behaviour beneath the ®Basin. Sites 04 and 05 of the Cantabri-
an Mountains show a shift in the TE apparent rie#tiss compared to adjacent sites without
affecting the phases, suggesting static shift effdeor the majority of sites the TE apparent
resistivity drops to values around(® between 100 s and 1000 s, however, in these two
sites the TE apparent resistivity drops tQrh.
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Figure 4-3: Apparent resistivity and phase data ddirsites. Data rotated to -80°. Sites locat-
ed in the Cantabrian Mountains (top) and sites tedain the Duero Basin (bottom). TE mode
(left) and TM mode (right) are shown (see textdetails).

We can also notice the presence of phases greare0° in the TM mode for three sites, 05,
06 and 07, accompanied by very low values of appassistivity (between 1 and 0C(Imat
1000 s). Phases greater than 90° were observeénad geological settings, where different
physical or geological causes were invoked. Elegtranisotropy (Heise and Pous, 2001;
Heise and Pous, 2003) or presence of 3-D condutibdies (Lazaeta and Haak, 2003;
Ichihara and Mogi, 2009) could be responsible lier phases observed here. The presence of
graphite was invoked by Heise and Pous (2003) ang Bt al. (2004) to explain this behav-
iour (TM phases > 90° for long period, and apparesistivities dropping to low values).
However, no evidence of electrical anisotropy canrierred from local geology in the Can-
tabrian Mountains. Current channelling and/or 3eldductive body (L-shaped body, Ichihara
and Mogi, 2009) is the most probable explanatiothisf behaviour affecting sites 05, 06 and
07, which are located close to complex imbricatiohsVSW-ENE and NW-SE oriented
faults SeeFigure 4-1).
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Figure 4-4: Pseudo sections of apparent resistigitand phases of TE and TM modes. Rota-
tion —N80°E.

Figure 4-4 shows the pseudo sections for TM andhidéles. As discussed before the TM
mode is more sensitive to conductivity variatiohasng the direction perpendicular to the
strike. Therefore, it is more suitable to highliglinductivity heterogeneities along the pro-
file. On the other hand the TE mode is expectdattanore regular and with a smoothed con-
ductivity variation along the profile (see cha@®rThese differences, based on differences in
sensitivity of each mode along and perpendiculahéostrike direction, can be observed in
the pseudo sections. At long periods the phasedpssections reveal a high resistivity be-
neath the Duero basin, for both modes, whereaerCantabrian Mountains they are more
heterogeneous and with lower resistivity at longquks. The TE phase shows a resistive be-
haviour (low phases) for all stations at long pasioBy contrast the TE apparent resistivity
shows variations, suggesting static shift effedhis mode at sites 04 and 05. The TM phase
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presents variations along the profile, with som&ceable anomalies beneath some stations.
This behaviour is, to some extent, similar to thpaaent resistivity. Accordingly, only the TE
mode of sites 04 and 05 was corrected of statft. Jiie apparent resistivities were displaced
vertically upwards by a decade, in order to matdth whe surrounding sites at long period.
The impedance tensor was conveniently correctemtder to use the corrected data both for
the 2-D and the 3-D inversions.

4.3 Dimensionality analysis and geoelectric strike estia-
tion

Dimensionality of the subsurface has to be assaéasadier to choose the appropriate model-
ling method to explain the data. The main goabiddtermine if the data can be explained by
a 2-D approach, considering structures infinitenglstrike (and thus to determine the geoe-
lectric strike), or if 3-D modelling is required blye data. A regional two-dimensional behav-
iour of the geological structures of the Cantabiiéountains is observed on surface, with a
strike roughly oriented E-W. However, several taatdfeatures suggest other orientations,
especially the strike-slip faults that are orientdd¥-SE (e.g. the Venteniella-Ubierna fault).
The dimensionality analysis and geoelectric stekémation is carried out to determine the
principal direction of the regional structures, daodietermine which sites and which frequen-
cy ranges may be affected by 3-D structures.

4 .3.1Induction arrows

The geomagnetic transfer function, or vertical $fanfunction (VTF) represented as induc-
tion arrows is an indicator of lateral variatiorfsetectrical conductivity as a function of fre-
guency. In Figure 4-5 the real induction arrowslbfsites and all frequencies are shown, in
the Wiese convention (pointing away from conductremes). This pseudo section is con-
structed so that the vertical axis is north-soutbrged, the east pointing to the right. Outliers
and noisy tipper data were removed before to the gresentation.

As observed, there is a general orientation N-NSV§ at long periods (between 100 s and
10000 s). At shorter periods (1s — 100s) the veqgboint to different directions, suggesting
the presence of several off-profile structures glhre profile.
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Figure 4-5: Real induction arrows for all sites afréquencies, in Wiese convention (pointing
away from conductors).

Note the possible conductive area between sitemn@304. In the period range 1 s - 1000 s
both sites show arrows pointing in opposite wagsthie east in site 03 and to the west-
northwest in site04. This behaviour suggests tksarce of a near-vertical conductive body
between both sites that could be oriented NW-SHleD#on of the arrows southwards at

longer periods is due to the effect of the condectitlantic Ocean.

Another interesting feature at sites 06, 07 and9O®e change in direction of the arrows from
east to west when increasing period. A simple wagxplain this feature would be the pres-
ence of a conductive body dipping eastwards bertatfe sites, in addition to the influence
of the conductive ocean at longer periods.

The effect of the Atlantic Ocean was tested throloagivard modelling of a 10@m homoge-
nous half-space including a detailed sea of Q88 The real arrows responses of such model
point to the south, even if with smaller magnitwtenpared with the observed arrows. This
indicates that the Ocean has an effect on the ddétah diminishes gradually to the south. In
general the higher amplitude and the differentrtaigon of the real observed arrows reveal
the presence of several conductive bodies at diftatepths and with different orientations.
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In conclusion, a predominant NE/SW to NS directimmbserved at long periods (> 300 s),
which suggests a regional strike direction NW/SEW at great depths. For shorter periods
(< 300 s) some sites present arrows that changetidin with increasing period, indicating
possible changes of strike with depth, 3-D andhdigae conductive structures. This is espe-
cially clear beneath sites 05, 06, 07 and 08.

4.3.2Phase tensor

The phase tensor provides useful information ablmitlimensionality of the data. When it is

represented as an ellipse, its major and minor isxksate the strike direction of the geoelec-
trical structures (Caldwell et al., 2004). If theeusture is 1-D, currents do not have a pre-
ferred flowing direction and the phase tensor igrasented as a circle. The skew angle
|B|represents the asymmetry of the phase responseqaady tri-dimensional structures

(section 3.7.7). Figure 4-6 shows the phase teellipses of the observed data. The colour
used to fill the ellipses is tHe | value.
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Figure 4-6: Phase tensor ellipses of the obsenatd,dfilled 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 elligs®s a relative 1-D behaviour in most of the
sites, having the major ellipse axis roughly egaahe minor one. From 10 s to 10000 s the
major axis of the ellipses starts to be orientaledg WNW-ESE and NW-SE directions.

Caldwell et al. (2004) estimate skew angles leas @ to validate a 2-D approach. Even if
some flexibility can be taken using this criteridmgh skew angle beta should be an indica-
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tion of strong 3-D effects and these data shouléhmuded in a 2-D inversion. At periods
lower than 100 s] B | is less than 4° for the majority of the sites Kwtite exception of site
09) indicating a 2D structure until the correspagdperiod. By contrast, from 100 s to longer
periods| B| is higher than 8°, indicating a 3-D regional stuoe at greater depths. Sites 05,
06 and 07 with phases greater than 90° have askiglv angle [B | > 6°) from 10 s to longer
periods.

4.3.3Bahr

The Bahr (1988) approach decomposes the dataocdb hon-inductive responses (caused by
multi-dimensional heterogeneities) and a regionBl &ructure. Two parameters are extract-
ed from this analysis, th#hase sensitive skeamd thephase sensitive striksection 3.7.5).

Figure 4-7shows the phase sensitive skew for el sis a function of period. Bahr suggested
that aphase sensitive skdvigher than 0.3 does not satisfy the assumpticm refgional 2-D
impedance tensor. Figure 4-7 shows low values efptltase sensitive skeat periods less
than 100 s and greater than 0.3 at long periods 1000 s), which indicates a 3-D regional
structure at greater depths, as pointed out byhtfase tensor behaviour. Again sites 05, 06
and 07 with higlphase sensitive skeave an exception coinciding with the high valuethe
phase tensakewf (Figure 4-6).

14 13 12 11 10 9 8 7 6 5 4 3 2 BahfSKfW

Log T (s)

1 [ . | 1 | 1 1
10 120 130 140 150 160 170 180 190 200 210
Distance (km)

Figure 4-7: Phase sensitive skew (Bahr, 1988) fosites and all frequencies. Black dots rep-
resent the data used for the gridding of the contoap.

The strike estimation using tiphase sensitive strikaf the Bahr method was also carried out.
We considered for thphase sensitive strikenalysis only the data havingphase sensitive
skewless than 0.3. This analysis was carried outdgeral period ranges and is presented as
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rose diagrams in Figure 4-8. At short periods (leetwl and 10 s) the strike angle is scat-
tered, indicating shallow structures with differ@mientations. For the period range between
10-100 s there is a dominant direction between<Q-dléhough a direction of -20°/-30° is also
present for a minor number of periods. For thegaerange 100-300 s only few values were
considered as many data in this frequency range $iexwvalues greater than 0.3. However,
a clear direction 0-10° is observed with again @sd -20°/-30° direction. Considering the
whole period range, the same characteristics appifaa maximum for a strike angle 0-10°
and a secondary angle -20°/ -30°. Separating thé/sia by tectonic units (the Cantabrian
Mountains and the Duero Basin) for the whole permage a dominant direction of 0-10° is
present for the Cantabrian Mountains and a domidiaection of -30° for the Duero Basin. In
both areas, however, the second direction is pt¢tgn4-8).

1-10s 10-100s

n=43 4 n=20 2

1-300 s/ all sites

n=113 180° 9

Figure 4-8: Phase sensitive strike of Bahr (19&8ily the data that presents phase sensitive
skew < 0.3 was used for this analysis. The rosgrdias show the results for short, interme-
diate and long period bands (top), for all the sifer the entire period range (bottom left),
and for the sites located in the Cantabrian Mounga(CM) and in the Duero Basin (DB) (bot-
tom); n represents the number of frequencies used.

The method of Bahr suggests the presence of 3datefft long periods (for T > 100 s) along
the whole profile. A dominant direction for theiktr was estimated between 0 and 10°, alt-
hough an alternative strike angle of -20°/-30° dolsé considered. The ambiguity of 90° in
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the strike angle is solved taking into account rtieen direction of the induction arrows as
well as the geological structure. These observatimatch with the phase tensor analysis,
where the ellipses are roughly oriented EW forqagiless than 100 s. Estimation of the data
affected by 3-D effects is also coherent betweeth bwethods (see Figure 4d@ndFigure
4-7).

4.3.4Groom and Bailey

Additionally, we carried out the multisite/multiped analysis (McNeice and Jones, 2001)
based on the Groom and Bailey (1989) tensor decsitipo implemented in the code

STRIKE (McNeice and Jones, 2001). This algorithrarskees for a unique geoelectric strike
direction suitable for all sites and the whole datage.

The Groom and Bailey method makes the assumptidwadimensional data. In order to
maintain as much as possible this assumption wewvedithe data with 3-D effects prior to
the strike analysis. These data were chosen in tlaiee phase tensor and Bahr analysis.
High beta values (Figure 4-6) coincide with higihase sensitive skevalues (Figure 4-7).
We did not consider the data wif| values greater than 4° aptase sensitive skevalues
greater than 0.3.

The strike direction was calculated between 0.15 200 s for all the sites. Using an error
floor of 8% for the impedance tensor, the smakestr was achieved for a strike direction of
N10°E. Because of the 90° ambiguity existing fa ilmpedance tensor, the choice of the real
geoelectric strike was made based on the indueti@ws and taking into account the geolog-
ical information. Roughly, NS oriented arrows and/ Briented tectonic structures suggest
that the true strike for the considered data amibge less than 300 s is N100O°E.

4.3.5Conclusions

The dimensionality analysis was carried out ushmgd approaches: the phase tensor, Bahr
method and Groom and Bailey method. All approagaee similar results:

* Phase sensitive skefBahr, 1988) and the phase tensor skew (Caldwell. 2004)
coincide in pointing to 3-D effects at long peridtiggher than 300 s) for the whole
profile, and localised 3-D effects at intermedipggiods (higher than 5 s) beneath
sites 05, 06 and 07.

* The Bahr (1988) and Groom and Bailey (1989) apgresa@ave similar results point-
ing to a 2-D preferred strike direction of N10Of&:; the period range between 1 and
300 s.
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The dimensionality analysis concludes that a 2-pragch considering a geoelectric strike of
N2100° is valid considering only a limited periochge (T < 300 s). At long periods, clear
indications of 3-D regional structure appear. Thage tensor analysis shows at long periods
a NW-SE orientation of the ellipses, which is cammwith the NE-SW orientation of the real
induction arrows for most sites from 100 s to 1080Guggesting deep regional elongated
structures in a NW-SE direction. It should be paihout that the surface geology shows the
presence of several strike-slip faults oriented S®/-some of them being hundreds of kilo-
metres long.

Consequently, we will carry out a 2-D inversiontba limited dataset (periods less than 300 s
and periods that presented 3-D effects) assumisiglke 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 noedinconjugate gradient (NLCG) algorithm
(Rodi and Mackie, 2001). In accordance with theetisionality analysis the data were rotat-
ed to —-N80°E, the XY polarization being the TE maae the YX polarization the TM mode.
The apparent resistivity of the TE mode for the §i# and 05 were manually shifted upwards
by one decade, as explained in section 4.3.

4.4.1Starting model

The mesh used for the 2-D inversion is large endatghally and in depth to account for the
boundary conditions necessary to satisfy the coatjout of the Maxwell's equation during
the forward modelling. The Atlantic Ocean to thethavas included in the initial mesh and
fixed to a value of 0.38m. The starting model resistivity was set to ID0. Excepting the
ocean all the model was free of change duringrttaersion process.

Several tests were carried out to define the mestralization used for the inversion. Hori-
zontally we opted for a mesh that is fairly equi in the central part of the mesh, with a
logarithmic decrease of the cell size close todites. Outside of the core area the cell size
increases exponentially taken into account the eeptial decay of the EM fields. Vertically
we used a fine mesh in the upper part of the mdded. cell size increases logarithmically
from 50m on the top until reaching a cell size @@ m thick at 10 km depth. This cell size is
kept constant until a depth of 80 km, where it @ses again in an exponential way until the
bottom of the mesh.

64



Chapter 4: The Cantabrian Mountains crustal straeaewvealed by magnetotelluric soundings

4.4.2Inversion settings

The error floor is an error value assigned to athidvhose error is less than the error floor.
The error floor used during the inversion was inaadance with the strike analysis carried
out using the Strike program (McNeise and Jone@1RBased on Groom and Bailey (1989).
The estimated strike that satisfied all the data wlatained using an error of 8% on the im-
pedance tensor, which correspond to an absolute efr4.57° for the phase and a relative
error of 16.64% for the apparent resistivity. Fiyjalve choose an error floor of 5% for the

phase, 20% for the apparent resistivity, for botddes and of 0.04 for the tipper.

The NLCG (Rodi and Mackie, 2001) uses a regulaorabperator, following the Tikhonov
regularization (Tikonov and Arsenin, 1977). It nmmzes the misfit between observed and
computed data keeping a smoothly varying resigtiwaiume. Several values of the Laplacian
regularizer were tested in order to obtain an ogitivalue with an adequate compromise be-
tween roughness of the model and data misfit. Eige® shows the trade-off curve (L-curve).
The corner of the L-curve defines the optimal ragaér value, which is 2 in this case.

3,50

RMS

1,50
0 1000 2000 3000 4000 5000 6000 7000

Roughness

Figure 4-9: L-curve. A value of 2 was chosen Far subsequent 2-D inversion.

4.4.3Single inversions

Inverting each data component independently allmargtrieve information about the resolv-
ability of each kind of data. Figure 4-10 shows itbsult of the following independent inver-
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sions: tipper, TM mode, TE mode and joint invemsi@of TM mode and tipper and TE mode
and tipper.

Duero Basin Cantabrian Mountains N10°E

14

® N - oo
-+ = F03

Depth (km)

Depth (km)

Depth (km)

120 140 160 180 200 220 120 140 160 180 200 220
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Figure 4-10: Resistivity models from independewnéigions.

The TM and TE inversions show different featureajmy between sites 6 and 11. A better
agreement is visible when the tipper data is jgimtyerted with each mode. Three conductive
anomalies between 10 and 20 km depth are obsemnbe iTE and TM mode inverted jointly

with the tipper, C1, C2 and C3. In the TM mode latree deep resistive structure dipping
north is observed. The TE mode also shows the &&tmaviour, even if not so well depicted.
This feature could correspond to the downgoingidimecrust subducing below the Iberian
Margin, as observed in the seismic models.
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4.4 4Final inversion

Finally, a joint inversion of the three kinds oftalaTM and TE modes and tipper was carried
out using the same inversion parameters. The peainge used for the inversion was from
0.001 s to 300 s. The final model reached a findiSRof 2.03. The model is presented in

Figure 4-11.
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Figure 4-11: 2-D resistivity model obtained by floét inversion of the TM, TE and tipper
data. Black line represents the top of the subdgcthiddle Iberian crust from Gallastegui
(2000).

Fitting of the data is good as it can be obserwetthé comparison between the observed and
calculated pseudo sections (Figure 4-12).

The final model (see Figure 4-11) presents sevemadiuctive and resistive anomalies. In the
south part of the model, from site 14 to site Ishallow conductor (C1) is observed, overly-
ing a very resistive block (R1) that expands to llb&om of the model. This feature corre-
sponds to the Duero basin conductive sedimentg lginthe resistive basement of the Iberian
crust. From site 10 to the north, the CantabriamMains is characterized by a heterogeneous
distribution of conductive and resistive anomalj€2/R2/C3). Between 0 and 10 km depth
there are several north dipping conductive anomaf¢ mid-crustal and lower crustal depths
two conductive anomalies are present. The firstlnotive anomaly, C2, beneath sites 05 and
06, extends from 10 km to 20 km depth. The seconductive anomaly, C3, beneath site 02,
extends from 10 km to 25 km depth.
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TM mode TE mode
T oo -—egss 88 3 3 T o -e2ss g8 3 3 9§
T@ec) | 3 9 2 2 2982 228 2 o @ g 2 ¢ 2 eeee 2o o o @
103 A 4 VYV VVVVV. VYV vV VvV Vv A 4 VY VVVVV. VYV VvV VvV Vv L 103

Resistivity
(ohm.m)
1000

422

Observed
Resistivity

Calculated
Resistivity

Observed
Phase

Calculated
Phase

120 140 160 180 200 120 140 160 180 200

Distance (Km) Distance (Km)

Figure 4-12: Pseudo sections of data and respoonféas/erse 2-D modes. Black points repre-
sent the data considered for the 2-D inversion.aDaith 3D effects were not used in the in-
version.

4.4 5Constrained inversions

The sensitivity to the resistive middle and lowleerian crust has been noticed in the uncon-
strained inversions, especially constrained byTiklemode data. It is modelled as a resistive
feature dipping north, at a position that matchih the slab imaged by the seismic.

Sensitivity of the magnetotelluric data can be iowed incorporating constraints in the inver-
sion (McGary et al., 2014; Matsuno et al., 2010ais/et al., 2014). In a similar context these
authors introduced in the starting model a resssiubducting crust, or slab, constrained by
seismic results. At the interface between the afabthe surrounding cells a relaxation in the
smoothing constrain used in the inverse codestrigdnced during the inversion, thus allow-
ing great changes of resistivity across that bopnda the software package WinGLink this
feature is defined astaar zone A cell that is part of théear zonewill have its boundaries
free of smoothness constraint. It should be ndtetl the slab was not kept fixed during the
inversion.
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Two approaches were tested: We incorporated irinikial model of the inversion a slab of
resistivity 20002m constrained from the seismic results, embeddedhnmogeneous half-
space of 10@m. (1) we run a classic inversion and (2) we runnamrsion imposing &ear
zoneat the interface between the resistive slab aadhtimogeneous background.

In order to keep consistency between both resdissame inversion parameters were used.
Figure 4-13a shows the starting model, where thetsiral model from Pedreira et al. (2015)
is superimposed (Fig 2-12). Figure 4-13b showgdlalts of the constrained inversion with-
outtear zoneand Figure 4-13c with thear zone
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Figure 4-13: a): Initial model used for the constrad inversions. Black lines are the struc-
tural model from Pedreira et al., 2015. b): Restdtsthe 2-D inversion using the constrained
starting model. c¢): Results of the 2-D inversiomplgng a tear zone at the top of the resistive
slab.
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Both inversions reached the same RMS and the mpdetent the same features. These re-
sults show us that the three models (unconstraimzdkl, Figure 4-11, and constrained mod-
els, Figure 4-13b and Figure 4-13c are equallyilfass all fit equally the data. The pres-
ence of a resistive Iberian crust dipping north alasady seen in the unconstrained inversion
(Figure 4-11). This non-uniqueness is due to tmidtions of the MT method itself. First, in
the unconstrained inversion the least-square ifwerscheme does not resolve for sharp
boundary structures, as it occurs in this case.riibeel will be blurred with depth and later-
ally. Second the bottom of a conductor cannot gdlydoe resolved by the MT data (Simpson
and Bahr, 2005). The moderate conductor locateddsst -15 km and -25 km depth beneath
sites 10 to 8 is not constrained because locastd@neath a strong conductor.

In spite of the limited period range (0.1 s to 3)Qsed in this 2-D inversion, we can con-
clude that the presence of a resistive Iberiant aipping north is possible and suggested by
the data, but it cannot be defined with precisidthihe unconstrained inversion. The link
between conductors C2 and C3 with the slab interfaobably does not exist. In the uncon-
strained inversion, the position of the conduct@ri€5 km above the slab and tiear zone,
breaking the smoothness across the adjacent baighe tendency to induce the inversion to
place anomalies at the boundaries wheradghezones defined.

4.5 3-D inversion

As pointed out the data presenting 3-D effects wernsoved from the 2-D inversion. This
mainly concerns long period data (T > 300s), whgstricts the 2-D inversion to more super-
ficial structures. 3-D effects are a consequenah®icomplexity of the tectonics of the area.
It was also noticed that two main different direns are present in the 2-D data. The 3-D
structures and changes in the strike direction @abe resolved by the 2-D approach. Ac-
cordingly we proceed with a 3-D inversion of thetabket.

3-D inversion of a unique MT profile not only isnsétive to the resistivity distribution be-
neath the profile but also provides resolution twa aff-profile structures affecting data along
a profile (Siripunvaraporn et al., 2005b, Patro &gthert, 2011; Xiao et al., 2012; Brasse et
al., 2015). The L-shaped conductive feature (lataifsad Mogi, 2009) was the most probable
explanation to explain the phases greater thanf&ites 05, 06 and 07 located close to com-
plex imbrications of faults with different orienitans. We decided not to include these phases
in the first steps of the inversion. Taking int@agnt that the data consist of a unique profile
this behaviour could lead the inversion to creatstivity artefacts off-profile and bias the
inversion. As it will be explained these data Ww#l include in a later stage of the inversion.

3-D inversions allow to explore a large range déisons compared to 2-D inversions. How-
ever, because of the increased computational ¢d&tDoinversions the model discretization
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has to be coarser and the number of periods usetbhze reduced. As a consequence, along
profile resolution is reduced compared with 2-Dersions.

Here we used the WSINV3DMT code developed by Smiwaporn et al. (2005a, 2009) for
the 3-D inversion. This code allows for the inversof 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 108n half space, including the Atlantic Ocean to the
north following the bathymetry (ETOPO1, Amante &akins, 2009). The seawater resistivi-
ty was set to 0.38m and was fixed during the inversion. Model grichdnsions are 466,
N,=32 and N=60, plus 7 air layers, for a total number of celid26,720. Figure 4-14 shows
the mesh in the core area along with the sitediposMertically, the first layer is 30 m thick,
increasing to a larger size at depth. Horizontédtiythe core area the cells have dimensions of
1.75 km x 1.75 km. The cell size is then incredsgdrithmically in both directions to avoid
the boundary effects. The total mesh dimensiorb#&1km x 1602 km x 947 km. The MT
sites that were not located in cell centres weghty displaced. This displacement did not
exceed 500 m.
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Figure 4-14: 3-D mesh. Left: plane view of the carea, 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 inversidath W2 periods between 0.25 s and 6309 s,

having 2.5 periods per decade. Noisy data wereaidg&dl from the inversion. An error floor of

1/2

5% for the impedance tensor (O.qlls;yZyx| ) and 15% for the vertical transfer function

1/2
(VTF) (0-15*(|sz|2 + |sz|2) ) was applied. The inversion algorithm used alldas

smoothing penalty along the three directions of shace. We realized several tests where
anisotropic smoothing was applied, in both diredid-W and N-S. However these tests
always led to similar models or unsatisfactorilydals from a roughness point of view. The
default smoothing was then applied, with the lersgtale parameters o5, 5, = 6, = §, =

0.1. The Lagrange multiplier parameters were saledault, with an initial valu@ =1 and a
step =0.5.

4.5.3 Inversion strategies

The inversion was carried out using two simultarsdauversion strategies.

First, we decided to invert only the off-diagonalpof the impedance tensor. The resulting
model was re-inverted adding the VTF data untichéag convergence. In a last stage the
model obtained was re-inverted including the dieja@omponents of the impedance tensor,
along with the off-diagonal terms that presentedsgls > 90°. This strategy was carried out
based on the data that wanted to be consideredvTRelata was included in a second stage
because it is more sensitive to horizontal streésand resistivity contrast than to depths or
absolute values of resistivity (Siripunvaraporrakt2009). Then, adding the VTF data in a
later stage keeps the shape of the structures aimdynenhances or reduces the conductivity
contrasts in the 3-D model to fit the VTF data.tRe@rmore, the analysis of the data showed
that the diagonal elements of the impedance tewsoe not of high quality. This strategy
allowed to obtain a model that was primarily driviynthe data of better quality (first the off-
diagonal terms, then the VTF), to prevent noisyaddting. This conclusion was observed
during the inversion process, allowing to concltits there is good agreement between the Z
and the VTF data. When the full impedance tensdrthe VTF were inverted simultaneously
from a starting homogeneous model the inversion nesable to converge to the RMS ob-
tained applying this strategy without having mucbreniterations and leading to models that
resulted to be rough, geologically unfeasible dhwihreasonable conductivity values.

Secondly, independently of the type of data usedadopted a multistage inversion scheme
to decrease effectively the data misfit. This sggtwas used by Patro and Egbert (2011),
Xiao et al. (2012), Boonchaisuk et al. (2013).dhsists in running the inversion for several
iterations until a minimum RMS is achieved. Whea thversion starts to diverge the result-
ing model is used as new starting and prior moolehfnew round of iterations. This process
is repeated until a satisfactory convergence ishre@ This strategy permits to reach a better
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data misfit. However, since the inversion algorithemalises deviations from the prior model,
the resulting model does not represent a true nuimrstructure model respect to the original
prior model, which is homogeneous (Patro and Egl26t1). Nevertheless, the model ob-
tained after few restartings was geologically plalesand this strategy did not cause the in-
clusion of unnecessary or rough structures in thdeh

The combination of these two strategies was fownbet optimum for the inversion of this
dataset.

4.5.4 Inversion process and results
The inversion was run on a Linux operating systeith & machine of 128 GB Ram. Each
iteration lasts about 4 hours. The inversion pre@ssried out reached a final RMS of 1.94
after a total of 17 iterations, after restarting thversion five times. Figure 4-15 shows the
statistics through the inversion process.

Zxy [ Zyx Zxy / Zyx / VTF Full Z/ VTF

7 \ Iteration 0: RMS=17.36
Restart 4: Inclusion of diagonal terms + off-
diagonal terms with phases > 902 (figure 4.16b)

5 Restart 2: Inclusion of VTF
g data (figure 4.16a) Final model:
[~4 Restart 1 RMS=1,94
4 (figure 4.16¢)
Restart 5
3 Restart 3 l l

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Iteration number

Figure 4-15: Evolution of the data misfit as a ftion of iteration number during the inver-
sion. Intermediary models are shown in figure 4.16.

In order to illustrate the expected behaviour ia Hubsequent restarting inversions Figure
4-16 shows the intermediate models. The modelsslaogn along a N10°E oriented cross
section through the 3D inverse model. The modehiobtl when inverting only the off-
diagonal elements of the impedance tensor is sheigure 4-16a. The model obtained when
inverting the off-diagonal elements of the impedatensor jointly with the VTF data starting
from model shown in Figure 4-16a is shown in Figdt#6b. Finally, the model that fits the
full impedance tensor and the VTF starting from gloghown in Figure 4-16b is shown in
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Figure 4-16¢c. We can see that the main structusastituting the model are already present
at the end of the inversion that only includesdffediagonal elements of the impedance ten-
sor (iteration five or start of restart 2; Figurd@a).
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Figure 4-16: Intermediary models along a N10°E peoécross the 3-D inverse models. a)
model obtained after five iterations, inverting ytihe off-diagonal elements of the impedance
tensor, RMS=2.44. b) model obtained after tweleeaiions, inverting the off-diagonal ele-
ments of Z and the VTF, RMS=1.78. ¢) model obtaaftent seventeen iterations, inverting the
full impedance tensor and the VTF, RMS=1.94. Sdeated figure 4-15 for details.
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Adding the VTF at restart 2 increased the reststigbntrasts, as expected, maintaining the
main structures. The small increase of the RMSstart 2 (Figure 4-15) is due to the inclu-
sion of the VTF data. The small difference confirthat VTF data are compatible with the
off-diagonal elements of the impedance tensorhAtand of restart 2, the RMS achieved was
very good (RMS = 1.78). At that point we includdu tdiagonal terms of Z and the off-
diagonal terms of Z that presented phases > 96§ (b@riod of polarization XY for sites 05,
06 and 07). The large increase of the RMS (Figui® diteration 12) was mainly due to the
inclusion of the off-diagonal data with phases tggeshan 90°. However, as expected, the
structures of the model did not change and thedfatth was able to be fitted in few iterations,
pointing to compatibility between all the elemeotZ and the VTF.

We also noticed that the inversion had the tendémslightly modify the sea resistivity, even
having fixed it during the inversion. For this reaghe original distribution of the sea was re-
introduced between each restart, leading to atsinginease 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 satisfactoigNIS = 1.94) taking into account the error
floor used. Figure 4-17 shows the fitting of appamesistivity, phase and VT for four select-
ed sites. In appendix 1 all the sites along withrélsponses of the final model are shown.

Figure 4-18 shows the real induction arrows dath r@sponses of the final model. Figure
4-19 shows the pseudosections of data and respéorsesmparison. All these ways of as-
sessing the data fitting show a very good agreebemieen data and responses.

Site03

Site03

Site07

Site07

4
XY YX

N} w

Log, App. Res. [ohm.m]

Va

4
XY YX

Log,q App. Res. [ohm.m]
- N e
|

o

3
XX YY

® .
3N

Phase [degrees]
©
3

L —

o

180

2
Log,, TIs]

1 2
Log,, TIs]

75

Log,, TIs]




Chapter 4: The Cantabrian Mountains crustal straaewvealed by magnetotelluric soundings
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Figure 4-17: Four selected sites (03 / 07 / 11 J.T3ata (points) and responses (continuous
line) of the 3-D inverse model.
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Figure 4-18: Real induction arrows for three sekxtiperiods (10 s, 158 s and 1000 s). Ob-
served (black arrows), calculated (red arrows).
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Figure 4-19: Pseudo sections of apparent resistiaind phase of the off-diagonal data used
for the inversion (left) and the calculated datalud final 3-D model (right).

Phase tensor misfit:

Even if the impedance tensor and the VTF were tedercomparing the observed and calcu-
lated phase tensors permits to assess the mikfivad during the modelling. This method
was introduced by Heise et al. (2007), where resgof a 2-D model were compared to the
observed data to depict the departure of the 2dpamses due to 3-D structure. The phase
tensor includes all the components of the imped&eresor. The coordinate invariants of the
phase tensor as introduced by Caldwell et al. (6bduld be coherent between the observed
data and the calculated responses. The phase tellipses whose axes are defined by the
maximum (Pmax) and minimumd®min) tensor values are filled with the skew angitab
which is a measure of the tensor's asymmetry aad df the departure from 2-D behaviour
in the data.

Figure 4-20 shows the observed and calculated pteas®r ellipses. Note the calculated
phase tensor ellipses orientation is reproducetthéBD inverse model, especially the deflec-
tion of the ellipses to a NW-SE direction at lorgyipd. The phase tensor skew values are

77



Chapter 4: The Cantabrian Mountains crustal straeaewvealed by magnetotelluric soundings

well reproduced, with an increase of the phaseotesieew at long period and in the centre of

the profile.
Observed Phase tensor Calculated Phase tensor
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Figure 4-20: Phase tensor fitting. The ellipses &ited with the skew angle beta. Vertical ax-
is of the plot is north-south oriented. Top: obsehphase tensor. Bottom: predicted phase
tensor.

4.5.5 Model description

Figure 4-21 shows the N-S sections (X planes) efctire area of the model. This representa-
tion allows to see variations along the E-W dimttand highlights which parts of the model
are better constrained by the data. Note thatains pf the model that are not directly located
beneath sites can suffer some ambiguity. The affilprstructures introduced by the inver-
sion are not well constrained, especially at shatiepths. The Figure 4-21 shows consisten-
cy along the different planes. However, there désarepancy in the southern part of the mod-
el between plane 13, in the W, and plane 19 irEthe the eastern planes (planes 18 and 19)
the conductor C3 merges with the conductor C1 (gotws are labelled in Figure 4-16c) due
to a new conductor dipping north and linking thdfig(re 4-21). This new conductor is lo-
cated outside of the data coverage and thereforehese not to consider it. The presence of
the shallow and thick conductive sediments of theeld Basin east of the southern sites
probably affects them and could provoke an artefading the 3D inversion of a unique pro-
file.

In order to ensure the robustness of the modeb&unuiss only those features located beneath
the sites (discarding off-profile resistivity sttues) we decided to choose a cross section
through the 3D inverse model that better coincidté e direction of the MT profile, which

is N10°E.
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Figure 4-21: 3-D inverse model. The NS orientechpka (X planes) of the core area of the
model are shown on the left, with their locationtba mesh (on the right). Each plane is sep-
arated from the other ones by 1.75 km. Superimposgethe MT model: crustal-scale cross
section by Gallastegui (2000), based on the surfpmdogy, the results of the ESCIN-2 seis-
mic reflection profile and gravity modelling. Thisction is approximately coincident with the
alignment of MT sites.

The final model along a N10°E oriented line crosstisn is shown in Figure 4-16c. Several
conductive anomalies are highlighted. The anomaieslabelled in the cross section and in
the depth slices (Figure 4-22).

¢ A shallow conductor C1 (1 - 2Q@m), which is 2 to 2.5 km thick beneath sites 10 to
12, and gets thicker to the south being 3.5 knktheneath site 13.
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» Several shallow conductors labelled C2 (1 €2@), which extend from the surface
to different depths, with a maximum at 10-15 kmttefor the conductor C2d. The
depth slices show that these anomalies have diffenéentations (the C2d and C2c
and C2b conductors are oriented E-W, NW-SE and EBBWE-SW respectively),
generally following the trace of the faults in suo# (depth slice 19 in Figure 4-22).

* A conductor C3 (3 - 1@m) elongated subhorinzontally in N-S direction,dtexl at
15 km depth beneath site 11 to 08.

* A conductor C4 (1 - 1@m), located between 20 and 30 km depth, beneath 8#
to 06. As visible on depth slice 32 (Figure 4-2B)s conductor is oriented EW.

* A conductive anomaly C5 (5 - Z20m).

» A shallow high resistive anomaly, R1 (> 300n), extending to 12 km depth beneath
sites 06 to 09. This resistive anomaly is orieriied/ to NW-SE (depth slices 19 and
24 in Figure 4-22).

* Aresistive anomaly R2 (> 30@m) extending to 16 km depth beneath sites 03 to 05.
This anomaly is oriented approximately E-W (depites 24 and 27 in Figure 4-22).

» A resistive anomaly R3 (> 10Qm), present in the whole model. Located at 3 km
depth in the southern part of the profile until thettom of the model, it dips to the
north to be located at 40 km in the northern phthe profile beneath conductor C5.

In the shallow part (depth slice 19 in Figure 4-#8% anomalies are oriented following the
orientation of the main faults, E-W to NW-SE in therth, NE-SW and E-W to the south.
Deeper, as observable in depth slice 32 the anesalie mainly oriented E-W, while in
depth slice 42 the resistive anomaly R3 and itdamnwith the northern more conductive
zone (centre of profile) take an approximate NW-&tentation. This observation is in
agreement with the dimensionality analysis caroed in the previous part of this chapter.
The phase tensor ellipses at long period are etedgdong a NW-SE direction, and the in-
duction arrows point to the S, SSW and SW. Thisabiglur is now visible in the final model.
At shorter periods we noticed that some alternativike directions were present in the data,
which is now reflected in the model with the oregidn of the anomalies.
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Figure 4-22: Depth slices of the final 3-D modepetimposed 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 rolesstrprior to the interpretation. It is important
to note that during the inversion work several nsi@n parameters were tested and all of
them converged to similar results. This repeatgbdiready gave us confidence on the ro-
bustness of the model.

A simple way to test if a model feature is requibgtthe data is to remove it from the model

and compare the responses of the perturbed mottetivé responses of the inverse model. If
they are the same, within the measurement errdoes, the structure is not required by the

data and could be an artefact of the inversion. Wdiferences are observed the structure is
needed and can be considered as robust.
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Three structures of interest were tested:

the wotod C3, C4 and C5. In all the cases we

removed the conductive anomaly and replace it gsestivity of 300Qm. The areas re-
moved for each test are shown in Figure 4-23.
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Figure 4-23: Left: Model used for testing the coou C3. Right: Model used for testing the
conductor C4.

Test of conductor C3. Removing the anomaly the @lotisfit passed from 1.94 to 2.22. Fig-
ure 4-24 shows the responses of the perturbed nfordielo sites located above the anomaly,
along with the responses of the final model. Thi& principally affects the sites located in
the south part of the survey. Differences appe#nenXY component although the YX is also
affected, mainly in site 11.The conclusion is 88tis a robust feature.
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Figure 4-24: Data fitting for the test of the comdor C3. Points: observed data. Continuous
line: responses of the final 3-D model. Dashed: IResponses of the perturbed model.
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Test of conductor C4. The RMS passed from 1.94.4d %or the perturbed model. Figure

4-25 shows the responses of the perturbed modéltosites, along with the responses of the
final model. This test mainly affected the sitesali®d in the central part of the survey at long
period. Both the XY and YX polarizations were até®; showing higher apparent resistivity
values at long periods. The conclusion is that cotat C4 is a robust feature.
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Figure 4-25: Data fitting for the test of conduciod. Points: observed data. Continuous line:
responses of the final 3-D model. Dashed line: Beses of the perturbed model.

Test for the conductor C5. The RMS passed from th@11 for the perturbed model. Figure
4-26 shows the responses of the perturbed modedtosites, along with the responses of the
final model for comparison. This test mainly afftthe long periods at sites located in the
northern part of the profile. The XY component wasre affected than the YX. It shows
higher apparent resistivity values at long periddse Tzx data was also affected, when the

Tzy showed no differences.
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Figure 4-26: Data fitting for the test of the comdor C5. Points: observed data. Continuous
line: responses of the final 3-D model. Dashed:IResponses of the perturbed model.

In conclusion these tests show that C3, C4 ande@fufes 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 fur 8-D effects present in the data. The
model obtained from 2-D inversion is compared whb cross section N10°E of the 3-D
model (Figure 4-27). Both cross sections are cgrii10°E and are geographically con-
sistent between each other. The locations of tha ar@malies of the 3-D models are identi-
fied in the 2-D model to better illustrate the drénces.

The upper part of the model, until10 km depth, shewnilar results. The Duero Basin sedi-
ments are well depicted and several north dipporgactors are visible in both models. Be-
cause of the higher discretization of the 2-D madwa the use of higher frequencies a better
resolution is achieved in the 2-D model for thellshger part. These similarities are not sur-
prising since the dimensionality analysis pointsad-D to 2-D behaviour of the data at high
frequency, and a consistent strike of N10°E foitlad 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 (FRigul-27) is slightly deeper with regard to
the 2-D model (few kilometres) at approximativehg tsame position. Therefore we consider
this anomaly to be consistent between both modéks.conductive anomalies C4 and C5 are
characterized by moderately conductive bodiesar2td model, even if not well depicted.

The main difference is the presence of a conducég®n in the 2-D model beneath sites 05,
06 and 07 between 10 and 20 km depth. In the 3-Demtte resistive anomalies R1 and R2
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are partially located in the position of this coattu. This observation is not surprising since
the data analysis (section 4.3) showed severak#dzts in this area (phase tensor and Bahr
analysis, figures 4-6 and 4-7). The current origotaand shape of the anomalies observed in
the 3-D model is not reproducible using a 2-D apphoconsidering a unique strike. Also the
3-D inversion inverted for the whole VTF data, wtiba 2-D inversion only inverted for the
projection of the tipper on the Tzx axis. Therefdhe location of those anomalies in the 2-D
model is misplaced when 3-D effects have to beidensd. We conclude that the 3-D inver-
sion, which is able to fit the full dataset is moobust than the 2-D approach.
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Figure 4-27: Top: 2-D inverse model. Bottom: 3-Dénse model.

4.5.8 Model interpretation
Figure 4-28 shows the N10°E cross section of tBeif3verse model. The geological model of

the Cantabrian Mountains from Gallastegui (200@ksda on the seismic results is superim-
posed to the MT model. The geological map of tleaas also shown. This integrated image
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allows to see correlations between geological g&iras observed on surface, their continua-
tion at depth according to the seismic interpretatind their geoelectrical signature.
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Figure 4-28: Top: Cross section across the 3-D nho@eological map from Tavani et al.
(2012), and geological interpretation from Gallagté (2000). Bottom: Geological legend
and tectonic map of the area (Tavani et al., 20R&d 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 tbetBern part of the profile, below sites 14
to 10 (Figure 4-29). This anomaly is observed orfase, having thicknesses ranging from
3500m beneath site 13 to 2500 m beneath sites12fariResistivity values between 2 and 30
Qm define this feature. This conductive anomaly besithe resistive body R3.
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MT sites 14 to 10 are located on the Duero Badie Duero Basin is constituted by Tertiary
sediments with variable thicknesses deposited tippiPalaecozoic Basement. The conductive
anomaly is the signature of these sediments. Popaumeable and water saturated rocks are
responsible for the high electrical conductivitytbése formations. In comparison, the unal-
tered Palaeozoic basement lying below is highlistiee because of its low porosity and thus
very low water content. Sediments thickness inteifrem the MT image varies, having a
maximum thickness of 3500 m thick beneath siterk82600 m beneath site 11. “El Campil-
lo” exploration well, located 5 km west of the Mifes reaches the basement 2584 m below
the surface (Lanaja, 1987). The depth-to-basemnteweHl location is well estimated by the
electrical resistivity image, the resistivity tr@gien being estimated around &m (Figure
4-29). The higher sediment thickness beneath Sitéslrelated to a local depocenter located
in the footwall of a north dipping Alpine thrustl(Eampillo thrust), which merges in depth
with the horizontal conductor C3. The presencehdd fault can be inferred from the MT
model, although its signature is not very conductieneath the MT sites. This thrust is de-
tected by the seismic reflection, and is shown atlaStegui geological model (Figure 4-16)
Gallastegui, 2000).
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Figure 4-29: Cross section extracted from the fiBaD model. The “El Campillo” well is
shown, along with the geological interpretationGyillastegui, 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 reachikigy @lepth (Figure 4-28 and Figure 4-29). It

is located at the intersection between the frahtaist and the Venteniella fault. Even if fluids

into the faulted area could be invoked, the preseariche Estefaniense formation, which is
discordant onto the Variscan basement, could hgoresble for this conductive anomaly. The

Estefaniense formation has a high porosity and eahbifity, and contains carbon (Pulgar et
al., 1999). According to the MT model this formatizvould reach more than 6 km depth,

what is in accordance with the geological modeé&sgnted more to the west in Pulgar et al.
(1999; Figure 3, cross sections I-I" and II-11").

4.5.8.3 Major Alpine structures (C2b/C2c/C2d/R1/R2)

The interpreted conductive anomalies discussediab@l2b, C2c and C2d) are located in the
upper crust, and their conductive behavior is dugrésence of fluids in the fractured areas of
the Palaeozoic basement.

Conductive feature C2b

This conductive anomaly is well marked and is dedrE-W to NE-SW. At depth this anom-
aly reaches 8 km. This anomaly is interpreted esitinature 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 keing consistent with the trace of minor
north dipping thrusts located between the Golobdr@abuerniga faults (Figure 4-28).

Conductive feature C2d

This anomaly is subvertical, reaching a depth okdbbeneath the trace in surface of the
Cabuerniga fault.

Resistive features R1 and R2

The R1 resistive anomaly is located NE of the Vieielta transpressive fault, and is oriented
NW-SE (Figure 4-28 and Figure 4-22). It reachesaximum depth of 13 km. The resistive
feature R2 reaches a maximum depth of 16 km amdughly oriented E-W (Figure 4-22,
slice 24). It is limitated by the Golobar fault tee SW and by the Cabuerniga fault to the
north. They correspond to areas of the Palaeozaserbent not affected by the Tertiary con-
traction, being located between major Alpine/Meso#arusts.
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4.5.8.4Conductor C3
The connection of this subhorizontal conductor wite Alpine faults (EI Campillo thrust)
(Figure 4-29) suggests that that its conductivgtglile to infiltrated fluids of the Duero Basin
that reach the base of the superior Iberian ctus$-46 km depth.

45.8.5 Conductor C4

This high conductive feature is oriented roughlWEFigure 4-22, slice 32) and is approxi-
mately coincident with the tip of the mantle wediehe Cantabrian Margin, on top of the
subducting lberian crust. Pedreira et al. (2015%¢haterpreted anomalous seismic velocities
as a consequence of mantle wedge hydration. Tlemee 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 ¢ated between 20 and 30 km depth. This
anomaly is located at the transition between thetglaian Margin lower crust and the Can-

tabrian Margin mantle. Pedreira et al. (2015) jotet that the mantle is still hydrated at this

position. Conductor C5, which is practically coneecwith the above conductor C4 (Figure

4-28), would be the conductivity signature of tmsntle hydration. The water required to

hydrate/serpentinize the mantle wedge and the uppatle would have been percolated from
the seafloor during the formation of the Margirttie Mesozoic (Pedreira et al., 2015). Elec-
trical conductivity of serpentinized rocks is 3-dders of magnitude higher than common

upper mantle rocks (peridotites). The enhanced wcimah is due to an increase of the porosi-
ty (Stesky and Brace, 1973). Enhanced conducttlugy/to serpentinization has been reported,
e.g. in the Costa Rican subduction zone (Worzeeisél., 2010).

4.5.8.7 Iberian subducted crust (R3)

This anomaly dips north following the shape of lierian subducting crust.

45.9 Conclusions

Thirteen magnetotelluric soundings of broad-bandllang period were acquired along an N-
S profile crossing the Cantabrian Mountains andRbero Basin. Main conclusions of this
study are:

* A 3-D resistivity model was obtained from a 3-Dnjpinversion of the full imped-
ance tensor and the magnetic transfer functions.
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The correlation between the geoelectric image ethsting geophysical models and
the surface geology provided a deeper understarditige lithospherical processes.
The Duero Basin sediments are clearly imaged, dbistivity image being consistent
with the well data.

Conductive zones in the Palaeozoic basement aatedeto enhanced permeability
along the main Alpine faults. These conductive zodetected in the model do not
reach more than 10 km in the southern part of dugt@brian Mountains and 15 km in
the northern part, and are therefore concentratéuei upper crust.

The hydration/serpentinization of the upper mantihin the mantle wedge and be-
neath the Moho of the Cantabrian Margin is imaged aone of low resistivities.
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5 Crustal structure of an In-
traplate thrust belt: the
Iberian Chain

5.1 Magnetotelluric data

5.1.1Data acquisition and processing

The MT data acquired consists of 37 broad-band eta¢giluric sites along two NE-SW
profiles crossing the tectonic structures and tlaénngeological units of the Iberian Chain
(Figure 5-1).

These data were acquired during three campaigngebat2011 and 2013 in the framework
of the TOPOIBERIA project. Space between MT sifes@the two profiles is approximately
5 to 7 km. The five components were measured aitas: two horizontal electric and mag-
netic field components recorded in N-S (x axis) &@/ (y axis) directions and the vertical
magnetic field component. Acquisition system useg tine ADU-07 (Metronix Geophysics).
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Figure 5-1: Simplified geological map of the Iberi€hain and surrounding Tertiary basins
(modified after Guimera, 2004, 2013). A: seismieliFigure 2-16); B and C: geological
cross sections of Figure 2-15. Magnetotelluric sifeed dots), seismic shots (blue stars) and
the major geological units are shown. UTM coordasa(30T, ED50) are also shown in km.

Recording time was between 24 h and 48 hours 4t sige, and the transfer functions ob-
tained have periods that range from 0.001s to 1006s estimates of the MT impedance and
the geomagnetic transfer functions were obtaindéagus standard robust processing method
(Egbert and Booker, 1986).
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Figure 5-2: Elevation map. Magnetotelluric sitesa@gk dots). UTM coordinates in km.

After data processing, the data was edited to renm@isy behaviours prior to the dimension-

ality analysis. In spite of the good quality of tii&ta, we noticed some distortions of the im-

pedance tensor at some sites, which are typica¢aif field effects, as characterized by Junge
(1994) (see Chapter 3.6).

5.1.2Data analysis

The majority of sites have good quality data betw@®01s and 1000 s. Appendix 2 shows
the apparent resistivity and phases for all thessiConsistency between apparent resistivity
and phases was checked using the D+ algorithm ¢Parid Booker, 1986). Figure 5-3 shows

the apparent resistivity and phase at four reptatee sites over the survey area, along with
the smoothed curve obtained using the D+ algoritApparent resistivity and phases are

generally consistent across the whole survey.
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Figure 5-3: Apparent resistivity, phases and D+ sitied curves for four representative sites.
Data rotation: N40°E. Blue points: XY componentd B@ints: YX component. Location of
each site is represented by a red dot on the MEE sitap on the top left corner of each plot.

The data shown in Figure 5-3 and Figure 5-4 hawn betated to a direction of N4QOCE. This
rotation has been made in base of the dimensigratialysis that will be carried out in sec-
tion 5.1.3.

As indicated by the curves shown in Figure 5-3 #radapparent resistivity maps shown in
Figure 5-4, the YX component generally tends tdéstize values at long periods, indicating
clearly a resistive crust. On the SW and NE pathefsurvey (sites A29 and AO03 respective-
ly), the YX component tends to lower resistive eauDepending on the location of each site
respect to the geological settings, some charatitsriof the data can be outlined. For exam-
ple, site AO3, located in Neogene sediments, haslwgive values at high frequencies
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(around 102m at 1000 Hz). Splitting of the two modes at 1Qiggests the presence of multi-

dimensional structures at depth. Site BO5, locapsah Palaeozoic outcrops, exhibits resistive
behaviour at high frequencies. At longer periodsyad 10 s) multidimensional behaviour is

indicated by the split of both polarizations.

In Figure 5-4 the orientation of the anomalies Hrldifferent behaviour of the XY and YX
components when the period increases suggeststalimehsional behaviour of the imped-
ance tensor as confirmed by the dimensionalityyaigtarried out in section 5.1.3.
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L B
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Figure 5-4: Apparent resistivity maps for threeesméd periods, T=1 s, T=100s and T=1000s.
XY (left) and YX (right) components for a rotatafiN40°N.
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5.1.3Dimensionality analysis and induction vectors

The dimensionality for the two profiles was studigsing two approaches: (1) the multi-
site/multiperiod analysis (McNeice and Jones, 20@5ed on the Groom and Bailey (1989)
tensor decomposition and (2) the phase tensor sing@aldwell et al., 2004).

Following the multisite/multiperiod analysis, thirilee direction was calculated in a period
range for all sites by minimizing the globgl misfit between experimental and theoretical
Groom-Bailey impedance tensor. For the analysisodh profiles an error floor of 13% had
to be applied to the data in order to obtaif error within the 95% confidence interval for a
period range of 1-1000s. A strike direction of N18@r the profile A and N125° for the pro-
file B were obtained. The necessary high errorrflmas a consequence of: 1- some of the
sites were still affected by noise although thepmisus 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 relationX " Y, between the real (X) and imaginary (Y)
part of the impedance tensor, respectively. Asssatpnd rank tensor, the phase tensor can be
represented graphically as an ellipse, which igddfby three invariants of the phase tensor:
the principal axe®maxs @min, Showing the maximum and minimum phase differdvetveen

the magnetic and electric fields and a third cowath invariant paramete|r[3| (the skew
angle) that represents the asymmetry of the presgonse. The skew angl@ | provides a
measure of the significance of 3-D effects in th& phase response. Figure 5-5 shows the
phase tensor ellipses of the observed data asseeitbns for both profiles.
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Figure 5-5: Phase tensor ellipses of the observath.dThe ellipses are normalized by.x
and filled with the skew angfe The ellipses are plotted so that the verticabagiN40°E ori-
ented. a) Phase tensor ellipses of the observeal fdatprofile A. b) Phase tensor ellipses of
the observed data for profile B. c) Location of fofiles, black dots are the MT sites.
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They were drawn using the MTpy python toolbox (I§ee and Peacock, 2014). The colour
used to fill the ellipses shows that Ic|>w| values (< 6°) are generally present at high frequen
cies (<1 s) but increases at long periods, andtext/areas where data quality is lower. Some
sites present gre{aﬁ | values (> 10°) at high frequencies. The criterionvhich the data are
considered to be affected by 3-D structures ishedwvhen| B | > 3° (Caldwell et al., 2004).
This complex behaviour suggests a regional multdisional character.

Induction arrows, that represent the ratio betwastical and horizontal magnetic fields, can
be used to infer lateral conductivity variations.al 2-D case, the induction arrows should be
perpendicular to the geoelectric strike. We shosvribal induction arrows in the Wiese con-
vention (pointing away from the conductor). At loperiods (100 s and 1000 s) the vectors in
the southern part of the profile point to a NW-SEection which is parallel to the supposed
strike direction. This is an indication of off-pilef conductivity variations that could not be

considered using a 2-D inversion scheme. The peceseiithe Mediterranean Sea to the SE of
the profile, at a distance between 90 km and 13drkm the sites, was tested through 3-D
forward modelling (see section 5.1.4.1) and reduftet to be responsible for the behaviour
affecting the inductions arrows, i.e. arrows paigtio the NW with high magnitudes.

\ A N
10s 100 s 1000 s
Real
0,5

Figure 5-6: Real induction vectors for 3 selectedtipds (Wiese convention) superimposed to
the geological map (same legend as figure 5-1).

In conclusion, the dimensionality analysis carr@d shows that both profiles present 3-D
effects. In this context the 3-D inversion of tralwas thought to be more suitable, in order
to accurately model 3-D effects that could bias[a iaversion of the profiles. Accordingly,
we proceed with 3-D inversion of the whole dataset.
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5.1.43-D Magnetotelluric inversion

The 3-D inversion was carried out using the 3-D-lioear conjugate gradient (NLCG) algo-
rithm (Rodi and Mackie, 2001, 2012). The algorithmimimizes the misfit between observed
and computed data using a regularization operatpraduce a smoothly varying resistivity
volume.

5.1.4.1Starting model description

We performed first several forward modelling teistorder to optimize the starting model

and the mesh used in the inversion. The influerdidbetopography and the Mediterranean
Sea to the SE were tested. The effect of the sesiste in a small split of both polarizations

for the phases at long periods (around 1000 skarall real induction arrows pointing to the

NW (see Figure 5-7). Accordingly, it can be conelddhat the Mediterranean Sea is not re-
sponsible for the behaviour of the observed redilidgtion arrows, Although responses also
point to the NW, the observed data have a muchehigimplitude and only for the sites locat-

ed in the southern part of the survey area poitited\W (Figure 5-6 and Figure 5-7).

Figure 5-7: Real Induction arrows at 1000 s (Wiesavention: pointing away from conduc-
tive areas) for the homogeneous starting model @09 including the Mediterranean Sea to
the south east. Contour lines represent the topoiyaevery 400 m.
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The mesh was rotated to N4O°E in order to aliginwhie profiles, to reduce the cells number
of the mesh and to align it more closely to thi&stof the Iberian Chain. The data were ac-
cordingly reproduced for a co-ordinate system whihx-axis oriented in direction N40O°E.

The cell size in the central part of the mesh haizbntal dimensions of 2000 m x 2000 m
and a thickness of 100 m in the superficial aredetine the topography. The mesh was de-
signed in order to have 1-3 cells between neighbgusites. Outside of the central area, the
mesh extends long enough laterally and in deptiedpect the boundary and continuity con-
ditions. The mesh has a dimension of 1324 km xkf & 742 km in the;, y andz directions
respectively (as mentioned before, the mesh wadembtso that th& direction is oriented
N40°E). The total number of cells of the mesh 8,884 cells (126x54x71).

The starting model of the inversion was a homogeseaonodel of 10@m that includes to-
pography and the Mediterranean Sea to the Eastedefiy a resistivity value of 0.33m.
The sea was kept fixed during the inversion. THeifapedance tensor (all four complex
components) and the magnetic transfer functionorewgth sixteen frequencies between 0.01
s and 1000 s were used in the 3D inversion.

5.1.4.2Inversion parameters

Several inversions were carried out with differemor floors and regularizers. Small error
bars in the data and exclusion of the data affelsyedoise allowed us to set low error floors,
without provoking data overfitting or noise fittingotating the data to N40°E we noticed that
the YX component was to some extent more affecyeerior propagation than the XY com-
ponent, accordingly, we decided to give it a slighigher error floor. Thus the final model
was obtained using error floors of 2% for thg @mponent of the impedance tensor and 3%
for the Z, component. For the magnitude of the diagonal el¢snefithe impedance tensor an
error floor of 10% was used and for the magnetogfer function tensor the absolute error
floor was 0.05.

5.1.4.3Inversion results

The last inversion was started using a Lagrangeiphal tau equal to 0.1. In a second step
we followed with the inversion reducing tau to Q.6&ducing the Lagrange multiplier per-

mitted to improve the data fit in the final ite@is. Several inversions with different tau val-
ues were tested, and this workflow resulted toneedne that was giving the best RMS ob-
taining a smooth model that was geologically plalesiThe inversion using a tau equal to 0.1
converged after 52 iterations. In the second ssépgua Lagrange multiplier equal to 0.05 the
convergence occurred after 13 more iterations.ohal tafter 65 iterations the inversion

reached a RMS of 1.88.
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All sites present a good RMS, without having armyige poorly fitted. Figure 5-8 shows sep-
arately the RMS maps of the final inversion for tiqpedance and vertical transfer function
(VTF). The impedance tensor Z is well fitted, wille exception of some sites at long period
(site BO9 in Figure 5-10, which has a total RMS2d@#8). The tipper data generally shows a
very low RMS values, close to 1.
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Figure 5-8: RMS values for each site. Left: Totédfin Centre: Misfit of the impedance ten-

sor Z. Right: Misfit of the magnetic vertical trdasfunction.

The mesh discretization and the strength of smasthiconstraints used during the inversion
allowed to obtain a resistivity distribution in teballow part of the model that was able to fit

well the data, having no shift between apparenstiedy responses and the data.

Observed Profile A

Calculated Profile A

Observed Profile B Calculated Profile B

K 2 Dbt __xxx axx axl —
2 2 2 E 1000
-1 1 -1 -1 €
0 0 0 0 ‘ =10
1 1 @
~ 5 ! 3 1 EB
z 2 5 2 g s
3 3 3 <
g 5 N 2 b # XY
S - ol - I
3 0 0 0 0 s B
< 1 ! ! £ B
2 2 2 2 N
3 3 3 3
80 120 0 40 80 120 160 0 20 40 60 0 20 40 60
Distance [km] Distance [km] Distance [km] Distance [km]
-2 -2 ] -2 -2, T 1000
-1 -1 -1 -1 £
0 0 0 0 =1
= 1 1 1 1 [
@ S B30
g 2 2 2 2 ]
5 3 3 3 3 g=s
% 2 h 2 _2 < YX
) -1 -1 -1 -1 90
S 9 0 0 0 5 Eeo
1 1 1 1 2
£ 3o
2 2 2 2 T
3 3 3 3 o
0 40 80 120 160 0 40 80 120 160 0 20 40 60 0 20 40 60
Distance [km] Distance [km] Distance [km] Distance [km]

Figure 5-9: Pseudosections (data and responsekBeoBtD inverse model) of the off diagonal
components along the two profiles A and B showFigare 5-5c¢.
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Figure 5-9 shows the data and model responses @ssettbns of the off-diagonal compo-
nents along two profiles A and B grouping the s{tégure 5-5c). It can be seen that the main
characteristics of the data are reproduced by théemfor both polarizations. In Figure 5-10
we show the fitting of four sites, showing both tliagonal and the off-diagonal components
of the impedance tensor. In appendix 2 all the niesedata along with the responses of the
3-D model are shown. All the components of the idgmee tensor are well fitted, with the
exception of the diagonal components at high frages. The data have values in general
lower than the off-diagonal elements, but not as&s the responses. In general phases of the
diagonal elements show a good fitting.
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Figure 5-10: The four components of the impedaecesdr at four selected MT sites. Data
(points) and 3-D model responses (continuous lifie components are rotated to N40°E
(see text for explanation). RMS values: A08=1.781+#2.40; B01=1.29; B10=2.17.

The calculated induction arrows (Figure 5-11) g behaviour of the magnetic transfer func-
tion, especially the deflection of the inductiomoavs from the profile lines in the southern
part of the profiles.
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Figure 5-11: Real induction arrows for 4 selectegtipds (Wiese convention). Data (black)
and responses of the 3-D inverse model (red).

5.1.53-D resistivity model

The 3-D inverse model is shown in Figure 5-12 armglife 5-13. Figure 5-12 shows depth
slices at selected depths, superimposed with ttertie structures observed in surface. In
Figure 5-13 cross sections from the 3-D mesh, teeNW-SE (X sections) and NE-SW (Y
sections), are shown along with their location loe geological map of the area. In the first
kilometres depth, several conductors and resistoirscide with geological features such as
Tertiary basins (low resistivities), Palaeozoic dment outcrops (high resistivities) and
known fault zones (elongated conductors). At gredépths, from SW to NE, the model is
divided into three zones. Horizontally, from 0 t6 km, beneath de Serrania de Cuenca
Thrust, the mid-lower crust is moderately condwetfless than 10@m). The central zone,
from 50 to 150 km, the middle-lower crust is homuggus and highly resistive (higher than
1000Qm) and in the northern zone, from 150 km to the édige, beneath the Aragonese
Branch Arc and the North Iberian Thrust, the cigsmnoderately conductive (less than 100
Qm). The causes usually invoked for the high coridifgtat mid-lower crust are the pres-
ence of aqueous fluids, partial melting and congacanineralization. In the Iberian Chain no
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evidences for other causes than fluids occur. Toerethe homogeneously high resistive
mid-lower crust in the central zone reveals lowgsdres and no fluids circulation. By con-
trast in the northeast and in the southwest zdmesniain faults (the North Iberian thrust in
the NE and the Serrania de Cuenca Thrust in the @®&/gharacterized by moderately con-
ductive areas where fluid circulation probably asctrhese faults dominate the structure of
the Iberian Chain and reach depths between 8 akc15

North Iberian Thrust. ¢ Montalban
% 0 Thrust / <9
.‘34.0) / ‘\?,,
. y 4—0)
Almazan Syncline , \ 5

X \ ‘

Serrania de
Cuenca Thrust

Figure 5-12: Depth slices of the 3-D model at défe depths. Superimposed in red are the
main faults and structures observed in surfacecBlgoints are the MT sites.

Depth slices at selected depths shown in Figur@ SkHbw a good agreement between the
orientation of the geological structures and thexteical anomalies (full geological map in
Figure 5-1). In the SW part of the model the faalts mainly oriented NNW-SSE, while the
NE part of the model is characterized by NW-SEridd structures. This behaviour is con-
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firmed by the MT model where the main anomalietofelfaithfully these orientations. This
suggests a slightly change in the dominant diradtiom north to south, which was recovered
through the 3-D inversion.

Main conductive features identified in the crosstisas (Figure 5-13) are indicated by letters
and correlated to the geological structures prasesurface (Figure 5-13).

» Alis a mid-crustal conductor located at 25km depthich fades towards the SE.

» B is an upper crustal conductor dipping southwesta/and reaching a depth of 10
km, as shown in the Y16 to Y35 cross sectionsoitatates with the southwest dip-
ping thrust fault located above sections Y35, YB8 ¥29, the latter coinciding with
a change in the thrust orientation as it appeatb®surface over section Y22.

» Cis a shallow conductive anomaly present in alhsections reaching 6 km depth.
This conductor correlates with the core of the Atéra Syncline (see also Figure
5-12).

* D has been subdivided into two different condugtbrs and D2. Conductor D1, lo-
cated in section Y29, dips southwestwards reachthgm depth and correlates well
with the southwestwards dipping thrust observedwiace. More to the east, on sec-
tions Y32 and Y35, this conductor changes and dggtheastwards (conductor D1)
coinciding with the dipping of the thrust observad surface which dips northeast-
wards (Montalban thrust) in this eastern part & ¢feological map (Figure 5-13).
This D2 conductor reaches a depth of 10 km. Seetkf located in the north part of
the model, shows that the set of both conductois@R) is also extending (dipping)
eastwards, revealing a complex 3-D behaviour ofvtileme with fluid content relat-
ed to the complex system faults in this area. Nioteéigure 5-1over sites A9 to A12
there is a convergence of a number of thrusts kgpim different directions.

» Conductor E, in the north-eastern part of the madelisible in sections Y29 to Y35.
It dips southwestwards reaching a depth of 10 kobaly being the signature at
depth of the North Iberian thrust, located northhef studied area (Figure 5-13). The
mid crustal conductor F located at 15-20 km deptlpriesent in section Y35. This
conductor merges with the northeastwards dippinglaotor D2 and the southwest-
wards dipping conductor E suggesting the brancbinthe Montalban thrust to the
North Iberian Thrust.

Several others resistive and conductive featureselabe with the surface geology (Figure

5-13). The Palaeozoic outcrops (Variscan basenodsgrved in the geological map are char-
acterized by shallow resistive bodies. Their oygping is generally a consequence of thrusts,
dipping north or south. The Neogene sediments laeacterized by shallow conductive bod-

ies. The correlation between the surface geology tae MT conductive/resistive features

gives us confidence on the reliability of the antiesaand their structures at depth, allowing

us to interpret the shape and extension of thesfauthe crust.

106



Chapter 5: Crustal structure of an intraplate thipefit the Iberian Chain

"SI010NPUOJ Urew JePIPUI SIBNS| ‘SalIs | N ay) ale sjop pay ‘dew [ed
-#id[dU) uo uonisod S)I 0] UONDAS UYora JO Jaulaiay Saull payseq 'suondas 3S-MN a1 X pue am1S-IN aJe A ([apow AlAnsisal g-€ '€T-G ainbi4

(w'wyo) Ayansisay 6o

SNOBJBJAID JOMOT

pue oisseinr seddn [0 weweseg ueosuen [

o 2ISSRINF B|PPI PUE JaMOT
g auaboseled [ pue oisseu) [
qu\ sueboaN [ snoaoejas) Jaddn [

107



Chapter 5: Crustal structure of an intraplate thipedtt the Iberian Chain

5.1.6Sensitivity tests

Inversion of the full impedance tensor jointly witie magnetic transfer function constrains
the model at shallow and intermediate depths. Usimgll error floors and having reached a
very good fitting for all the sites give us confide on the sensitivity of the data to the fea-
tures found in the deeper parts of the model. Hewahe main features presented at depth
need to be tested, in order to conclude that otar di®@ sensitive to those structures, and that
they are not due to artefact of the inversion pseaw to data noise fitting. Testing the sensi-
tivity of the structures was done removing sep#&yatee conductors appearing in the model
and substituting them by resistivity values surdiog the conductors. To account for their
presence we ran the forward modelling and compidaedesponses.
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Figure 5-14: Sensitivity test to determine the rsthess of the conductor A. Top: 2 depth slic-
es of the 3-D final model (left) and the perturlmeddel (right). Bottom: Responses of the final
model (solid lines) compared with the perturbed etddashed lines), for sites BO9 and A24.
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Here we show the test carried out to check the stoless of conductor A (Figure 5-14),
which given its location at deeper part of the ni@dwl the resistivity contrast with the sur-
rounding areas is the most relevant to show. Fr8rkrth depth until a depth of 40 km this
conductor located in the SW part of the model waenged by resistivity values of 50Bn.
Responses of the perturbed model are slightly adhngspect to the original model. Howev-
er, the change in the responses is too small teidenthat this conductor is required by the
data. Then the conductor A located at a depth dfriSs not well resolved given that it is
located beneath a shallow conductor (the one & Byidepth), it is located out of the profile
area and it presents an average resistivity of®0in front of 100@2m of the surrounding
areas.

The others tests carried out allow us to conclhdé t1- the model loses resolution beneath a
depth of 30 km; 2- all the other features at miditiallow depths are well resolved.

5.2 Discussion

5.2.1Interpretation of the integrated model at crustal £ale

The magnetotelluric method provides the electrozaiductivity distribution at depth. The 3-

D MT inversion images the subsurface from shallowniddle-lower crust, taking into ac-

count the sensitivity test and the period rangelu$@e orientation and depth of the main
faults imaged are consistent with the geologicaicstires observed at surface.

After the resistivity model, the Mesozoic and Ceasozover (e.g., the Calatayud-Montalban
Tertiary basin, with resistivity values from 1 t6 8&m) can be distinguished from the Var-
iscan Basement (with resistivity greater than 208). Variscan rock outcrops (Montalban-
Variscan Basement) and Cenozoic basins are clekpycted. The North Iberian thrust,
which bounds to the north the basement involvedsas# the Iberian Chain, can be recog-
nized by a low resistivity zone emerging at thetimem end of the profiles (Figure 5-15 and
Figure 5-15 conductors E and F). This major threathes more than 15 km depth and merg-
es with the conductor D2 (Figure 5-15) suggestimgtiranching of the Montalban thrust to
the North Iberian Thrust as shown in Figure 5-1Be Serrania de Cuenca Thrust, which
bounds to the south the basement involved areags @ut south of the MT sites and it is not
well recognized in the resistivity model. Howevtre conductor beneath sites A29 (Figure
5-15) can be attributed to this thrust, then reaghi km depth. The Almazan Syncline
megastructure appears clearly depicted (Figureadd Figure 5-15), correlating with the
maximum thickness of the shallow conductive ard&iGure 5-15).

At greater depths the Moho discontinuity is nobtesd by MT since the Moho does not have
a significant change in the electrical conducti\(ityg. Jones, 2013). By contrast, seismic re-
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fraction method has detected the discontinuity betwcrust and upper mantle. The Moho
transition is generally very clear, marked by aabte increase in the seismic velocity. How-
ever, the low sensitivity of the seismic refractieghnique to lateral variations does not con-
straint the shallow structures. Therefore, thegragon of seismic refraction and magnetotel-
lurics is, in this case, optimal in order to obtainomplete image of the Iberian Chain at crust
and upper mantle depths (Seillé et al., 2015). rleigiil5 superimposes the Y-32 section of
the 3D resistivity inverse model with the seismitoeity model (Figure 2-16) to illustrate a
direct comparison between both models. The crtisitzhening observed in the seismic model
is mostly concentrated in the upper crust, andrtain faults detected by the MT do not reach
depths greater than 15 km, thus, being consistetwden each other. This shows that the
Cenozoic thrusts involve only the upper crust as meviously proposed by Guimera and
Alvaro (1990), who considered a thrust system detent at 10-12 km depth.

Srivastava et al. (1990) proposed that the Ibgplate, acting as an independent plate during
late Eocene and Oligocene, had its north and sootimdaries (Pyrenees and Betic Chain
respectively) active simultaneously, leading Guiinet al. (2004) to propose that the defor-
mation of the Iberian Range could be related tbeeibf them, or both. A recent study by
Quintana et al. (2015) suggests the presence af-&@mnstal detachment involving the whole
Iberian Plate, allowing the displacement transfemfthe borders to the intraplate ranges. The
MT image shows that the faults are concentratatarfirst 15 km depth and probably merge
to a common level in the upper crust, but a detactitevel linked to the Pyrenees, the Betics
or both of them cannot be inferred, mainly becaua®uld 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 maglerimposed on the Y32 section of the 3-
D resistivity model. Red lines are the interpretadlts. Letters represents the anomalies dis-
cussed in the text.
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5.2.2Discussion on the origin of the Moho high

The local rise of the Moho boundary (30 km deepgcted by the seismic refraction wide
angle reflexion profile (Seillé et al, 2015) atteisces of 110-150 km from the SW edge (Fig-
ure 2-16) of the profile is a surprising featurdisTfeature does not have any topographic
expression, nor in the superficial geological dtites Interpretation of this enigmatic local
rise of the Moho is problematic. Here, two posgtibd are analysed. First, the possible tec-
tonic relation with the Serrania de Cuenca thraisti second the hypothetical correlation of
the Moho high with the deep conductor A.

5.2.2.1Hypothesis 1: Link to the Serrania de Cuenca thrust

One of the hypotheses that arose observing thisoMidh was its possible link to the Ser-
rania de Cuenca thrust which is the southern boyradahe Iberian Chain.

A previous study (Guimera and Alvaro, 1990) suggésat the Cenozoic thrusts involve only
the upper crust and considers a thrust systemldatad at 7-11 km deep. In order to check
the possible relation of this thrust system toleho high we realized several forward mod-
elling tests on the topographic expression produnedlifferent geometry and detachment
depth faults taking into account their associatedzbntal displacement on surface. The
Move software was used.

The following geological constraints were impose@ach of the modelling tests:

* The current relief in this part of the Iberian Gh&Castillan Branch) has a maximum
close to 2 km.

* The sediments deposited during the Mesozoic hatéckness up to 5 km, and are
outcropping in the Castillan Branch. The contraettectonic context tested here
forms a fault-bend fold. This suggests that theeetqrl tectonic relief caused by the
contraction along this fault should not be gretitan few kilometres.

* A minimum horizontal displacement caused by thisigsh has been estimated to 10
km by Guimera and Alvaro (1990), and it could beager. This fault goes from the
Central Iberian Peninsula to the Mediterranean Bese than 200 km long.

The link with the Serrania de Cuenca thrust wasdesonsidering three different cases:

(1) Direct relation between the Serrania de Cué¢meest and the Moho High, which
would imply a dipping angle of 45°.

(2) A thrust system detachment based on Guimeralfdvato (1990) hypothesis,
where the Serrania de Cuenca thrust would genplyadihe north with a dipping an-
gle of 10°.
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(3) An hybrid case based on the geoelectric sigaaifithe Serrania de Cuenca fault
inferred from the magnetotelluric model, which imepla thrust system detachment as

in case (2) but with a greater dipping angle of. Fdjure 5-16 shows the three cases
tested.

The horizontal displacements tested for the thesseg were: 0 km (initial state), 10 km, 15
km and 20 km.

Serrania de Cuenca Thrust
SwW ‘ NE

—10 -

£2 3
<30
Q.
040
[a) 50 1
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Figure 5-16: Seismic model (Seillé et al., 201%)cK red line represents the case 1, in which
a crustal fault raising the Moho high is assumede&h line represents the detachment fault,
based on Guimera and Alvaro (1990) (case 2). Bine tepresents a detachment fault in
which the dipping of the Serrania de Cuenca thwest inferred from the MT resistivity model

(case 3).

Case 1 considers that the Serrania de Cuenca Taomusécts with the Moho high observed at
a depth of 30 km. This hypothesis implies a dippangle of 45 degrees. Figure 5-17 shows
the different topographic expressions observedherdifferent horizontal displacements. The
tectonic relief observed for displacement of 10 &na more is too high to fulfil the condi-

tions previously posed. That test can ensure ti@Serrania de Cuenca cannot be linked to
this Moho high.

In case 2, the gentle ramp scenario gave much platsible results, where tectonic reliefs
between 1.7 and 2.2 km are calculated for horizatisplacements of 10 and 15 km respec-

tively (Figure 5-17). These results are in agreeémeth the geological constraints explained
earlier.

The case 3 is an intermediate case between case 4. As for case 2 the context is a thrust
system detachment but with a detachment locatedetdebaving a frontal thrust that dips
more than in case 2. In this case results showfdhagdossible horizontal displacements (>10
km) the tectonic relief expected is high (>3 kmig(ffe 5-17). This suggests that the Serrania
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de Cuenca thrust dip inferred from the MT resutiald be taken as an upper bound to ac-
count for the actual topography.
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sw ‘ NE

(1)0 Initial state
EZO Horizontal Displacement = 0 km
= Tectonic reflief = 0 km
<30
&40
50
60
100 200 300
VA
0 <
10 10 km Horizontal Displacement = 10 km
£ 20 Tectonic relief = 10 km
E 30 Tectonic relief = 3,3 km
g 40 Tectonic relief = 1,7 km
50
60
0 100 200 300
0 / <==p- Horizontal Displacement = 15 km
B 10 15km| Tectonic relief = 15 km
~ 20 Tectonic relief = 5,5 km
< 30 Tectonic relief = 2,2 km
& 40
© 50
60
0 100 200 300
0 L\ 20 k Horizontal Displacement = 20 km
T 10 M | Tectonic relief = 20 km
~ 20 Tectonic relief = 7,4 km
;g 30 Tectonic relief = 2,5 km
o 40
© 50
60
0 100 200 300
Distance(km)

Figure 5-17: Modelling of the tectonic relief olmad applying various horizontal displace-
ments for case 1. Red line represents the faulirasd and the blue line the topographic ex-
pression resulting to the horizontal displacement.

These considerations allow only a thrust that wdnddyently dipping to the north, discarding
the possibility that the Moho high is linked to amajor surface structure, in particular the
Serrania de Cuenca thrust. The Serrania de Cuknest ts then likely to be linked to the
thrust system detachment located at depth betw@emnd 15 km, as suggested by Guimera
and Alvaro (1990) and indicated by the magnetatielldata. The horizontal displacement
related to the low-dipping Serrania de Cuenca ttand responsible for the tectonic relief of
the Castillan Branch could be estimated betweerkriOand 15 km, as pointed out by
Guimera and Alvaro (1990).
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5.2.2.2Hypothesis 2: Relation with the deep conductor A

Figure 5-15 and Figure 5-18 show a plan view with tonductor A detected at a depth
around 25 km matching the Moho high.

The Sierra de la Demanda Range, located NW ofuheeyg area, is the northern extreme of
the lberian Chain. Pous et al. (2000) have cawigdn 1999 a MT profile across the Sierra
de la Demanda Range detecting a conductive anoimedyed 25 km depth in the southern
part of the profile (Figure 5-18). The conductofotated at a depth around 25-30 km in the
SW part of the Iberian Chain profiles, which israadent with the Moho high, is located at
the same depth as the anomaly observed below éne e la Demanda Range. Even if not
deeply discussed because of the low robustneskiiconductor and the distance among
surveys, this correlation should be taken into antfor future investigations.

FN
N

o
z

deptn (k)

40°N

Figure 5-18: (left) Geological map with the locatiof the profiles 1 and 2. Red circles repre-
sent the location of the anomaly shown by a redsgin the models. (right): 2-D MT mod-

el beneath Sierra de la Demanda, modified from Retuasl. (2000)2: Section Y22 (western
section) of the 3-D resistivity model in the Ibari@hain.

5.2.2.3Conclusion on the origin of the Moho high

We can conclude that the Moho high is not relatedrty crustal scale thrust and therefore
that the crustal thickening is concentrated inupper crust.

Abrupt changes and prominent Moho local topograguteyalso observed in other places, e.g.
Western Carpathians (Hrubcova and Sroda, 2015%€rhathors suggest an origin related to
the plate convergence that lead to creation ofWastern Carpathian mountain chain, i.e.,
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with collisional/transpressional processes during after the Tertiary subduction. Although
the Iberian Chain area does not compare with th@daflaians, we cannot rule out a relict
origin either related with the late Jurassic-Eathetaceous extension or with the Variscan
orogeny.

5.2.3Correlation of resistivity and seismic velocity forthe upper crust

5.2.3.1Introduction

The physical properties of the subsurface can basored using several geophysical tech-
niques, each of them being sensitive to differdntsjcal parameters. A reliable geophysi-
cal/geological model can be obtained by integraitmgpendent geophysical datasets having
different physical meaning, different resolutiorpahilities and different resolution scale. In
this way the non-uniqueness inherent to each gesagdlymethod is reduced and a lithologi-
cal model satisfying the behaviour of each physieahmeter can be obtained. However, the
relationships between different physical parameteesnot well defined. The great variations
in the physical processes occurring within the licaen be explained by empirical relation-
ships, usually based on well log data, but arelpapplicable to every geological context.
While elastic and density properties are likelyiea® be linked, elastic properties and elec-
trical conductivities empirical links are not unisal. Porosity is usually used to link them,
but it depends much on the geological context (M@rgnd Hyndman 1992, Hacikoylu et al.
2006). The most recurrent observation is a trendarkasing velocities with increasing resis-
tivities, as observed by Dell’Aversana (2001) ol egy data analysis.

Several approaches have been used to integragzeditfgeophysical parameters. Bedrosian
et al., (2007) introduced a joint statistical ipietation methodology that performs structural
classification based on correlation between elatiand seismic parameters. Compared to a
classic qualitative interpretation of multiple plogd properties, this methodology gives struc-
tural information not easily identifiable in inddial models. Another approach is the cooper-
ative inversion of different datasets, in which theult of a single inversion of one dataset is
used to constrain the other inversion. Then, thesrare iteratively switched until a satisfacto-
ry result is achieved (Hu et al., 2009). Dell'’Avans. (2001) used integration between seis-
mic, MT and gravity data through an iterative psgelrhe seismic model is transformed into
a resistivity model using empirical relationshiprfr borehole data. The resulting resistivity
model is used as a starting model for the MT ineerand back-converted into a new veloci-
ty section using the same relationship. Anoth@ragch is a joint inversion (SJI) of different
datasets using a link between the model domainis. [iftk can be structural (Gallardo and
Meju, 2004; De Stefano et al., 2011) or petroplais{Pe Stefano et al., 2011), when rela-
tionships between the different parameters arelabtai The resulting models satisfy each
data domain and are mutually constrained, struityuvapetrophysically.
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Here we present a correlation between seismic Wgl@nd resistivity models analysed

through a statistical approach. A statistical datien of both physical properties in a joint

parameter space was used to compare these twoeindiamt datasets. In order to compare
both models (resistivity and velocity) we chosehe 3-D MT model the cross section Y32

(Figure 5-13) which is the closest to the seismafile. The first 10 kilometres of the models

were analysed given the more uniform velocity distiion at greater depths delineated by the
seismic refraction-wide angle reflection data.

5.2.3.2Analysis and models correlation

The MT and the seismic models are defined on tWerent grids. The MT mesh is built on a
non-uniform grid, where the cell size increaseswiépth. However, the seismic mesh was
defined on a regular grid with an equal horizoratatl vertical discretization of 0.5 km. In
order to proceed with the cross plot analysis Ipattameters need to be defined on the same
grid.

Since both original grids are different, we chasénterpolate both grids in a common mesh
with cell size increasing with depth. The horizdrggacing of the common grid was chosen
to coincide with the original MT grid (2 km). Vertlly the common grid is discretized using
a step of 0.25 km between 0 and 3 km depth andpad$t0.5 km between 3 km and 10 km
depth.

Figure 5-19 and Figure 5-20 show how the interpmtadn the common grid for the p-wave
velocity Vp and the resistivity models was perfodni both figures the upper panel repre-
sents the original model (left) and its data disttion in form of a histogram (right). The
middle panel shows the interpolated model on thenson grid. Data interpolation was done
using the natural neighbour gridding algorithm whigas more suitable because of the dis-
crete distribution of the MT data. Data distributim form of a histogram (on the right) al-
lows to compare the original data histogram with thterpolated. For both, the resistivity
(Figure 5-19) and the seismic velocity parametBigufe 5-20) the original and interpolated
histograms show the same distribution. The lowerepaepresents the differences between
the original and interpolated values for each nafdiae grid (residuals). Both models present
very low values (around 0) of residuals, indicatthgt the interpolated models reproduce
faithfully the original ones.
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Figure 5-19: Interpolation of the resistivity MT ahel on the common grid. The original mod-
el, the interpolated model and the residuals arevah on the model space on the left and on
the data space (relative frequency of each redigtiralue) on the right.

Differences occur when abrupt changes (in velamitglectrical resistivity) are present in the
original model. The interpolation process smoothesinterpolated data across these bounda-
ries, resulting in slightly underestimated or ogtireated values. However, histograms of the
distribution of the residuals (shown on the rigirg centred on zero.

This analysis ensures us that the interpolatiocge® was able to reproduce the original dis-
tribution of resistivity and velocity on the commgnid, without introducing any artificial
structures.
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Figure 5-20: Interpolation of the seismic modeltbe common grid. The original model, the
interpolated model and the residuals are shownhenmodel space on the left and on the data
space on the right.

Having defined a common grid in which each celléscribed by a resistivity and a velocity
value, a crossplot was generated. Figure 5-21a skokistogram of the correlation between
electrical resistivity and seismic velocity (Vp)hi$ crossplot allows us to identify areas of
high occurrences. Five zones are manually idedtifiégure 5-21b shows the spatial region
from which these zones derive.

Zones 1 to 4 follow are grouped following a cle@ntl, with a general increase in apparent
resistivity with increasing seismic velocity. Cheiof zone 5 is conditioned by user’s criteria.

They are grouped according to their resistivityv leesistivity data covering a wide range of

velocities. This is why the red zone in the resgltimage (Figure 5-21b) follows the trend of

the resistivity model.
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Figure 5-21: a) Cross plot resistivity-velocity. IBared ellipses show the groups selected.
Red line indicates the resistivity/velocity relatship modified from Dell’Aversana (2001). b)
Spatial distribution of the groups identified in &Yyhite areas indicate regions not belonging
to any of the groups identified. Vertical exaggerai:1.

Results
Figure 5-21b shows the location in the spatial daroéthe areas identified in the crossplot.
White areas correspond to data that did not belorgy of the guessed zones.

Zone 1 in yellow, characterized by low velocity and lo@sistivity is assimilated to the Ter-
tiary infill of the sedimentary basins (Ebro basimd Catalayud basin). This formation is lo-
cated mainly on the uppermost parts of the modih moderate thickness (up to 1.5 km
thick). Low rock compaction and reasonable fluidtemt are responsible for this behaviour.

Zone 2 in green, has conductive to moderately resistalaes and low velocity values. This
area was interpreted to be related to the Mesazmier, which is mainly composed by dolo-
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mites, gypsum, shales, marine limestones and dwolestand continental and marine deposits.
Mesozoic rocks are mainly visible SW of the Almazmcline, having thickness ranging
from few hundred meters to several kilometershinNE it is also possible to see some Mes-
ozoic materials beneath the Tertiary Ebro Basinthn Castillan Branch the less amount of
Mesozoic sediments could be explained by the sesingrosion that affected this part of the
Iberian Chain.

Zone 3 in blue, has resistive values and moderate gloaiues. This zone was attributed to
the Palaeozoic basement, mainly formed by metanmugitales, sandstones and limestones.
The basement has a slightly variable thicknessgatloa studied profile, from 4 km at km 120
on the NE (Figure 5-21b) to 5 km thick at kilome@ren the SW.

Zone 4 in purple, has the highest resistivity and velesifound in this analysis. We interpret
this zone as the upper crust, constituted by higidyamorphized and intruded rocks.

As pointed out, zones 1 to 4 follow a trend thahfmtowards an increase of both the velocity
and the resistivity. This trend has been obsergediifferent rock formations (both sedimen-

tary and igneous) by several authors (Bedrosiai.e2004; Bernard et al., 2009; Munoz et
al., 2010). Dell’Aversana (2001) proposed the feilhgy empirical relationship, obtained from

well log analysis:

V, = 1.63 log(log(p)) + 3.12 inkm/s

Because of the large scatter observed to buildréhégionship, we introduce a modified rela-
tionship that fit our observation and still is imetconfidence limits of the well log analysis
carried out by Dell'Aversana (2001):

V, =15 log(log(p)) + 4.1 inkm/s

This trend is pictured on top of the Figure 5-2td #ollows the zones of most occurrences in
the histogram.

This correlation depicts the effect of rock compattvith depth. A decrease in porosity and
permeability produces an increase in electricabktiggy and seismic velocity. Older rocks
were buried deeper with time and compacted or matainized, decreasing porosity and ex-
pelling fluids.

Zone 5 in red, is defined because of its low resistiviontent with a broad range of veloci-
ties. While zones 1 to 4 define uniform materiadgarties representing different geological
units, zone 5 represents a hydrologic contrastimvitie same geological unit separating areas
with different water content. The areas have beggrpreted as fractured and faulted zones.
Because of its resolution the refraction seismidehas not expected to detect changes in
velocities related to dipping faults, and is lalgraomogeneous. On the other hand the MT
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detects the presence of the fluids distributedatbe fault planes. The preferred explanation
for the origin of the enhanced fault zone condiigtiis the presence of aqueous fluids in the
fault zone and its fractured surrounding areas {gngworth et al., 2001).

An integrated geophysical model for the upper ciugresented 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 armmiarised in Table 5-1, which includes the
interpreted lithological and geological types. Home 5 is not included in this table as it rep-
resents a hydrologic contrast and could belongversl lithologies.

Zone p (Qm) V, (km/s) Lithology Geol. classification
1 3-40 42-5.1 continental deposits Tertidtng
dolomites, gypsum, shales, marine

2 30 - 300 5.1 -5.3 limestones / dolostones and continental Mesozoic cover
/ marine deposits

metamorphic shales, sandstones and Palaeozoic base-
3 70 - 3000 53-5.5 )
limestones ment

4 100 - 16 55-6 metamorphic Upper crust

Table 5-1: Resistivity, velocity of the regionswhan Figure 5-21. Velocity values from Seil-
Ié et al. (2015).

The seismic events shown in the Figure 5-22 wdentérom thentituto Geografico Nation-

al (http://www.ign.es). Relation between the recordetmicity and the detected fractured
areas seems to be divided into two patters: seignabserved in the vicinity of the interpret-
ed faulted areas and seismicity beneath the Almayadine where no conductive anomalies
were detected. The first one shows a correlatidwésn the hypocentre locations and the
orientation of the interpreted faults. The secoattgon is characterized by a high seismicity
of low magnitude beneath the Almazan syncline (ritage below 3 in the Richter scale)
without any clear orientation, and with most of #erthquakes concentrated in the brittle
upper crust. This indicates that in the Iberiani@liae main intraplate tectonic stress current-
ly existing in the upper crust could be releasedebéh the Almazéan Syncline, which sepa-
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rates the two crustal-scale anticlinoria structuties Aragonese Branch Arch in the NE and

the Castilian Branch Arch in the SW.
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5.3Conclusions:

Thirty-seven new magnetotelluric soundings wereuaed along two profiles oriented NE-
SW across the Iberian Chain, coincident with a vadgle seismic profile. An integrated
interpretation of the 3D resistivity model and gesmic velocities was carried out, leading to
these main conclusions:

» A 3-D resistivity model was obtained from a 3D jwimversion of the full impedance
tensor and the magnetic transfer functions. Thikasfirst image of the crustal struc-
ture of the Iberian Chain.

* The major thrusts depicted after MT data reach aimmam depth of 15 km which
agree with seismic data in that the crustal thigkgns concentrated in the upper
crust. This is consistent with the hypothesis @emozoic thrust system involving on-
ly the upper crust proposed by Guimera and Alva890). The Serrania de Cuenca
Thrust located in the SW and the North Iberian $hiacated in the NE have been
evidenced to be linked to the thrust system detaciiet 10-15 km deep.

» Analysis of the correlation between electrical stgity and seismic velocity permit-
ted to map the distribution of the main geologiaimations of the first 10 kilome-
tres along a SW-NE profile. Attribution of elecalaesistivity and seismic velocity
for each geological unit was performed. Aqueouslflpresent in the fractured areas
are responsible for the enhanced conductivity aleskin the fault areas.

 We explored various hypotheses to explain the mrafi the Moho High. None of
them were satisfactorily. Tentative interpretatiomdude an origin related to a relict
feature of the Variscan crust or with the late dsi@-Early Cretaceous extension.
Further research is required to provide a satigfyfiterpretation for the enigmatic lo-
cal rise of the Moho and its possible connectiathhwonductor A.
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6 Discussion and Conclu-
sSIoNS

6.1 Discussion

Geophysics is a geoscience discipline used to gbasghysical properties of the subsurface
using non-invasive technologies. The physical fiedde measured on surface to infer the sub-
surface characteristics. The forward problem ddtemthe responses that would be meas-
ured in the surface on top of a given Earth mofiddlpwing theoretical physical equations.
The forward problem has a unique solution. Howetrez,inverse problem suffers from am-
biguity, or non-uniqueness, meaning that severf&reint geological configurations can re-
produce the observed measurements. Furthermorexpeimental errors associated to the
data acquisition add some uncertainty. Since augnggplution cannot be directly determined
from a set of field measurements, the geophysigstds to reduce the number of possible
solutions, using a priori information (geologicgéophysical) or logical criteria, such as find-
ing the simplest possible model able to explaindde.

The magnetotelluric inverse problem suffers frons thon-uniqueness. The experience de-
rived from this thesis showed several ways to uadterthis uncertainty and to reduce the
possible solutions.

Errors affecting the field measurements increaseuticertainty dramatically. This is espe-
cially true for the MT method and a good data asitjon is the base in obtaining a robust
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inverse model. Discarding noisy data into the isimT was found a good procedure, other-
wise the fitting of highly noisy data produce urist&c models.

Dimensionality analysis is crucial in order to cheahe appropriate modelling approach.
When using a 2-D approach not including data wHb 8haracteristics resulted to be the
most suitable procedure to obtain reliable models.

Knowing the resolvability of the targets by mearisayward modelling tests is of crucial
importance. This allows building adequate mesheadequate frequency ranges, prior to the
inversion. It can also reveal the limitations irdrdrto the proper MT method in certain geo-
logical environments. This allows to understanddag, its contribution on the interpretation
and the uncertainties associated to the model.

The inclusion of a priori information during the dalling can guide the inversion process
towards a solution that will satisfy other geol@gior geophysical measurements, discarding
models that equally fit the data.

Finally, the experience acquired during the cowisthis thesis highlighted the importance of
the integration of multiple datasets (geologicabghysical) during the interpretation stage of
the geoelectrical models. This integration can édopmed qualitatively to spot similarities
between several observations (as it has been doileef Cantabrian Mountains and the Iberi-
an Chain) or statistically to obtain unified Eantiodel satisfying each observable (as it has
been done for the Iberian Chain). Each geoscietlisefpline and results have to be taken as
a contribution to build unified Earth models in erdo obtain a better understanding of the
structure and processes happening in the Earth.

It has been shown during this thesis that the MThoek resulted to be a powerful tool to
study the Earth at crustal scale, but also at @hall depths. Determination of the transition
between conductive basin sediments and a reslséisement can be done accurately, as it has
been done in the Duero Basin, confirmed by weladat crustal scale presence of fluids in
the fractured areas permit to reveal the shapehdam orientation of the faults. Other geo-
physical techniques, especially the seismic rafiactcannot directly sense the presence of
vertical faults. In this case, the MT method resddkem, even if the faults cross homogene-
ous geological formations. Another example of tHdeal value of the MT method is the be-
haviour of the EM waves in some geological envirenta where the seismic method has a
poor resolution. For example in subsalt or sublasaivironments the seismic waves are
easily scattered, which prevent the geophysicisbtain reliable images of the subsurface. In
these cases the use of the MT method (or other Ethads) undertakes those difficulties
being sensitive to another physical parameterelbetrical conductivity.

However, the MT method suffers from inherent difftees. The most important one is the
influence of the near surface static distortiorsf tffect the data and can influence the inter-
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pretation of the whole model, even in its deepetsp&everal advances were recently made
and a way to by-pass this issue can be found wérge Idataset are acquired and inverted
using advanced inversion algorithms. Other limitatof the MT method that was outlined in
this thesis is the resolvability of the high rasistfeatures. Because of the behaviour of the
EM waves in electrically resistive mediums, the MiEthod cannot easily detect changes
related to thin or deep high resistive anomalieghkse cases the use of active EM methods
(Constable and Weiss, 2006) or inclusion of a-prioformation (Matsuno et al., 2010;
McGary et al., 2014) is necessary.

6.2 Conclusions

6.2.1Cantabrian Mountains

In the Cantabrian Mountains the thirteen sites smedualong an N-S line crossing the Canta-
brian Mountains and the Duero Basin permitted tostwict a 3-D resistivity model, from
which a resistivity profile was extracted and ipteted.

The main conclusions regarding the analysis anéhtrexsion of this MT dataset are:

e Detailed analysis of the data showed the presehoemerous 3-D effects, as ex-
pected from the geology of the area. Part of tha (& < 300s) was found to be
compatible with a 2-D approach, with a dominankstestimated in N10°E.

e 2-D inversion of apparent resistivity, phases dpget of this limited data set was
carried out.

« However, to account for the 3-D behaviour of th&ada3-D inversion of the whole
dataset was carried out. Experience with this eéatas us to follow the following
strategy for the 3D inversion: first, the off-diagd components of the impedance
tensor were inverted. Second the model obtainedused as the initial model for
the joint inversion of the off-diagonal componeats¢he impedance tensor and the
vertical transfer function data (VTF). Finally td&agonal of the impedance tensor
were included in a last inversion to obtain thealfimodel. The final 3-D model
achieved a good fitting having a RMS=1.94.

* Main differences between the 2-D and 3-D modelsevegiributed to the different
data ranges and to the 3-D effects that biasebbtfa¢ion of the anomalies on the 2-
D image.
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The tectonic interpretations of the main structimeesged with the 3-D resistivity model are:

* The correlation between the geoelectrical image, ekisting geophysical models
and the surface geology provided a deeper undéiatpof the lithospherical pro-
cesses.

* The final 3-D inverse model shows excellent cotr@fawith the superficial geolo-
gy, depicting the main faults and lithologies gptthe

* The Duero Basin sediments are well delineated.iékiiess of 2.5 to 3.5 km was
deduced, and is in agreement with the seismicesuatid well log data.

» Conductive zones in the Palaeozoic basement atedeto enhanced permeability
along the main Alpine faults. These conductive zotketected in the model do not
reach more than 10 km in the southern part of theta@brian Mountains and 15 km
in the northern part, and are therefore concemtiiatthe upper crust.

* The hydration/serpentinization of the upper mawiléin the mantle wedge and be-
neath the Moho of the Cantabrian Margin is imaged aone of low resistivities.

6.2.2lberian Chain

The first magnetotelluric data acquired through Itherian chain has been described and in-
terpreted in this thesis. The MT data consistshiny-seven broad band magnetotelluric
soundings acquired along two profiles oriented NE-&ross the orogen.

The main conclusions related to the analysis amgrgion of this MT dataset are summarized
as follows:

e The dimensionality analysis indicates a dominarikestdirection for short-medium
periods, however, it shows clearly a 3-D regioeaistivity structure at long periods
(T > 500s). Real induction arrows are deflectedlparto this strike direction in the
southern part of the studied area. Accordingly,xiBversion was carried out.

* Ajoint inversion of the full impedance tensor a&hé vertical transfer function was
performed and a very good fitting of all the datsvebtained. RMS = 1.88.

The tectonic interpretations of the main structimeeged by the 3-D resistivity model are:

« The main geological structures observed in surfmeevell imaged in the resistivity
model. The Mesozoic and Cenozoic covers are depmselow resistivity features
well distinguished from the high resistivity of tNariscan basement. The Almazan
Syncline megastructure is characterized by a cdivdustructure.

e The middle and lower crust in the central partha tberian Chain is highly resis-
tive, suggesting the absence of major crustaldault
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e Several alpine thrusts are imaged as dipping cdodijcwhich are limited to the
upper crust. Two of them are the North Iberian Thand the Serrania de Cuenca
Thrust, which bound to the north and to the soespectively the basement in-
volved areas of the Iberian Chain. Both faults doreach more than 15 km depth,
suggesting that they are linked to the thrust sysdetachment at 10-15 km deep.
This indicates that the Cenozoic thrust systemingufe crustal thickening of the
Iberian Chain is concentrated in the upper crubkiclvconfirms the previous geo-
logical hypothesis proposed by Guimera and Alvag®0).

* The resistivity model was integrated with an ergtseismic velocity model. Be-
cause of the different sensitivities and depth Itggm of both methods their inte-
gration allowed to obtain a complete image of therin Chain at crust and upper
mantle depths. The seismic velocity model showsickéning of the upper crust
consistent with the base of the conductors assutitat the thrust system detach-
ment, confirming that the Cenozoic thrust systemsiay the crustal thickening of
the Iberian Chain is concentrated in the uppertcrus

« The statistical analysis of the correlation betwseismic velocity and electrical re-
sistivity along a NE-SW profile showed a clear etation between both parame-
ters. An increase in both seismic velocity andteieal resistivity is observed and is
related to the depth at which those formationsl@cated. A geological classifica-
tion of the main lithologies of the upper crustdw®sn their physical characteristics
was realized.

6.3 Future works:

This study allowed us to characterize the crudtakcgire in the two Alpine orogens of the
Iberian Peninsula by means of the interpretatiogeafelectrical models. From this study new
guestions arose related to the geodynamics ofdrets.

e In the Cantabrian Mountains the resistivity imadpamed took into account the 3-
D effects observed in the data. However, a moreiggemage of lateral structures
could be achieved including more MT sites on eagdéa of the current profile. The
characterization of the continuity of the deep aartdr to the north beneath the Bay
of Biscay could only be achieved if MT sites cobklacquired in sea.

< In the Iberian Chain the presence of a deep conduakise but outside of the survey
area was evidenced. This conductor is correlatéd the Moho high evidenced in
the seismic image and is similar with another catalufound at the same depth in
another MT study located NW, in the Sierra de lanBeda. Acquisition of new MT
sites NW of the present study area would leadiooader 3-D electrical resistivity
image of the crust beneath the Iberian Chain. Berotemaining question is the ge-
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oelectrical characterization of the whole lithogghespecially the geometry of the
lithosphere asthenosphere boundary (LAB) beneahktrian Chain. In that case
new long period magnetotellurics (LMT) would beuigd.
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