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[1] The Iberian Massif is the best exposed segment of the European Variscan Belt. It
includes relatively well preserved terranes that were accreted by transpression along time
and resulted in a number of geotectonic units that formed part of the Late Paleozoic
assembly of the Pangaea Supercontinent. In SW Iberia, these units are the Central
Iberian Zone (CIZ), Ossa Morena Zone (OMZ), and the South Portuguese Zone (SPZ).
A 210 km long NE-SW magnetotelluric profile was carried out through the CIZ, from
the OMZ-CIZ boundary toward the north, reaching the Tagus (Cenozoic) basin. Data
dimensionality analysis resulted in a suitable 2-D electrical resistivity structure, allowing a
2-D inversion of the data set. Complementary available geophysical data (deep seismic,
gravity and aeromagnetic) and a comparison with a detailed geological cross section led
us to constrain the interpretation of the 2-D electrical resistivity structure of the CIZ
crust. The results show, for the upper crust, the existence of diverse conductive/resistive
bodies that correlate well with known geological features (sedimentary basins, faults,
granitic plutons, mineralized systems). A mild but steady conductive band is located along
the middle and lower crust that is interpreted as a mafic granulite basement. The upper
section of this band connects with several elongated shallow conductors, providing
further evidence for the existence, in the Central Iberian Zone, of a complex décollement
system where the major faults are rooted. Such a crustal architecture is viewed as the
northward continuation of the Variscan large-scale structures previously recognized in the
southern sectors (OMZ and SPZ).

Citation: Pous, J., et al. (2011), Constraints on the crustal structure of the internal Variscan Belt in SW Europe: A
magnetotelluric transect along the eastern part of Central Iberian Zone, Iberian Massif, J. Geophys. Res., 116, B02103,

doi:10.1029/2010JB007538.

1. Introduction

[2] The Iberian Massif corresponds to the largest contin-
uous outcrop of the Late Paleozoic Alleghanian/Variscan
Orogen in western Europe. Its southern branch comprises
three geotectonic units (Figure 1) that, from north to south,
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are known as the Central Iberian Zone (CIZ), the Ossa
Morena Zone (OMZ), and the South Portuguese Zone
(SPZ). The two first units represent internal zones of
the orogen and were sutured in eo-Variscan times [e.g., Azor
et al., 1994; Matte, 2001], though a Cadomian (Neoproter-
0zoic) tectonometamorphic record has also been proposed
[e.g., Quesada and Dallmeyer, 1994; Ribeiro et al., 2007].
The SPZ is a distinct terrane that forms the southern external
zone of the Iberian Variscides amalgamated to the OMZ in
the course of the Variscan oblique continental collision [e.g.,
Figueiras et al., 2002; Ribeiro et al., 2007].

[3] The internal architecture of the lithosphere across the
southern Iberian Variscides has been the subject of a sig-
nificant number of geophysical studies since the early work
of Prodehl et al. [1975] in the SPZ. Seismic refraction and
wide-angle reflection data found a flat Moho at ~31 km
depth for the southern Iberian Massif [Banda et al., 1981;
Palomeras et al., 2009]. A deep seismic reflection profile
(IBERSEIS [Simancas et al., 2003; Carbonell et al., 2004])
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Figure 1. Geotectonic map of the Iberian Massif in the context of the Alleghanian-Variscan Orogeny.

showed a lower crust detached from an imbricate faulted and
folded upper crust in the SPZ, OMZ and southernmost CIZ.

[4] The magnetotelluric (MT) method is increasingly
being applied to gain fresh insights into the nature, behavior
(thermal state, presence of fluids) and structure of a varied
range of continental areas. These areas include old cratons
(e.g., Slave craton [Jones et al., 2001], Fennoscandia Shield
[Lahti et al., 2005], and Dharwar Craton [Harinarayana
et al, 2006]), Paleozoic orogens (e.g., Appalachian
[Ogawa et al., 1996]) and active subduction (e.g., Andean
[Brasse and Eydam, 2008]) or collision zones (e.g., India-
Asia [Wei et al., 2001; Unsworth et al., 2005]).

[5] Magnetotellurics has also proved to be an efficient
technique for imaging old structures affecting rocks that bear
(interconnected) conductive mineral phases (e.g., graphite,
sulphides, iron oxides). In SW Iberia, five magnetotelluric
(MT) profiles provided evidence of the orogenic sutures at
depth, which are characterized by high conductivities
[Monteiro Santos et al., 1999, 2002; Almeida et al., 2001,
2005; Pous et al., 2004; Muiioz et al., 2005; Vieira da Silva
et al., 2007]. A midcrustal conductive layer along the whole
OMZ was revealed, suggesting a major middle crust décol-
lement between a granulitic basement and the overlying
sequence, mostly composed of metasedimentary and meta-
volcanic rocks [Murioz et al., 2008]. These MT profiles, only
coming into contact the CIZ, seemed to indicate the presence
of this conductive layer also in this geotectonic unit.

[6] In order to investigate the aforementioned issues in the
CIZ and obtain additional information about the OMZ-CIZ
boundary at depth, a new MT profile was performed. This
210 km long (NE-SW) MT profile across the eastern CIZ
(Figure 2) intersects the OMZ-CIZ boundary and extends
northward through the Alcudia and the Toledo Mountains, as
far as the Tagus basin. The MT measurements were taken
together with transient electromagnetic (TEM) soundings in
order to control the galvanic distortion and static shift dis-
placement of the apparent resistivities. Since the electrical
conductivity of geological units is affected by many factors
(such as interstitial aqueous fluids, silicate melts, graphite
or other interconnected conductive mineral phases), data
interpretation must consider the geodynamic interplay
responsible for the present-day arrangement of these units, as

well as the critical features displayed by the rocks involved.
In this regard, the existence of magnetic, gravity and deep
seismic data in the surveyed and nearby areas helped us to
interpret the electrical resistivity image obtained from MT
data. Additionally, for the shallow crust, a detailed com-
parison with an accurate geological cross section along the
MT profile enabled the recognition of several structural/
lithological finger prints. As a result, there is an improvement
in the interpretation and moreover the usefulness of the MT
method in resolving such complex geological frameworks is
shown.

2. Geodynamic Setting

[7] The studied section crosses an important segment
of the Iberian Massif (Figure 1), which is part of the
Alleghanian/Variscan fold-thrust orogenic belt generated
through oblique continental collision after subduction and
closure of the Rheic Ocean (Lower/Middle Devonian) that
separated Laurentia/Baltica and Gondwana continents
since the Ordovician [e.g., von Raumer et al., 2002; Nance
et al., 2010]. In short, that collision (Upper Devonian —
Pennsylvanian) amalgamated those continents along with
minor oceanic-like and ribbon-continental domains, devel-
oping an intricate architecture whose main components are
separated by first-order lithospheric structures [e.g., Franke,
2000]. Later on, the opening of the Atlantic Ocean and
the Alpine orogeny reworked and dispersed the Paleozoic
orogen into several portions that now crop out in western
Europe, northwest Africa and northeast America.

[8] The Iberian Massif (Figure 1) exposes a complete
section across the Variscan Belt, from the SPZ in the
south, through the internal zones (OMZ, CIZ, Galicia-
Tras-os-Montes and West Asturian Leonese zones) to the
external Cantabrian Zone in the north [e.g., Julivert et al.,
1972]. The CIZ, West Asturian Leonese and Cantabrian
zones are continental domains that once formed part of a
wide passive margin in northern Gondwana during the Early
Paleozoic (prior to the Variscan orogeny). The OMZ is
commonly interpreted as a ribbon continental domain rifted
from Gondwana (i.e., the CIZ) in the Early Paleozoic [Matte,
2001]. Subsequent oblique collision between the OMZ and
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the CIZ in the Late Paleozoic resulted in the suture known as
the Portalegre-Badajoz-Cérdoba Shear Zone [Burg et al.,
1981] or Central Unit [Azor et al., 1994]. Following oce-
anic consumption, the SPZ collided with the OMZ in the
Late Paleozoic, although it is unclear whether the former
really represents part of the Avalonia (Laurentia) continent
[Tait et al., 2000].

[¢9] The CIZ is subdivided into two tectonic domains with
contrasting structural styles and lithostratigraphic features
[Martinez Catalan et al., 2004] (Figure 1): a northern one
(Ollo de Sapo Domain, characterized by Ordovician glan-
dular gneisses and Variscan recumbent folds) and a southern
one (Schist-Graywacke Complex Domain). The southern
domain is characterized by a thick Neoproterozoic—Lower
Cambrian flysch sedimentary succession (Schist-Graywacke
Complex) and Variscan upright folds. The new MT profile
crisscrosses a representative section of the Schist-Graywacke
Complex Domain (Figure 2), which to the north is covered
by the Madrid-Toledo Cenozoic Basin (also known as the
Tagus basin); the southern end of this profile is located in the
Central Unit, thus reaching the OMZ.

3. The Geological Cross Section Along the MT
Profile

3.1. The OMZ-CIZ Suture

[10] The Central Unit (Figure 3a), separating the OMZ
from the CIZ, is a >5 km thick tectonic sheet that dips toward
the northeast and comprises highly sheared migmatitic
orthogneisses and paragneisses, schists as well as amphibo-
lites and partially retrograded eclogite lenses [4zor et al.,
1994]. Some of the amphibolites are Lower Paleozoic in
age and show an oceanic crust-like geochemical signature
[Gomez-Pugnaire et al., 2003].

[11] The Central Unit was imaged by the IBERSEIS
seismic reflection profile (located 100 km to the west of our
study area [Simancas et al., 2003]) as a northeast dipping
reflective wedge in the upper crust. This downdip wedge
continues to a midcrustal detachment, and its top is trun-
cated by the late developed Matachel Fault. To the south,
the Central Unit is separated from the OMZ by the Late
Variscan Azuaga Fault, which at surface appears as a sub-
vertical discontinuity (Figure 3a).

3.2. Stratigraphy

[12] The main geological features of the Schist-Graywacke
Complex Domain include (1) a thick Neoproterozoic—Lower
Cambrian synorogenic sedimentary succession (“Alcudian’)
related to the denudation of a Cadomian orogenic belt, (2) an
Ordovician to Devonian shallow marine siliciclastic suc-
cession developed in a passive margin continental platform
of Gondwana, (3) a thick Mississippian synorogenic sedi-
mentary succession (a “Culm” facies basin located in the
southern part of the domain) related to extensional tectonics
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during the Variscan orogeny, (4) upright folding at very low
grade metamorphic conditions, (5) widespread granitic plu-
tonism, peaking at circa 320-300 Ma, and (6) late Variscan
faulting.

[13] The oldest outcropping rocks in the OMZ and
southernmost CIZ are known as the Serie Negra Group,
late Neoproterozoic in age. This group consists of a thick
(>3000 m) sequence comprising graphite-rich schists, slates
and metagraywackes with black quartzites, amphibolites
and minor marble intercalations. By sectors, the Serie Negra
is overlain by the Vendian—Lower Cambrian Malcocinado
Formation, a calc-alkaline metavolcaniclastic succession
(rhyolitic to andesitic in composition) that also includes
minor metabasalts and some granitoid bodies (e.g., the
small Valsequillo stock located in the core of the Peraleda
anticline; Figure 2). The Serie Negra Group and the Mal-
cocinado Formation are covered by Cambrian metasand-
stones, metalimestones, and slates. The core of the Peraleda
anticline (Figures 2 and 3) is the northeastern outcrop of
these OMZ-type Neoproterozoic rocks.

[14] To the north of the Pedroches area, the oldest out-
cropping rocks are those belonging to the Schist-Graywacke
Complex (or “Alcudian” succession), Vendian to Lower
Cambrian in age. This complex is commonly subdivided into
Lower Alcudian, Upper Alcudian and Pusian Groups, sepa-
rated by unconformities; total thickness can exceed 15,000 m
although the reported values vary by sectors according to
different authors. The Lower Alcudian succession is a
monotonous flyschoid alternation of slates and meta-
graywackes with some metaconglomerates and minor meta-
volcanic rocks. The overlying sequence is mainly composed
of slates occasionally interbedded with black shales, meta-
conglomerates, metasandstones, metalimestones, phosphate-
rich levels and metavolcanic rocks; this Group is covered by
Cambrian metasandstones and metalimestones.

[15] The stratigraphic relationship between the Serie Negra
Group and the Alcudian succession remains unsolved. It
has been argued that the former could extend northward of
the Pedroches area, underlying the latter [Martinez Poyatos
et al., 2001a], but a lateral facies change was also pro-
posed [Vidal et al., 1994].

[16] The Ordovician to Devonian siliciclastic succession
overlies unconformable the previous lithostratigraphic col-
umn. It corresponds to a 3000 m thick sequence of alter-
nating quartzite and slaty formations deposited in a shallow
marine platform, where the Armorican Quartzite Formation
(Lower Ordovician) stands up as a 500 m thick reference.
The Lower Silurian (graphite-rich) black shales, forming a
100 m thick series, are also noteworthy. In the Almadén
area, local alkaline basaltic magmatism produced diatreme
(pyroclastic)-like bodies, sills and lavas, with ultramafic
xenoliths, in the Silurian-Devonian succession; their alter-
ation produced Ca-Mg-Fe carbonates, pyrite and cinnabar

Figure 3. (a) Geological cross section of the eastern Schist-Graywacke Complex Domain (modified from Martinez
Poyatos et al. [2004]) with the approximate projected location (according to direction of structures) of the MT sites. (b)
Bouguer and magnetic anomalies (extracted from IGN [1976] and Ardizone et al. [1989]) along the MT profile.(c) Two-
dimensional electrical resistivity model along the MT profile with indication of the main high-resistive and high-conductive
zones and geological structures discussed in the text. R, resistive zones; C, conductive zones; SN, conductive Serie Negra

Group.
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mineralizations that host a mercury world class ore system
[Higueras et al., 2000].

[17] In the southern CIZ, remarkable Mississippian
synorogenic sedimentation (“Culm” facies) is recorded in the
Guadiato-Pedroches Basin, best exposed in the Pedroches
area where it is known as the “Culm of Pedroches.” It is
made up of monotonous alternations of dark slates and
metagraywackes that, toward the base, also include horizons
of metaconglomerates, metavolcanic rocks, and minor
metalimestones. Total thickness of this sequence has been
estimated to be a minimum of 6000 m, providing evidence
for a significant subsidence that can be explained by exten-
sion coeval to the exhumation of the previously deep-seated
rocks of the Central Unit [Martinez Poyatos, 2002]. Con-
temporary igneous activity took place in the southern part
of the Guadiato-Pedroches Basin (as well as in the OMZ
and SPZ), where two major outcrops of mafic rocks occur:
(1) up to 2000 m of basaltic lavas in the southern limb of the
Peraleda Anticline and (2) a gabbroic body that conceals,
along with the Mississippian metasediments and granites,
the Central Unit toward the east (Figure 2).

3.3. Structure

[18] As regards the structural features, eo-Variscan
deformation was restricted to the Espiel Thrust Sheet, located
immediately to the north of the Central Unit. The Espiel
Thrust Sheet records Devonian NE vergent recumbent folds
and associated ductile shearing. Following unconformable
Mississippian sedimentation, it thrusts to the NE (the Espiel
Thrust) onto their relative CIZ para-authochthon [Martinez
Poyatos et al., 1998]. In the Schist-Graywacke Complex
Domain, the most outstanding Variscan structures at regional
scale are upright to slightly south verging folds (Figure 3a).
They formed with associated slaty cleavage under very low
grade metamorphic conditions during the Pennsylvanian.
These folds usually strike NW-SE, but in a sector NE of
Almadén they rotate to a N-S direction as a result of a swivel
imposed by a N130°E subvertical left-lateral shear zone
[Ortega, 1986]. From south to north, the first-order folds
are the Peraleda, Pedroches, Alcudia, Esteras, Navalpino
and Valdelacasa anticlines, and the intervening Guadalmez,
Almadén, Herrera del Duque, Guadarranque and Navalu-
cillos synclines (Figures 2 and 3a).

[19] Late granite genesis/emplacement and faulting (usu-
ally of strike-slip type but also with normal kinematics) are
the main records of the late Variscan orogenic evolution
during the Pennsylvanian-Permian period. Synorogenic to
postorogenic granites are very abundant in the CIZ, mainly in
its northwestern sector; in the southeast, relevant batholiths
are those of Pedroches and Mora (Figure 2), the former
comprising a granodioritic pluton intruded by granitic bodies.

[20] Late Variscan left-lateral and normal faults charac-
terize the southern Iberian Massif. From south to north, we
are concerned with those of Azuaga, Matachel, La Canaleja,
Puente Génave—Castelo de Vide (PG-CV), and Toledo
faults (Figure 3a). The Azuaga Fault is a brittle, left-lateral
strike-slip fault that bounds the Central Unit to the south,
and conceals the original thrust that juxtaposed the Central
Unit onto the underlying OMZ. The Matachel Fault is a
brittle, north dipping low-angle normal fault that bounds the
Central Unit to the north, contributing to its exhumation
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[Azor et al., 1994]. The Canaleja Fault is a brittle subvertical
fault that down threw the northern block [Martinez Poyatos
et al., 2001a]. The PG-CV Fault is a ductile to brittle, south
dipping shear zone, which has been proposed as the limit
that separates a southern crustal domain (with some dis-
tinctive geological features) from the remaining Schist-
Graywacke Complex Domain [Martin Parra et al., 2006].
The Toledo Fault [Hernandez Enrile, 1991] has a low dip
to the south and exhumed the Toledo Anatectic Complex,
a migmatitic dome composed of granulite-grade (800°C,
5 kbar) pelitic migmatites and related granitoids with minor
gabbros [Barbero, 1995].

4. Previous Geophysical Data

[21] General gravimetric and magnetic surveys are avail-
able in the study area: the 1:1,000,000 Bouguer anomaly
map [Instituto Geogrdfico Nacional (IGN), 1976] and the
1:1,000,000 aecromagnetic anomaly map (at 3 km altitude) of
the Spanish National Institute of Geography [Ardizone et al.,
1989]. The 1:1,000,000 Bouguer anomaly map reveals wide
negative anomalies related to the outcropping igneous
bodies (Pedroches and Mora batholiths; Figure 3b) and to
the sedimentary basins crossed by the MT profile or located
in nearby areas. However, the map is not accurate enough to
determine in detail the structure of those batholiths and
basins; only the geometry of the small-sized Cardenchosa
granite (located near the southernmost end of the profile),
extending ~2 km deep and displaying a subhorizontal bot-
tom, is well constrained by a detailed gravity survey
[Simancas et al., 2000]. The 1:1,000,000 aecromagnetic map
shows numerous WNW-ESE elongated anomalies, parallel
to the main Variscan structural trend, which could reflect the
presence of hidden mafic/intermediate igneous bodies and/
or local enrichments in (ferro-) magnetic ores (Figure 3b). In
addition, a detailed anisotropy of magnetic susceptibility
research was developed in the Pedroches batholith, provid-
ing evidence of subhorizontal magnetic foliations and a thin
(<5 km) sheeted laccolith morphology with prevailing hor-
izontal extensions [Aranguren et al., 1997].

[22] In the surveyed area, the main crustal features were
established from deep seismic refraction profiles, indicating
a flat Moho located at ~31 km depth and an internal
structure formed by several flat layers, some of them
including velocity inversion [Banda et al., 1981]. More
recent deep seismic profiles have significantly improved the
crustal image of the SW Iberian Variscides. The IBERSEIS
reflection profile [Simancas et al., 2003; Carbonell et al.,
2004], located 100 km to the west and south of the new
MT survey, imaged a reflective SPZ, OMZ and southern-
most CIZ lower crust, detached from the upper crustal
levels. Additionally, in the middle crust of the OMZ (and to
a lesser extent of the southernmost CIZ), a roughly flat and
2 s thick highly reflective band (known as the Iberian
Reflective Body) was observed and interpreted as a Missis-
sippian (intra-Variscan extensional stage) complex sill-like
mafic intrusion superposed to the midcrustal detachment.
More recently, a wide-angle seismic experiment, partially
coincident with the IBERSEIS profile, showed high wave
velocities (including velocity inversions) from 15 km to
Moho depth in the SPZ, OMZ and southern CIZ, that have
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been interpreted as corresponding to a lower crustal mafic
granulite basement with mafic intrusions, detached from a
metasedimentary upper crust with granitic intrusions
[Palomeras et al., 2009]. The very recent ALCUDIA
reflection profile, which coincides with the new MT survey,
is still being processed. However, a preliminary (stacked)
image obtained reveals a highly reflective lower crust
beneath a rather transparent upper crust, the midcrustal
reflective band not being observed [Tejero et al., 2008].

[23] Five previous parallel NE-SW MT profiles were
acquired during the last decade in SW Iberia spanning the
SPZ and OMZ, and reaching the CIZ to the north, [Monteiro
Santos et al., 1999; Almeida et al., 2001, 2005; Pous et al.,
2004; Vieira da Silva et al., 2007; Musioz et al., 2005,
2008]. These surveys provided evidence of the sutures at
depth characterized by high-conductivity anomalies. In
particular, the OMZ-CIZ boundary was correlated with a
NW-SE conductor extending for more than 220 km. A
midcrustal conductive layer along the whole OMZ was
detected and interpreted as a major décollement between the
granulitic basement and the overlying metasedimentary pile
[Muiioz et al., 2008]; this conductive layer shows a spatial
correspondence with the Iberian Reflective Body. Further-
more, based on the available data, a similar conductive layer
in the CIZ was inferred [Murioz et al., 2008], prompting us
to carry out the new profile within this geotectonic unit.

5. New Magnetotelluric Data

[24] The new MT profile consists of thirty three magne-
totelluric sites spaced 5—7 km along a NE-SW direction for
~210 km (Figure 2). Instrumentation at sites 6, 26 and 28 did
not work properly and their data have been discarded. The
data were collected during two field experiments in 2007.
The five MT components were measured at all sites: two
horizontal electric and magnetic field components measured
in N-S (x axis) and E-W (y axis) directions and the vertical
magnetic field component (z axis). The registration time at
each site was about 60 h and the periods recorded range from
0.001 to 1000 s. The time series were processed using a
standard robust processing algorithm [Egbert and Booker,
1986] to obtain the impedance tensor components and the
geomagnetic transfer functions (Figure 4). The data were in
general of good quality and only some sites were affected by
cultural noise. However, some gaps appeared in the esti-
mation of the transfer functions around 5-10 s due to the low
natural signal (low solar activity) at the time of data
recording.

5.1.

[25] The induction arrows allow a qualitative recognition
of lateral conductivity contrasts. They point away from the
high-conductivity zones (in Wiese convention) and have
the maximum magnitudes where the gradient of resistivity
distribution is highest. Figure 5 shows the real induction
arrows at 3 different periods. At medium and long periods,
the induction arrows are predominantly N and NNE,
excepting some sites where direction appears more scat-
tered. Reversals in the vectors sense reveal a heterogeneous
crust with several changes in the horizontal gradient of the
resistivity structure.

Induction Arrows
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5.2. Dimensionality Analysis

[26] The dimensionality and preferred strike direction of
the profile were studied using two approaches: (1) the
multisite/multiperiod analysis [McNeice and Jones, 2001]
based on the Groom and Bailey [1989] tensor decomposi-
tion and (2) the phase tensor analysis [Caldwell et al., 2004].

[27] Following the multisite/multiperiod analysis, the
strike direction was calculated in a period range for all sites
by minimizing the global y* misfit between experimental
and theoretical Groom-Bailey impedance tensor. An error
floor of 10% was applied to the data because several sites
were affected by noise, mainly in the period range between
1 to 10 s; obvious outliers were excluded from the analysis.
The results showed that for strike directions between 125°
and 145°, the y? error lies within the 95% confidence
interval for a period range of 5-200 s. The smallest x* error
was achieved for a strike direction of 125°; this value was
also confirmed by single site calculations of the strike
direction for the same period range. The 90° ambiguity was
solved considering the known strike direction of the main
geological contacts and the induction vectors (Figure 5).

[28] The phase tensor is defined by the relation ® =X 'Y,
between the real (X) and imaginary Y part of the impedance
tensor, respectively. As any second rank tensor, the phase
tensor can be represented graphically as an ellipse, which is
defined by 3 invariants of the phase tensor: the principal
axes Pax, Pmin, showing the maximum and minimum
phase difference between the magnetic and electric fields
and a third coordinate invariant parameter § (the skew
angle) that represents the asymmetry of the phase response.
The phase tensor is distortion independent, thus in a 2-D
case the strike direction can be inferred directly from the
orientation of the ellipse. For a 3-D conductivity structure
the orientation of the phase tensor ellipses gives the direc-
tion of maximum resistivity gradient. The skew angle (3
provides a measure of the significance of 3-D effects in the
MT phase response. Figure 6 shows the phase tensor ellipses
of the observed data as a pseudosection. The background
color and the color used to fill the ellipses show that 3
values are low (<5°) but increase to ~10° at long periods
(~150 s) and at sites/areas where data quality is lower.

[29] The rose diagrams (Figure 7) show the phase tensor
azimuth for different frequency ranges; to exclude the data
with strong 3-D effects from the strike analysis only data
with G < 14| are shown. For short periods, the phase tensor
azimuth scatters over a wider range but have a maximum at
about 20°-40°, whereas for the period range of 5-200 s a
clear maximum at 25-35° exists. For periods > 200 s only
few data have low (3 values. The TM mode data at all sites
have been checked for consistency with 1-D D+ models
[Beamish and Travassos, 1992] and are compatible with a
1-D model except at those sites with high § values. These
sites are the responsible for the large error floor required by
the multisite/multiperiod analysis to account for a 2-D
dimensionality. Therefore, the 2-D approach is expected to
be feasible provided a 2-D model error floor large enough to
accommodate potential three dimensionality is used.

[30] Thus, in accordance with the results from the multisite/
multi—period analysis, and, considering the induction vec-
tors and the known geological strike, a resistivity strike
direction of N125°E was chosen. Accordingly, the data were
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Figure 4. Data and model responses, apparent resistivities, phases (red, TM mode; blue, TE mode), and
projected geomagnetic transfer functions (red, imaginary; blue, real).

rotated to —55°, the xy component being the TE mode and
the yx component the TM mode.

5.3. Static Shift and TEM Soundings

[31] In order to control the static galvanic distortion
caused by very small scale surface-scattering bodies, a
central loop transient EM resistivity (TEM) sounding was
made at each MT site to obtain the shallow apparent resis-
tivity. The TEM data were recorded by using the TEM-
FAST48HPC equipment (AEMR). It is a small and compact
electromagnetic transient source/receiver with 48 time
channels and acquisition range from 4 us to 15.3 ms;

soundings were done with a 75 m side coincident single
square loop.

[32] Interpretation of the TEM data was carried out using
a standard algorithm for 1-D modeling [Raiche et al.,
1985]. MT and TEM data can be jointly visualized using
semianalytic and empirical relationship [e.g., Meju, 1996]
establishing that the equivalent MT period (T) for a given
transient time (t) in seconds is T ~ 4t. The shallow resis-
tivity proved to be rather similar to the levels of the (—55°
rotated) MT apparent resistivities, whose scattering in the
levels was less than one decade. Only few sites showed
significant differences between TEM and MT curves; these
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Figure 4. (continued)

apparent resistivities were shifted in accordance with the
TEM data prior to the inversion. Finally, in the inversion
procedure some static shifts were corrected at sites where
the fitting did not improve. Figure 8 shows the superposi-
tion of TEM data and MT apparent resistivities for two
sites; site 24 is an example of good agreement between

both TEM and MT data; site 20 illustrates the shift needed
to adjust the TEM curve.

5.4. A 2-D Inversion

[33] In accordance with the dimensionality analysis, a
joint 2-D inversion [Rodi and Mackie, 2001] of —=55° rotated

9 of 20



B02103

5°W wiece 4°W
T T=37s oSS
Dt
‘_;,:-32){4»"\,\
3 =28 1 3
. N ~30
| acn

Figure 5. Real induction vectors (Wiese convention, point-
ing away from conductors) at 37 s, 90 s, and 292 s.
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apparent resistivities, phases and projected geomagnetic
transfer functions was carried out. The model minimizes
second derivatives using equal grid Laplacian and a regu-
larization parameter 7 = 7. This value was obtained by
optimizing the trade-off between smoothing the model and
lowering the RMS misfit (Figure 9). The error floor used in
the inversion has to be consistent with the Groom-Bailey
dimensionality/strike analysis. The 10% error floor required
to establish a 2-D strike direction represents, for the inver-
sion, an error floor of 21% for the apparent resistivities and
5.71% for the phases. A number of inversions were carried
out with different errors floors around these values, always
obtaining the same relevant features in the final inverse
models. In a 2-D Earth, the MT data separate into two
independent modes, the TM and TE modes, corresponding
to electric current flow perpendicular and parallel to the
strike direction, respectively. Since the TE mode is more
sensitive to off profile (3-D) structures [ Wannamaker et al.,
2002], we obtained better fits of the TM mode by slightly
reducing the error floor of this TM mode. In addition, the
TE mode of those sites, where dimensionality analysis gave
a strike removed from the N125°E and data were affected by
possible 3-D effects was excluded from the inversion in
order to improve the fitting and reduce the rms. These are
the sites in the southern part of the profile: sites 15, 16 and
17 in Figure 4. After several attempts the best fitting model
was obtained by the following sequence. First, the geo-
magnetic transfer functions were inverted with a homoge-
neous Earth starting model. Second, this inverse model
result was used as an initial one for the joint inversion of the
TM mode and TF data. Finally, the resulting model was
used as the starting model for the joint inversion of the TM,
TE and TF data. Finally, the model in Figure 3c was
obtained with a RMS of 2.96 and an error floor of 21% for
the TE apparent resistivities, 15% for the TM apparent
resistivities and the same 5.71% for both phase modes. This
model is essentially the same obtained when using also the
TE mode of the sites 14 to 16 and when using a higher
(21%) error floor for the TM apparent resistivities.

[34] Figure 4 shows the model responses for a represen-
tative selection of sites, and Figure 10 shows the pseudo-
sections for all the sites along the profile. Figure 10c also
contains the difference pseudosections between the
observed and modeled responses. The fit is better for the
TM mode and tipper whereas the TE mode shows some
misfits due to the higher error floor used for this mode. The
difference pseudosections show that generally a good fit is
achieved for the TM mode. Large misfits, mainly in the TE
mode, are found where the data is strongly affected by 3-D
structure (e.g., sites 9 and 10), as indicated by the large 3
values in Figure 6. The main features of the model are
constrained mainly by the TM mode. The inverse model
obtained from joint inversion of the TM mode and tipper is
essentially the same, which gives confidence to the 2-D
approach used.

5.5. A 2-D Electrical Resistivity Model

[35] A first view of the electrical resistivity model
(Figure 3c) reveals an almost continuous conductive layer
along the middle-lower crust (C1 and C2), while the upper
crust is imaged as a combination of variably sized resistive
and conductive bodies (R1, R2, C3, R3, C4, ..., C8). In the
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Figure 6. Phase tensor ellipses of the observed data. Ellipses were normalized by ®,,,,«; the background
color and the color filling the ellipses show the skew angle 3. Orientation of the principal axes of the
phase tensor ellipses suggests a N125°E strike direction. High values of 5 show data affected by 3-D
structures; low values of (3 and uniform orientation of the ellipses suggest that a 2-D modeling approach

is justified.

shallow part of the model, some elongated conductors dip-
ping to the north and south coincide with known fault zones
and, therefore, the enhanced conductivity is assumed to
reflect aqueous fluids trapped in these highly permeable rock
domains (including the adjoining fractured rocks). The
resistive zones correlate well with igneous intrusions and
metamorphic rocks. This shallow part of the model will be
described and interpreted in detail in the light of the accurate
geological cross section (see section 6.2).

[36] The moderate conductive middle to lower crust,
appearing with a dome-like geometry in the north of the
OMZ-CIZ boundary and other dominant directions along the

180

a) <1s, B</4|, (n=261)

180

b) 1s-200 s, B<|4|, (n=147)

model, confirms the prolongation into the CIZ of the con-
ductive layer previously detected in the OMZ [Murioz et al.,
2008]. The absolute electrical conductivity of this layer is
fairly homogeneous but enhanced conductivity is observed
below sites 7, 10 and 28. At some locations, the upper section
of this layer connects with the shallow conductors, imaging a
detached and imbricate faulted upper crust.

[37] The joint inversion of apparent resistivities, phases
and tipper strongly constrains the model at shallow and
middle depths. Given the high error floor used in the
inversion a number of acceptable models matching the data
could be expected at deeper depths. However, sensitivity

180

c) >200 s, p<|4|, (n=33)

Figure 7. Rose diagrams for the phase tensor azimuth derived from the MT sites at a frequency range of
(a) <l s, (b) 1-200 s, and (c) >200 s. Only data where the skew angle (3 < 14| were taken into account. The
ambiguity of 90° is shown by the gray and black roses; n denotes the total number of frequencies.
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Figure 8. Combined apparent resistivity curves from the TEM (solid line) and the MT soundings for

sites 20 and 24.

tests that were carried out by removing the conductors from
the model, always resulted in a large data misfit. The res-
olution decreased only in the deepest parts of the model
(>30 km). Specifically, the tests carried out consisted of,
first, removing separately each one of the conductors
appearing in the model (Figure 11a) and, second, removing
the whole conductive middle to lower crust layer corre-
sponding to C2 in the model (Figure 11b). In all the tests
the conductors were substituted by a moderate resistivity
(300 Q m) from a depth of 15 km down to 35 km. The
largest misfit in all the cases appears in the TM mode, the
TE mode being less restrictive. Removing one of the con-
ductors of the final model always resulted in a significant
increase of the TM apparent resistivity at middle and long
periods in those sites over or near the removed conductor.
Note that the resistivity used as a substitute of the con-
ductors in the tests is not high. This indicates that this period
range (about 1-100 s) is sensitive to the resistivity structure
at midcrustal levels in CIZ. Note also that this period range
is within the range where the dimensionality analysis
resulted in a 2-D structure. The fitting obtained in this
period range (Figure 10) also shows the feasibility of the 2-D
approach. Owing to the complexity of the 2-D model, the
responses do not depend exclusively on one body since an
interaction of all the effects of all the bodies occurs. In the
test of Figure 11b where the entire layer C2 in the CIZ is
removed the responses of the altered model (green) are
similar to those of the models of Figure 1la, the small
differences being due to the 2-D effects caused by lateral
conductors which are still present in the altered models of
Figure 11a. We can conclude that the conductors C1-C9
appearing in the model (Figure 3c) are required by the data
and only slight variations in the geometry (depths) are
possible.

6. Discussion of the MT Image in the Frame
of Geological and Geophysical Data

6.1. Implications of the Middle to Lower Crust
Conductive Layer

[38] The IBERSEIS seismic reflection profile [Simancas
et al., 2003] imaged in SW Iberia (SPZ, OMZ and south-
ernmost CIZ) a midcrustal detachment shear zone (at 4 to 6 s

of depth) where many first-order Variscan structures merge
upward to surface. Thus, this shear zone may correspond to
the limit between a metasedimentary sequence (the Serie
Negra Group and overlying rocks) detached from a high-
grade metamorphic/igneous lower crust basement. Dense
wide-angle seismic data, partially superposed to the IBER-
SEIS profile, show relatively high seismic velocities from
4 s to the Moho depth, thus providing evidence of a pre-
vailing mafic composition (mafic granulites with mafic
intrusions) for the middle and lower crust in the SPZ, OMZ
and southern CIZ (from the Central Unit to the Alcudia
Anticline) [Palomeras et al., 2009]. The moderate conduc-
tive middle to lower crust should then be attributed to a
mafic granulite layer, perhaps bearing interconnected
graphite films as proposed by Monteiro Santos et al. [2002]
and Murioz et al. [2008] for OMZ. The earlier data are in
accordance with the conductive middle to lower crustal
layer (C1) imaged by MT (Figure 3c). Furthermore, the
upper section of C1 can be interpreted as corresponding to
the lower part of the Serie Negra Group (SN, Figures 3¢ and
Figure 12), presumably recrystallized under higher meta-
morphic conditions. Note that the Serie Negra Group has

3000

=1

roughness

Figure 9. L curve, trade-off between model roughness and
root mean square. The optimal parameter 7 is 7.
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Figure 11a. TM data and model responses for several sen-
sitivity tests. The dots represent the data, the red solid line
represents the responses of the inverse model (Figure 3c),
and the green solid line represents the responses of the
altered models. Replacing the conductors by a resistivity of
300 2 m, test 1, SN and C1; test 2, C6; test 3, C2; test 4, C2
beneath site 2; test 5, C2 beneath sites 22-23; test 6, C9 and
C2 beneath sites 28-31.

proved to be highly conductive because of the presence of
interconnected graphite [Pous et al., 2004; Monteiro Santos
et al., 2002].

[39] The persistence of a granulitic middle to lower crust
to the north of the Pedroches Batholith, as represented by
the moderate conductive C2 layer, is not so clear, but other
geophysical data contribute to achieve a similar interpreta-
tion. A preliminary processed image of the ALCUDIA
seismic reflection profile, coincident with our MT profile,
shows a persistent very reflective crust from ~5 s to the
Moho depth [Tejero et al., 2008]. A ductile banded middle
to lower crust formed by alternations of acidic and basic
granulites would generate this strong reflectivity and prob-
ably be conductive. Contrary to that for the southern part,
there are no seismic wave velocity data for the central and
northern parts of the profile, in order to constrain its nature.
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However, the persistence of the same seismic fabric and
moderate conductivity both point to middle to lower crust
homogeneity all along the profile. Thus, we interpret C2 in a
similar way than C1, as corresponding to a middle to lower
crust basement formed by banded mafic (and alternating
acidic?) granulites. Furthermore, as in the case of Cl, the
upper section of C2 (e.g., the moderate conductive middle
crust between sites 1-4, 6-8, 20-24, or 27-28) could cor-
respond to either (1) the Serie Negra (if it continues below
the Alcudian succession northward of the Pedroches area) or
(2) to the Alcudian succession itself. In the latter hypothesis,
the conductivity of the Alcudian slates has not yet been
probed, but it is reasonable to assume the presence of some
metamorphosed organic matter, which would account for a
fraction of the electrical conductivity imaged, at least in the
deepest (and more metamorphosed) Alcudian rocks.

log Period [s]

log Period [s]

Figure 11b. TM data and model responses for a sensitivity
test. The dots represent the data, the red solid line represents
the responses of the inverse model (Figure 3c), the green
solid line represents the responses of the altered model. The
conductive layer in the CIZ middle to lower crust (con-
ductors C2, C6 and C9) is replaced from 15 km down to
35 km by a resistivity of 300 2 m.
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[40] The top of the conductive middle to lower crustal
layer (C1 and C2) can represent a major midcrustal décol-
lement, from where the upper crustal structures merge
upward to surface (Figure 12); therefore, soft metasediments
immediately above the granulite layer should have acted as a
décollement horizon. This interpretation is consistent with
the general tectonic model reported in the work of Murioz
et al. [2008] for the OMZ-CIZ boundary. As for the CIZ
concerns, such an interpretation is constrained by the fol-
lowing joined arguments. (1) Somewhere in the middle crust
there must be a first-order rheological contrast derived from
a petrological one: the lower crust is likewise interpreted as
a mafic granulite crystalline basement, and the upper crust is
formed by thick metasedimentary successions intruded by
granites. (2) This compositional contrast is corroborated by
a relevant midcrustal jump in seismic wave velocities for the
southern CIZ (from the Central Unit to the Alcudia Anti-
cline) [Palomeras et al., 2009]. (3) The middle to lower
crust has been preliminary seismically imaged as homoge-
neous and highly reflective (then interpreted as ductile
banded), while the upper crust is rather transparent [Tejero
et al., 2008]. (4) Our MT data image a middle to lower
crust electrically homogeneous and moderately conductive,
in contrast with the alternating conductive and resistive
bodies for the upper crust. (5) From the structural point of
view, the lower crust seems to be quite homogeneous (as
suggested from its electrical and seismic character); on the
contrary, the uppermost crust is tectonically deformed by a
train of upright folds and faults (Figure 3a) that do not seem
to penetrate into the lower crust or mantle. Consequently,
the tectonic structures of the upper crust should be detached
and rooted in a midcrustal décollement (Figure 12), in a
similar way than for the SPZ, OMZ and southernmost CIZ
was imaged by the IBERSEIS seismic profile [Simancas
et al., 2003]. The only difference is that in the OMZ (and
partially in the southernmost CIZ), the Iberseis Reflective
Body is superposed to the midcrustal detachment. The
existence of this geophysical body (associated with both
high electrical conductivity and high and complex seismic
reflectivity) has been explained as the result of a mantle
thermal pulse that resulted in abundant mafic magmatism
during an intracollisional Mississippian extensional event
[Simancas et al., 2003]. The northern evidence of this
extension is the Mississippian Pedroches Basin and related
basalts. Further to the north there is no Iberseis Reflective
Body (therefore, the middle crust in the CIZ is not as so
conductive as in the OMZ), nor Mississippian (thick) sedi-
ments or mafic igneous. But the absence of the Iberseis
Reflective Body (and its related features including enhanced
conductivity) to the north of the Pedroches area does not
mean an absence of a tectonic detachment between the
upper and lower crusts.

[41] The continuity of this regional midcrustal décolle-
ment is vertically displaced at least below four locations:
beneath site 13 (northward of the OMZ-CIZ boundary) the
displacement is responsible for the dome-like geometry of
the conductive layer in the southern part of the model;
beneath site 9, site 24 and, toward NE, site 33, the tectonic
disruption appears to be less important, despite causing a
rough waving pattern of that crustal layer. The enhanced
conductivity in some of these structural discontinuities
could be ascribed to an increase in the graphite content/
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interconnectivity as a result of (1) hydrothermal circulation
of C-rich fluids during the overall transpressive Variscan
regime and/or (2) shearing of graphite-rich rocks belonging
to the Serie Negra (as seems to occur beneath sites 9 and
13). The shallow character of the conductive signal in other
areas may be due to a combination of tectonic effects and
mineralogical characteristics of some metasedimentary
horizons, and the very fact that metamorphosed sequences
are strongly affected by Variscan deformation (folding) may
also reinforce locally this pattern (e.g., Almadén syncline).

6.2. A Closer View of the Upper Crust: A Comparison
With the Geological Cross Section

[42] The detailed geological cross section along this MT
profile provides an opportunity to check the usefulness of
the MT method to image the shallow structure of the crust.
Resistivity changes in the upper crust are usually ascribed to
the presence of aqueous (saline) fluids and/or mineral
conductive phases rather than to changes in lithological
features. But similar rocks recording variable effective
(interstitial) porosity and (fracture) permeability, and even-
tually subtle differences in proportion to their forming
conductive minerals can also account for marked differ-
ences in electrical resistivity values. In line with this ratio-
nale, the MT features of the upper crust and their possible
connections with deeper structures or rock bodies will be
investigated.

[43] The profile starts in the south with RI, but its
meaning is somewhat imprecise because of the marginal
location in the model. R2 is a north dipping resistive domain
that coincides with the Central Unit (from sites 19 to 17),
where resistive rocks (gneisses and amphibolites) prevail;
the Late Variscan granite intruding into the Central Unit
between sites 18 and 17 also contributes to this resistive
signal. R2 disappears downdip to the north into the middle
to lower crustal conductive layer. All these features are in
accordance with the geometry imaged for the Central Unit
by the IBERSEIS profile [Simancas et al., 2003]. Between
the vertical trace of the Azuaga Fault and R2, a conductive
triangle-shaped domain (Figure 3c) is interpreted as the
continuation of the Serie Negra to the north of this fault
zone, underlying the Central Unit and reinforcing the
paleogeographical continuity between the OMZ and CIZ
during the Neoproterozoic. This conductor, just beneath
(few kilometer depth) of the boundary OMZ-CIZ, appears
in all the MT profiles carried out in SW Iberia and has been
interpreted as the signature of this suture at depth, the
graphite being responsible for the high conductivity [Pous
et al., 2004; Murioz et al., 2008; Almeida et al., 2005].

[44] C3 is a shallow (0 to 5 km of depth) conductive body
located between sites 17 and 15, and fits well with the
characteristics displayed by the outcropping rocks and their
structural arrangement. Here, the Espiel Thrust Sheet (an
allochthonous unit bounded by the Matachel Fault and the
Espiel Thrust to the south and north, respectively) develops
a recumbent folded structure that involves, among others,
metamorphosed rocks of the Serie Negra (outcropping
between sites 17 and 16). In addition, just to the north of the
Espiel Thrust, around site 15, Mississippian metabasalts and
minor slates (which must also be conductive, see below)
crop out along the southern limb of the Peraleda Anticline.
There is just one site (16) within this profile segment, but
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the good resolution of the geological cross section supports
fairly well this interpretation. Note, however, that the lateral
waveshape of the electromagnetic field leads to a significant
contribution of sites 15 and 17 in constraining C3.

[45] Between the Azuaga Fault and the Peraleda Anti-
cline, there are several igneous bodies, some of which host
ore-forming systems or trigger their development in the
metamorphic envelope, thus accounting for the observed
magnetic anomalies (Figure 3b).

[46] The MT features in the Peraleda Anticline, with its
fold axis centered at site 14, are interesting for two reasons.
First, the position of Perelada Anticline coincides with
the minimum depth of the conductive C1 (overlying Serie
Negra) layer, thus drawing an antiformal geometry; meta-
morphosed rocks of the Serie Negra constitute the core of
the anticline and, in fact, they outcrop below Lower
Paleozoic metasandstones 15 km to the northwest of site 14
(Figure 2). Second, the MT profile lies across the Peraleda
Anticline just where erosion of the unconformable overlying
Lower Paleozoic sandstones allows the Valsequillo stock to
outcrop. The Valsequillo stock corresponds to a Neopro-
terozoic granite intruding into the Malcocinado Formation,
here represented by volcanogenic metaconglomerates over
the Serie Negra. The R3 body fits very well with this
shallow granite located in the Peraleda Anticline core.

[47] Below site 13, the conductive layer C1 is suddenly
displaced down to lower crustal depths. At surface, the
northern limb of the Peraleda Anticline is disrupted by the
Canaleja Fault, which downthrows the northern block
(Figure 3). Dip slip of this subvertical fault has been
estimated, from balanced cross sections, at a minimum of
5000 m, although it could be higher [Martinez Poyatos,
2002].

[48] C4 and CS5 conductive bodies are located just below
sites 12 and 9, respectively, and centered in the “Culm”
facies (Mississippian rocks) bounding the Pedroches
Batholith (Figure 3). The Mississippian succession is here
dominated by a monotonous interchange of dark slates
and metagraywackes. By sectors, the slates are the unique
rock type and their dark shade could be due to significant
enrichments in metamorphosed sedimentary organic matter
(as in the Serie Negra metasediments with high graphite
content); nonetheless, the intensity of metamorphism in the
Pedroches area did not exceed very low grade conditions
(200°C-300°C [Martinez Poyatos et al., 2001b]).

[49] In addition to the previous interpretation, C5 can
also be due to features triggered by active faulting through
time. In fact, the northern portion of C5 coincides with the
PG-CV Fault (located between sites 9 and 8), whose
characteristics and relevance [Martin Parra et al., 2006]
should now be considered. At surface, the fault dips to the
south and separates the Mississippian succession from the
underlying Paleozoic rocks located to the north. Along
most of its trace, the fault sheared a well-known graphite-
rich, 100 m thick, Silurian shale. Also common is the
record of effects due to a long-lived hydrothermal system,
involving various fluid pulses focused under distinct (P-)T
conditions: (1) synshearing to postshearing porphyroblasts
of andalusite, biotite, and pyrophyllite (that can reach up to
80 vol % of the phyllonites adjoining granites), even
removed from igneous intrusions; (2) abundant kaolinite
(rarely present out of the fault zone), muscovite, andalu-
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site, and quartz in phyllonitized shales and clay gouges
along the eastern fault segment; and (3) intense kaoliniti-
zation and concomitant Pb sulphide ore formation,
requiring high volumes of mineralizing fluids at estimated
temperatures of 100°C-200°C [Jiménez-Millan et al.,
2007]. All these features together with a highly effective
permeability (caused by recurrent fracturing and the infil-
tration of substantial meteoric-derived waters) account for
the enhanced conductivity along the PG-CV Fault.

[s0] At a regional scale, the PG-CV Fault has been inter-
preted as the boundary of two crustal domains with some
differences in Precambrian and Paleozoic successions,
basement compositions (inferred on the basis of isotope
geochemistry for granite rocks) and Variscan structures
[Martin Parra et al., 2006]. The high conductivity of this
structure and its regional relevance suggest a deeper pro-
longation for the PG-CV Fault, reaching the middle or even
the lower crust, as imaged by the south dipping C6 body.
Thus, the extreme conductivity of C6 can be ascribed to
the shearing undergone by the Serie Negra as it intersects the
fault zone at a midcrustal depth, leading to an increase in
the content and connectivity of graphite.

[5s1] As regards the resistive bodies R4 to R12, it should
be noted that they are mainly located in the upper crust and
are rounded in shape. R4 and R11 underlie the Pedroches
(sites 11 to 10) and Mora (sites 29 to 32) granitic batholiths,
respectively, also showing negative gravity anomalies
(Figure 3b). The assignment of R5, R6, R7, R8, R9, R10
and R12 to subsurface granite bodies is not so straightfor-
ward given the absence of significant regional negative
gravity anomalies and the near absence of granite outcrops
between Pedroches and Mora. Nevertheless, the presence of
two very small granite stocks (15 km to the northwest and
30 km to the east of Almadén, respectively; Figure 2) may
be taken as evidence for more subsuperficial igneous bodies
in the surveyed region.

[52] As for the shape of the Pedroches igneous body,
there is evidence to suggest a relevant vertical dimension
(deep root), i.e., the existence of an important negative
gravity anomaly (up to 20 mGal), the high-dipping contacts
with the country rocks, the absence of roof pendants or of
large country rock inclusions at some distance from the
contacts, and the shape of R4 (exhibiting high resistivity
down to 15 km depth). Therefore, in the absence of more
detailed gravity data, the interpretation by Aranguren et al.
[1997] as a thin laccolith intrusion must be treated with
caution.

[53] C7 is an upper crustal conductive body located
between sites 6 and 5, where the Silurian to Devonian
sedimentary succession crops out in the core of the Almadén
Syncline (Figure 3). This succession includes, only in
the Almadén area, variable types of basaltic rocks hosting
Ca-Mg-Fe carbonates, pyrite and cinnabar mineralization
[Higueras et al., 2000], which account for the observed
conductivity and magnetic anomaly (Figure 3b).

[s4] At the northern edge of the MT profile, the upper
crust is imaged as a conductive body (C8) matching the
Toledo Anatectic Complex (Figure 3). This complex is
separated from the Mora Batholith (and its country rocks
that crop out at site 32) by the Toledo Fault, located just to
the south of site 33. The boundary between C8 and R11 is in
accordance with the low dip to the south of the Toledo Fault
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[Hernandez Enrile, 1991]. The dominant lithologies of the
Toledo Anatectic Complex are a priori resistive rocks: pe-
litic migmatites and related granitoids (formed by fast partial
melting of the crust under temperature conditions of ~800°C
[Barbero, 1995]), with minor gabbros. However, the
gabbros and some granite facies contain disseminated
oxides and Fe sulphides as accessory phases, as occurs in
other gneissic domes, that should account for the observed
conductivity.

[s5] Given the south dip and extensional slip of the Toledo
Fault, it is possible to put forward a hypothesis about the
roots of the thermal doming that sustained the genesis of the
shallow migmatites/granitoids. These roots may be related to
a southern and deeper crustal area as imaged by the very
conductive C9 body. In this case, a mafic (conductive)
granulitic/gabbroic body should have remained here as the
nonmelted fraction residue, and it could contain appropriate
mineral phases (sulphide?) to contribute to its high conduc-
tivity. Note that the depth of C9 is compatible with the
maximum retrograde metamorphic pressure recorded in the
migmatites (5 kbar [Barbero, 1995]). The presence of this
rigid body may generate rheological contrasts that are
enough to control the geometry of the deeper segment of the
Toledo Fault, whose propagation and reactivation may also,
be accompanied by active (and focalized) circulation of
hydrothermal fluids able to promote the development of
deep-seated (sulphide?) mineralization. Accordingly, it
would be tempting to connect the Toledo Fault with C9 at
depth, although this possibility is geologically unrealistic.
The Toledo Fault has a dip of 30° at surface, and due to its
extensional regime, toward the south it most probably be-
comes to a lesser dip or even subhorizontal, as most low-
angle extensional faults do at depth. As for the magnetic
anomaly observed at that part of the profile, its short-
wavelength points to a shallow source in a local feature
above R11. The magnetic anomaly is centered at site 29,
where it is known the existence of well formed magnetite
crystals, together with limonite and haematite mineraliza-
tions hosted in limestones that bound the Mora Batholith by
the south.

[56] The magnetic anomaly that exists between sites 21 to
24 reaches a maximum of 80 nT, suggesting the presence of a
hidden mineralized body that coincides with the shallow
conductor C12. This mineralization, presumably quite rich in
magnetite + sulphides may be syngenetic in relation to the
Ordovician-Devonian silicicastic sequence (as is well known
in many other CIZ sectors) or epigenetic (skarn type) and
therefore associated with the postemplacement evolution of
the subsurface igneous batholith imaged by R9. In addition,
the possible existence of deeper-seated mineralizations
(imaged by the moderate conductive middle crust between
sites 20 to 24) could also contribute to the observed magnetic
anomaly. Furthermore, the moderate conductive character
of the middle crust (as represented by the upper section of C2
in those sectors not disrupted by resistive granites) can be
also due, as proposed above (see section 6.1), to the existence
of interconnected graphite in either the Serie Negra Group
(below the Alcudian succession) or in the deeper sections of
the Alcudian succession itself.

[57] Finally, small and very shallow conductive bodies are
imaged just below sites 27 (C10) and 25 (C11). Both sites
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are located on large outcrops of recent sediments (Figure 2)
deposited in alluvial slopes and valleys surrounding
quartzitic ridges. They are composed of quartzitic pebbles
embedded in a ferruginous fine-grained matrix that most
probably behaves as an aquifer. Such characteristics account
for the high conductivity.

7. Conclusion

[58] The new electrical resistivity model obtained from the
MT data yields fresh insights into the characterization of the
crustal nature and architecture in the CIZ, an internal domain
of the Variscan Orogen in SW Europe. Although the data are
partly affected by 3-D structures, the extensive strike anal-
ysis using the established multisite/multi frequency decom-
position of McNeice and Jones [2001] and the new phase
tensor method [Caldwell et al., 2004] gave similar and rea-
sonable results of a 2-D electrical resistivity structure. The
strike direction matches the geological observations and is
also confirmed by the direction of the induction arrows, thus
indicating that the MT data could be successfully modeled
with a 2-D algorithm. However, a careful selection of the
data, discarding the TE mode for some sites which are
affected by 3-D structures, was necessary to achieve a 2-D
resistivity model with a satisfying data fit. Sensitivity tests
assure the reliability of the main conductive features
appearing in the model.

[59] The structure provided by the MT imaging compared
with the detailed geological information and complemented
with other geophysical data led to a comprehensive inter-
pretation of the crustal conductivities. In the upper crust, the
OMZ-CIZ suture is viewed as a NE dipping (in accordance
with seismic data [Simancas et al., 2003]) resistive body
surrounded by conductive domains matching sections of the
Serie Negra Group. Relevant faults (Matachel, Canaleja,
Puente Génave—Castelo de Vide, or Toledo) are conductive
zones or coincide with boundaries of high resistivity con-
trast. Crustal domains including mafic/intermediate rocks
that are mineralized or control the development of epige-
netic ore systems have magnetic anomalies and are imaged
as conductive bodies (e.g., Espiel and Almadén areas). The
Mississippian “Culm facies” sedimentary rocks of the Ped-
roches Basin behave as conductors probably related to
graphite content. All the outcropping granites along the
studied section are resistive, especially the Pedroches and
Mora batholiths, which also show negative Bouguer
anomalies. Furthermore, other resistive portions of the upper
crust suggest the existence of several hidden igneous bodies
in the eastern part of the Schist-Graywacke Complex
Domain of the CIZ, some of them being potentially asso-
ciated with shallow magnetite/sulphide-rich ores.

[60] A relevant result is the existence of a mild but per-
sistent conductive middle to lower crustal body all along the
modeled section, interpreted as corresponding to a mafic
granulitic basement. This confirms for the first time the
prolongation into the CIZ of the conductive middle to lower
crust detected in earlier studies along the whole OMZ
[Mugioz et al., 2008]. The dome-like geometry of this layer
at the OMZ-CIZ boundary and other dominant directions
connecting the upper section of the layer with shallow
conductors suggest the existence of a main midcrust dé-
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collement also in the CIZ, in agreement with Simancas et al.
[2003] and Muiioz et al. [2008] in the OMZ. Thus, the
crustal structure in the studied section of the CIZ, as a result
of the Variscan orogeny, is similar to other sectors of the
belt. In the OMZ and southern CIZ, the upper section of this
conductive layer is made up, among others, of the graphite-
bearing Neoproterozoic Serie Negra Group, highly sheared
and metamorphosed at midcrustal levels. Jointly, all these
features point to a similar basement in the most internal
domains of the orogen (CIZ and OMZ). From the foregoing
account, it follows that these crustal domains were deeply
modified and homogenized by the intense tectonothermal
Variscan imprint.
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