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Abstract

In SW Iberian Variscides, the boundary between the South Portuguese Zone (SPZ) and the Ossa Morena Zone (OMZ) corresponds
to a major tectonic suture that includes the Beja Acebuches Ophiolite Complex (BAOC) and the Pulo do Lobo Antiform Terrane
(PLAT). Three sub-parallel and approximately equidistant MT profiles were performed, covering a critical area of this Palacozoic
plate-tectonic boundary in Portugal; the profiles, running roughly along an NE-SW direction, are sub-perpendicular to the main
Variscan tectonic features. Results of the three-dimensional (3-D) modelling of MT data allow to generate, for the first time, a 3-D
electromagnetic imaging of the OMZ—-SPZ boundary, which reveals different conductive and resistive domains that display
morphological variations in depth and are intersected by two major sub-vertical corridors; these corridors coincide roughly with the
NE-SW, Messejana strike—slip fault zone and with the WNW-ESE, Ferreira—Ficalho thrust fault zone. The distribution of the
shallow resistive domains is consistent with the lithological and structural features observed and mapped, integrating the expected
electrical features produced by igneous intrusions and metamorphic sequences of variable nature and age. The development in depth
of these resistive domains suggests that: (1) a significant vertical displacement along an early tectonic structure, subsequently re-taken
by the Messejana fault-zone in Late-Variscan times, has to be considered to explain differences in deepness of the base of the
Precambrian—Cambrian metamorphic pile; (2) hidden, syn- to late-collision igneous bodies intrude the meta-sedimentary sequences
of PLAT; (3) the roots of BAOC are inferred from 12 km depth onwards, forming a moderate resistive band located between two
middle-crust conductive layers extended to the north (in OMZ) and to the south (in SPZ). These conductive layers overlap the Iberian
Reflective Body (evidenced by the available seismic reflection data) and are interpreted as part of an important middle-crust
décollement developed immediately above or coinciding with the top of a graphite-bearing granulitic basement.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction Julivert et al., 1980; Ribeiro, 1981; Quesada, 1991), whose
structure resulted from the oblique continental collision

The SW Iberian Variscides represents one of the key operated in Carboniferous involving three main geotec-
segments of the European Variscan Fold Belt (Lotze, 1945; tonic units, from north to south: the Central-Iberian Zone
(CIZ), the Ossa Morena Zone (OMZ) and the South
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diverse controversial issues concerning particular litholog-
ical and structural data that record the early stages of their
geodynamic evolution (Bard et al., 1973; Matte, 1986;
Munha4 et al., 1989; Ribeiro et al., 1990; Abalos and Diaz
Cusi, 1995; Simancas et al., 2001; San José et al., 2004).

In the past two decades, many studies were devoted to
the OMZ—-SPZ boundary in order to decipher its con-
stitution and internal architecture, thus contributing to a
better understanding of this suture zone. Critical advances
were made after comprehensive geological mapping and
structural analysis, coupled by detailed investigations on
stratigraphy, geochemistry and (metamorphic and igne-
ous) petrology (see references in Section 2). Concurrently,
important progresses were recorded on geochronology
(see references in Section 2), bringing light to several
critical questions and limiting hypotheses postulated in
some geodynamic models. Data obtained from these
multidisciplinary research programmes were recently
complemented by magnetotelluric (MT) surveys intended
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to elucidate the structural arrangement at depth (Monteiro
Santos et al., 1999; Almeida et al., 2001; Monteiro Santos
et al., 2002; Pous et al., 2004; Almeida et al., 2005).
Additionally, a deep seismic reflection profile was
performed, but crossing only the Spanish counterpart of
the OMZ—SPZ boundary (Simancas et al., 2003, 2004;
Carbonell et al., 2004). Despite all the available data,
many issues are still open to debate, clearly demonstrating
the inherent complexity of this plate-tectonic boundary.
This justifies added efforts in order to provide supple-
mentary elements that enable to improve the existing
knowledge on the SW Iberian Variscides.

One of the issues that need further investigation
concerns the lateral continuity of deep structures in the
OMZ-SPZ boundary, therefore helping to precise the
suture geometry and the extension/morphology of major
décollements expected to exist at middle to lower crustal
depths in both sides of the suture. This can be done by
different means, although MT survey has already proved
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Fig. 1. A — The main geotectonic units of SW Iberian Variscides and schematic representation of the OMZ belts. B — Simplified geological map of
the OMZ southern border, Exotic Terranes and SPZ northern border (adapted from the Geological Map of Portugal, 1:500,000 scale, 1992 — J.T.
Oliveira and E. Pereira, compilers). The aligned dots represent the sites of the three MT profiles performed.
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Fig. 1 (continued ).

to be an adequate tool for unravelling a significant part of
that pattern, mostly because of the presence of high
conductivity contrasts and of the profusion of late vertical
structures. In the Spanish counterpart of the OMZ—-SPZ
boundary, the confronting of MT with seismic reflection
data (Simancas et al., 2003; Carbonell et al., 2004; Pous
et al, 2004) provided important evidences for the
interpretation of deep structures and opened to debate a
new problem: the meaning of a 2 s thick reflective and
conductive band, known as Iberian Reflective Body

(IRB). In the Portuguese sector of the boundary, a third
MT profile was recently carried out, thus complementing
results previously gathered in two other sub-parallel
profiles (Almeida et al., 2001; Monteiro Santos et al.,
2002; Almeida et al., 2005). Therefore, data from these
MT profiles can be used to produce, for the first time, a 3-
D electromagnetic imaging of this plate-tectonic bound-
ary, allowing also discussing the earlier interpretations
proposed for IRB. This two-fold objective is, consequent-
ly, the aim of the present work.
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2. Geological setting

The three sub-parallel and approximately equidistant
MT profiles, roughly running NE—SW, cross a critical
region of the SW Iberia Variscides (Fig. 1A). This region
includes both the borders of OMZ, to the north, and SPZ,
to the south, besides the exotic terranes positioned
between them: the Beja Acebuches Ophiolite Complex
(BAOC) and the Pulo do Lobo Antiform Terrane (PLAT).
A general outline of the geological background presented
by this region will be made according to the multidisci-
plinary data available for each unit and terrane, from north
to south. In this overall assessment, particular emphasis
will be given to the lithological and structural character-
istics considered relevant for the interpretation of MT data.

On the basis of palacogeographic, igneous, meta-
morphic and structural features it is usual to organise the
OMZ into different belts, the most widely accepted
division being that reported in Apalategui et al. (1990).
The region of concern encompasses the two southern-
most OMZ belts separated by a major thrust zone, i.e.
the SE part of the South-Central Belt and the Southern
Crystalline Complexes (Fig. 1B).

The SE part of the South-Central Belt is largely
dominated by different sedimentary and volcanic
sequences from Cambrian to Devonian ages (Oliveira
et al., 1991) that are locally intruded by Late-Variscan
granitoids (the Reguengos de Monsaraz granodiorite
being the most outstanding igneous body) and covered
by Cainozoic clastic sediments. In short, the Lower
Cambrian sequences are dominated by meta-dolostones
with several intercalations of meta-volcanic rocks and
topped by a discontinuous silico-ferruginous horizon. The
Upper Cambrian—Ordovician sequences are made of
marbles and (bimodal) meta-volcanics, sometimes con-
taining intercalated meta-pelitic/psammitic levels. The
Ordovician sequences are essentially composed of meta-
pelites and psammites, whose base includes different
horizons of bimodal meta-volcanics, evolving to quart-
zites towards the top. The Silurian—Lower Devonian
sequences are mostly composed of slaty and meta-
psammites. The Upper Devonian comprises a flysh-type
series where greywackes prevail. All these rocks show
strong recrystallisation and deformation developed during
the Variscan Orogeny; metamorphism grades from
greenschist to transitional greenschist—amphibolite facies
conditions (Quesada and Munha, 1990); deformation is
multiphase and its effects observed at all scales (Aratijo,
1995; Fonseca, 1995). Late strike—slip fault zones,
developed in the waning stages of the Carboniferous
continental collision, intersect all the previous structures.
One of the most remarkable elements of the Late-Variscan

fracture network (Arthaud and Matte, 1975; Marques et al.,
2002) is the Messejana strike—slip fault, which can be
followed for approximately 530 km. This fault zone was
successively re-activated during the Alpine Orogeny, as
documented both by multiple injections of dolerite rocks
(Martins, 1991; Cebria et al., 2003) and distinct displace-
ments caused in geological formations of different ages.

The Southern Crystalline belt internal architecture is
more complex than the one showed by the SE part of the
South-Central Belt. This complexity is due to different
causes, but mostly to the following (Jesus et al., 2007): 1)
high abundance of igneous intrusions that form different
petrogenetic suites generated and emplaced under distinct
conditions from Early to Late-Variscan times; 2) wide-
spread development of Early Variscan thrust zones,
leading to significant tectonic stacking and strain par-
titioning; and 3) extensive formation of Variscan, sub-
vertical shear zones, often contributing to considerable
horizontal displacement and strong dismembering of the
pre-existent geological framework.

Although still open to controversial issues, the
correlations so far carried out in different sectors of the
Southern Crystalline Complexes (Oliveira et al., 1991;
Aratijo, 1995; Rosas, 2003), allow the re-construction of a
general litho-stratigraphic column. The older sequences
(Upper Proterozoic) are well represented in the NW part of
the belt and comprise a tectonically imbricate series of
black schists and meta-cherts, mica-schists, amphibolites
and strongly re-crystallised felsic meta-volcanics; locally,
levels of black quartzites, slates and meta-greywackes can
also be identified. The Cambrian to Ordovician sequences
are lithologically similar to those in the SE part of the
South-Central Belt, although showing a more complex
internal framework because of multiphase thrusting. In
sequences dated of Silurian, slates and psammites prevail
over lidites and meta-volcanic rocks, forming a relatively
monotonous, rather deformed and thick series interpreted
by some authors (Araujo et al., 2005) as tectonic mé-
langes. The uppermost sequences (Devonian to Carbon-
iferous) are present in small windows preserved among
some components of the igneous complexes outcropping
in the NW part of the belt; they comprise mostly meta-
limestones, different types of clastic meta-sediments,
abundant meta-volcanic rocks of variable chemical nature
and scarse coal beds. Two Variscan metamorphic events
can be put in evidence in the Southern Crystalline belt: the
older one is recorded by eclogite/blueschist rocks pre-
served in early nappe systems (Fonseca et al., 1999; Moita
et al., 2005a); the later one, developed during the oblique
continental collision, has a regional character and grades
from greenschist to transitional greenschist—amphibolite
facies conditions (Quesada and Munha, 1990). Effects of
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the multiphase Variscan deformation are strong and
observed at all scales (Silva et al., 1990b; Aratjo, 1995;
Aratijo and Ribeiro, 1995; Fonseca, 1995; Rosas, 2003).

As referred above, late- to post-collision igneous
bodies are profuse in the Southern Crystalline Complexes,
locally developing evident aureoles of contact metamor-
phism (Andrade, 1983; Santos et al., 1990; Dallmeyer
et al., 1993; Pin et al., 1999; Gomes, 2000; Jesus et al.,
2003; Moita et al., 2005b,c¢). From NW to SE it is worth to
note: (1) the large Evora Massif, mostly composed of
granitoid rocks that in the Montemor-o-Novo region are
clearly related to anatexis processes; (2) the huge and
multiphase igneous complex of Beja, comprising a wide
range of gabbroic, diorite and granitoid porphyry rocks;
and (3) the relatively extensive late granite body of Pias-
Pedrogdo. Together, these three major igneous masses
form an almost continuous, wide curved band that is put in
contact with the southern exotic terranes through re-
activated Variscan shear zones or Late-Variscan strike—
slip fault zones.

The BAOC forms a tectonically dismembered ophio-
lite sequence incorporated in the South Iberia Variscan
Suture (Munha et al, 1986, 1989; Quesada, 1991;
Fonseca and Ribeiro, 1993; Quesada et al., 1994;
Figueiras et al., 2002; Diaz Aspiroz et al., 2004). The
lower and intermediate sections of BAOC comprise meta-
peridotites and meta-gabbroic rocks, respectively, and
preserve early anisotropic fabrics indicating northwards
shearing, being affected by late multistage metasomatism
in domains adjoining the Variscan shear zones. The upper
sections of BAOC consist essentially of amphibolites
derived from basaltic lavas of tholeiitic nature. Both the
northern and southern limits of BAOC are tectonic,
actually corresponding to (re-activated) reverse-sinistral
WNW-ESE shear zones with strong dip towards SSW
(Mateus et al., 1999; Figueiras et al., 2002).

The Ferreira—Ficalho thrust zone marks the present
contact between PLAT and OMZ or BAOC and PLAT,
being displaced by the ENE-WSW, sub-vertical Aroche—
Ficalho strike—slip fault. From the available data (Mateus
et al., 1999; Figueiras et al., 2002), the Ferreira—Ficalho
thrust zone does not represent the original BAOC-PLAT
contact, but simply a shallow expression of a re-activated
deep and more complex structure developed in the course
of the OMZ—SPZ late-collision stages.

The PLAT is composed of distinct meta-sedimentary
successions that locally include bimodal meta-volcanic
rocks (with prevalence of the mafic, tholeiitic terms) and
display strong multiphase Variscan deformation. These
successions can be grouped in three main stratigraphic
Formations that, according to the available palynological
data, range from Lower—Middle Devonian to Givetian—

Frasnian (Carvalho etal., 1976; Oliveiraetal., 1986; Giese
etal., 1988; Oliveira, 1990). Metamorphic conditions are
of lower greenschist facies, although rocks belonging to
the uppermost Formation may reveal anchimetamorphic
features (Munhd, 1990). Even pointing out several
dissimilarities in geometry or in structural interpretation,
the works performed in several sectors of PLAT enable to
recognise different phases of folding/axial plane cleavage
development, besides important thrust systems with
prevailing southwards shear sense (Silva et al., 1990a,b;
Onézime et al., 2002). In this context, it should be
emphasised the presence of the late- to post-collision
granodiorite of Gil Marquez in the Spanish counterpart of
PLAT, regardless of the absence of similar igneous bodies
outcropping in Portugal.

The SPZ northern border corresponds approximately
to the Iberian Pyrite Belt (IPB), which comprises a
succession of three Palacozoic stratigraphic Formations
affected by low-grade metamorphism. The older meta-
sedimentary sequence, whose footwall remains cryptic,
is the Phyllite—Quartzite Formation dated of Fammenian
(Van den Boorgard, 1963; Pereira et al., 1996). Lying
upon, the Volcano—sedimentary Complex is composed
of a bimodal volcanic suite (despite of the large
predominance of felsic units, hosting world-class VMS
deposits) inter-fingered with diverse meta-sedimentary
rocks (Schermerhorn, 1971; Strauss et al., 1981; Munha,
1983a,b; Carvalho etal., 1999; Relvas, 2000; Abad etal.,
2001). The VS Complex is diachronic, ranging from
Early Fammenian to Late Visean (Oliveira, 1983;
Marcoux et al., 1992; Nesbitt et al., 1999; Barrie et al.,
2002; Oliveira et al., 2004). The later stratigraphic
sequence in IPB consists of the Flysch Group, Lower
Carboniferous in age (Schermerhorn, 1971; Oliveira,
1983). The major structural feature of IPB corresponds to
a south verging thrust—fold belt that defines a thin-
skinned structural arrangement developed on top of a
major cryptic décollement believed to coincide with the
lower—upper Devonian transition within PQ Formation
(Prodehl et al., 1975; Ribeiro and Silva, 1983; Silva
et al., 1990a,b; Quesada, 1998; Onézime et al., 2002;
Soriano and Casas, 2002).

3. Magnetotelluric data

The MT method allows the investigation of the
electrical conductivity distribution downward the earth
from simultaneous measurements of natural variations of
the surface electric (£) and magnetic fields (H) over a
broad band of frequencies (see, e. g., Vozoff, 1991). For
plane wave source fields, the horizontal components of
electric and magnetic fields are connected via the linear
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Fig. 3. Horizontal slices of the 3-D resistivity model. (A) General view of the 3-D model core with the Atlantic Ocean effect included. (B) Uppermost slice
of'the 3-D model in the study area. (C) Slice of the 3-D model in the study area at 1.0 km. (D) Slice of the 3-D model in the study area at 1.5 km. (E) Slice
of the 3-D model in the study area at 3.7 km. (F) Slice of the 3-D model in the study area at 8.4 km. (G) Slice of the 3-D model in the study area at 12 km.
(H) Slice of the 3-D model in the study area at 22 km. Vertical cross-sections of the 3-D model approximately coincident with the M T profiles P, C and S.
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relationship: E=Z H. The anti-diagonal elements of the
impedance tensor (Z), that describe the resistivity
structure beneath the measuring site, are used to calculate
the apparent resistivity functions, p,, and p,, and the
phase functions, ¢, and ¢,,, that are defined as:

2
O Inylz/(wuo)
Pyx = |ZyX| /(ou,)
= arg(Zy)
X = arg(ZyX)

=S
=

where o represents the angular frequency and L, is the
magnetic permeability of the vacuum.

Fig. 2 shows the apparent resistivities and phases for
12 sites (four sites from each of the profiles). The
apparent resistivity and phase curves are shown in the
measurement referential (N—S and E-W). The apparent
resistivity curves of sites on profile C shows an increase
in the slope as the structures are crossed from south to
north. These types of trends are also observed in MT data
from profile P but not in the data from sites located in the
profile S. This suggests that the resistivity distribution in
the western part of the survey is different from that one in
the eastern part. The changes in the resistivity distribu-
tion seem to be controlled by the Messejana fault.

The Groom-Bailey tensor decomposition was applied
to the measured data set associated with each profile,
resolving the single-site regional strike angles. After that,
the multi-site, multi-period analysis was applied to the
data in order to check a common strike direction for each
profile. This method calculates a common strike for all the
sites in a determined frequency range by minimising the
global »* misfit. The determination of such strike is a
fundamental step for 2-D model inversion. Prior to the
inversion procedure, the static shift galvanic distortion
must be considered. This distortion shifts the rotated
logarithmic apparent resistivity curves by a frequency-
independent factor while the phase curves remain
unchanged. The scattering in levels of the apparent
resistivity curves within each zone was less than one
decade and the levels of the curves were shifted
accordingly. During the inversion procedure some static
shifts were corrected at those sites with a poor fit.

4. 3-D modelling

For 3-D modelling, the 2-D models obtained from the
inversion of each profile complemented with the geolog-
ical information available for that area were considered.
The 2-D inversion of rotated apparent resistivity and
phases for both modes was carried out using the REBOCC
code (Siripunvaraporn and Egbert, 2000). For the
inversion procedure, the Atlantic Ocean, at southward,
was included as a fixed parameter and an approximate
bathymetry representation and resistivity value of 0.3 0 m
were accounted. To achieve a good fit in 2-D models, the
inversion was carried out using an iterative scheme. First,
the rotated geomagnetic transfer functions (real and
imaginary) were inverted from a homogeneous half-
space. Second, the final model was used as an initial one
for the inversion of TM data and rotated geomagnetic
transfer functions. Finally, the resulting model was used as
an initial one for the joint inversion of TE and TM and
rotated geomagnetic transference functions. The final
resistivity models have RMS misfits between 2.9 and 4.9.



N. Vieira da Silva et al. / Tectonophysics 445 (2007) 98—115 107

The three-dimensional modelling was performed using
the Mackie 3-D forward code (Mackie et al., 1994). A
mesh of 71 x70x% 34 cells, in the N-S, E—W and vertical
directions, respectively, was used in the calculations. It
should be noted that even with such a mesh the complex
geology of the area is only roughly represented.
Considering that adjacent MT sites are spaced 5—10 km,
some small-scale superficial structures were omitted in
modelling. The Atlantic Ocean was also included in the 3-
D model, considering a rough bathymetry representation.
The conductivity model considered for the lithosphere
beneath the ocean was the one presented in Monteiro
Santos et al. (2003). Model responses were calculated for
5 periods covering the data range (0.1, 1, 3.12, 10 and
100 s) and for 47 soundings around Messejana and
Ferreira—Ficalho fault zones. This period range ensures
that numerical instabilities will not occur. In fact, it is
sufficient that |k|z < 0.3 (Mackie et al., 1994) with |k|=2/0,
where £ is the wave number, J is the skin depth and z is
the thickness of the first layer. The upper layers of our grid
are discretized at 100 m intervals. If we consider a surface
resistivity of 100 () m, then the minimum critical period is
0.02 s. This ensures that the 3-D model period range will
not cause numerical instability. The 2-D boundary
conditions of the 3-D model were imposed at a distance
of 280 km from the old suture and the 1-D boundary
condition was imposed at the bottom of the earth model at
a depth of 300 km. Fig. 3 shows the final 3-D model
obtained by trial and error and Fig. 2 shows the apparent
resistivity and phase curves (3-D model response and field
data). The xx and yy components of the impedance tensor
were not considered on the trial and error procedure to fit
the model parameters, because of the high noise level on
them.

Seven parallel slices of the final 3-D model for the
surveyed region are reported in Fig. 3, forming an ordered
sequence that increases in depth. The obtained electro-
magnetic imaging put in evidence different conductive
(C) and resistive (R) domains that display morphological
variations at depth and are intersected by two major sub-
vertical corridors roughly oriented NE-SW and WNW-—
ESE. These corridors coincide with the location of the
Messejana strike—slip fault zone and the Ferreira—Ficalho
thrust fault zone, respectively.

The area covering the geological formations belonging
to OMZ (sites 12 to 15 in Profile S, sites 7 to 15 in Profile
C and sites 5 to 18 in Profile P) exhibits an overall
resistivity higher than 500 () m in the first 8.4 km depth,
despite the split created by the sub-vertical NE-SW
corridor after 3.7 km depth. At greater depths (= 8.4 km),
this corridor separates a relatively high-resistive sector
(500-1000 ) m), towards NW, from a moderate- to low-

resistive sector (<200 () m), towards SE, that include a
W-E conductor (<20 {2 m) well defined from 12 to 22 km
depth. However, a careful observation of slices in Fig. 3
allows differentiating several features that are believed to
characterise the internal architecture of both the shallowest
resistive block and the two deepest major sectors. Indeed,
the R1 domain (500—1000 ) m) appears to be confined to
depths ranging from 1.0 to 8.4 km, its NW limit being
controlled by the NE—SW sub-vertical corridor. In the first
0.5 km of depth, the large R2 domain (1000—2000 € m)
overlaps the R1 signal. Between 1.0 and 1.5 km depths R2
is limited to narrow area, completely disappearing in
subsequent deeper slices. In shallower sections, the NW
edge of R2 is apparently connected to a high-resistive
(2000-5000 Q2 m) WNW-ESE band that roughly
preserves its location and direction till 1.5 km depth,
slightly rotating towards W and moving to SSW for
greater depths. This S-SW dipping element is no longer
observed after 12 km depth; it seems, therefore, that the
WNW-ESE band does not have the same geological
meaning of R2. For depths above 8.4 km, the prevalent
resistive structure is replaced by a conductive one, being
worth noting the R1 rupture already caused by a higher
conductive zone (50—100 ) m) at that depth. Two sub-
parallel conductive (5-10 ) m) bands (C2 and C2%)
emerge at 12 km depth, separated by a slightly resistive
(50—100 Q m) and somewhat diffuse narrow area. The
southern band seems to be more important, extending and
enlarging towards deeper levels; at 22 km depth, its S-limit
coincides with the WNW-ESE sub-vertical corridor. The
W extension of C2* at 12 km depth appears to reinforce
the conductive feature related to the NE-SW sub-vertical
corridor. According to the results obtained, it is plausible
to admit that C2 and C2* correspond to a sole conductor,
roughly occupying the area beneath R1 and going deeper,
at least till 22 km.

The area covering the geological formations belonging
to SPZ-PLAT-BAOC (sites 1 to 11 in Profile S, sites 1 to
6 in Profile C and sites 11 to 14 in Profile P) shows two
distinct domains separated by the NE-SW sub-vertical
corridor. The first one occupies the entire NW sector and
is characterised by an extensive resistive domain (R3,
usually 500—1000 () m) that can be followed till the depth
of 22 km. The R3 domain reveals an internal WNW-ESE
high-resistive band (2000-5000  m) that, in deeper
slices, is drifted towards SW, possibly experiencing an
oblique tectonic displacement at ca 3.7 km depth and
almost disappearing at 22 km; alternatively and consid-
ering the occurrence of two, sub-parallel, bands at 3.7 km
depth with different resistive behaviour, one may infer the
presence of two distinct SW-dipping bodies spatially
organised en échelon. The SE sector of this southern area
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displays, on the contrary, moderate- to low-resistivity
(<500 ) m), being worth to note the presence ofa W—E to
WNW-ESE conductor (C1) at 12 km depth (<10 ) m).
This conductor is incipiently developed at 8.4 km depth
(roughly corresponding to a 50 ) m band) but it can be
clearly delimited from 12 km onwards. In the first 3 slices,
anarrow resistive (1000-2000 €2 m) zone (R4) is seen to
develop vertically above C1 and immediately southwards
of the WNW-ESE sub-vertical corridor. At 8.4 km depth
R4 collates R1, being replaced in the final slices by a
moderate resistivity zone (100-200 ) m), bordering the
northern limit of C1. This strongly suggests the presence
of an independent, N-NNE dipping, deep resistive body.

5. Sensitivity analysis

Due to the relatively large spacing between adjacent
profiles and the loss of resolution with depth inherit to
electromagnetic methods there are limits to what the MT
data can resolve. This section is devoted to the analysis of
the sensitivity of the MT responses to some features of the
3-D model. The importance of the high resistivity bodies
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(2000 to 5000 ) m) in the north-western part of the model
was investigated by computing the response for a model
in which those bodies were replaced by bodies with
resistivity of 500 ) m. Fig. 4A shows the comparison
between the responses of our preferred model (squares
and circles symbols) and this model (stars and triangles
symbols) at site 11 of profile S. Making the north-western
part uniformly resistive cause a larger misfit in the YX
apparent resistivity and phase data in the 1 to 30 s period
range. These calculations illustrate the necessity of those
NW-SE resistive structures.

The influence of the conductive body labelled C2 was
investigated comparing the response of a model in which
the resistivity of this body was slightly changed to 50 ()
m, with the response of our preferred model. The results
are shown in Fig. 4B for site 4 of the profile P. Increasing
the resistivity of the body C2, the YX model responses at
periods longer than 10 s deviate from the observed data.
Clearly, this structure must have resistivity lesser than
50 O m.

Next, the geoelectric behaviour of the Messejana fault
was addressed making the fault zone more conductive.
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Fig. 4. Apparent resistivities and phases at three sites used in the sensitivity tests. The solid symbols correspond to the measured data. The squares
and the circles correspond to the responses of the model shown in Fig. 4. The stars and triangles correspond to the responses of the modified
model. A—Correspond to the response of the model when the north-western resistive bodies are replaced by uniform resistivity of 500 () m.
B—Correspond to the responses of the model where the body C2 has 50 {2 m. C—Correspond to the responses of the model where the Messejana
fault is represented by a 10 ) m structure.
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This was made filling the fault zone with a 10 ) m
resistivity (5 km width and 20 km thick) body. The
response of this model for site 3 in profile C is shown in
Fig. 4C. A small increasing of the misfit can be observed in
the 1 to 10 s period range, for the YX curves and for longer
periods for the XY apparent resistivity curve. Although
differences between this model and our favoured model
are not significant, the results of the test indicate that the
Messejana fault is not a conductive structure (which is
compatible with the presence of dolerite infillings), but it
separates two different geoelectric domains (the more
conductive one positioned to the east).

6. Discussion

The first slice in Fig. 3 offers the possibility to roughly
correlate the electromagnetic imaging with the outcrop-
ping geological features. Using this correlation and
considering the lithological diversity of each geotectonic
unit reported in Section 2, a plausible interpretation and
discussion of the electrical resistivity patterns can be
performed, thus bringing some light to the nature and
structure of the crust along the OMZ—SPZ boundary.

The NE-SW and WNW-ESE sub-vertical corridors
represent an outstanding feature of the 3-D electromag-
netic imaging, clearly separating crustal domains with
distinct resistivity values. These corridors correspond
indeed to two very important tectonic structures, known as
the Messejana strike—slip fault zone and the Ferreira—
Ficalho thrust zone, respectively. The results obtained
prove that the Messejana fault zone is a very deep
structure, as inferred in previous geological studies. They
are also compatible with the geological deduction for the
Ferreira—Ficalho thrust fault zone, strongly suggesting that
the root of the WNW—ESE corridor represents the tracing
of the early tectonic contact between BAOC and PLAT.

The lithological and structural features observed in
OMZ are also reflected in the electromagnetic imaging
obtained. In the first 500 m depth, the R2 domain integers
combined effects of different igneous intrusions and
metamorphic sequences of variable nature and age. When
properly limited, at 1.5 km depth, R2 matches with the
deep section of the Reguengos de Monsaraz granodiorite
pluton, the high-resistivity WNW—ESE band towards W
corresponding to the NE border of the Evora Massif. This
latter band is seen to develop till 8.4 km depth, probably
representing the deeper crust level where anatectic
granitoids can be found. Following this interpretation
and considering the geological information so far compiled
(Fig. 1A), the adjoining resistive domain (500—1000 €2 m)
characterises the Proterozoic—Cambrian metamorphic
sequences, which is consistent with the extension and

the electrical resistivity nature of R1. From this, a two-fold
conclusion emerges: (1) the older metamorphic pile in the
NW sector of the surveyed area goes much more deep than
its counterpart in the SE sector, reaching at least a depth
placed in the 12-22 km interval; and (2) an important
tectonic structure, further re-taken by the Messejana
strike—slip fault, should have had a major role in the
crust configuration, bringing to shallow depths (8.4 to
12 km) the base of that pile. At this point it should be
emphasised that the vertical component of movement
revealed by the Messejana fault cannot justify alone that
block rising, because the maximum magnitude of the
accumulated vertical displacement along this structure is
known to reach in some places just a few hundreds of
meters. Moreover, if the Proterozoic—Cambrian metamor-
phic sequences were raised in the SE sector, then the C2
conductor (evident from 12 to 22 km depth) should
represent the graphite-bearing granulitic basement of
OMZ, as proposed in earlier studies (Almeida et al.,
2001; Monteiro Santos et al., 2002; Almeida et al., 2005);
note that a graphite fraction of 0.006—0.02% (occurring as
interconnected films) is enough to explain the range of
electrical resistivity range estimated on the basis of MT
models (see calculations reported in Monteiro Santos etal.,
2002). Consequently, the moderate resistivity value found
above C2 (from 8.4 km onwards) is compatible either with
C-enriched, meta-sedimentary rocks that underwent high-
T metamorphism (Pous et al., 2004) or with the occurrence
of a major décollement controlled by the rheological
boundary formerly developed along the contact of the
older metamorphic sequence with the crustal granulitic
basement (Almeida et al., 2005).

In what concerns the OMZ unit, it should also be
noted that the Variscan thrust zone separating the South-
Central Belt from the Southern Crystalline Complexes
does not become visible in the present electromagnetic
imaging. This is probably due to poor resistive rock
contrasts or boundary problems inherent to the con-
struction of the 3-D model, since this important structure
coincides with a moderate-resistive band in the 2-D
imaging of Profile P (site 15 — for details see Almeida
et al., 2001; Monteiro Santos et al., 2002).

The narrow and tectonically bounded belt of BAOC
comprises rocks with high electrical resistivity to be
found just between the OMZ border and PLAT. Meta-
sediments of the latter terrane shows, typically,
relatively high resistivity values, being electrically
indistinct (non-contrasting) from the Palaeozoic
sequences that make up the SPZ northern border; note
that the available data cannot enable a real assessment of
the crust structure beneath IPB. It seems thus very hard
to distinguish all these geological units on the basis of
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MT data, therefore limiting any assessment of their
internal structure and spatial arrangement. However, a
careful examination of the relative position of R3, R4
and CI in the slices depicted in Fig. 3 gives some
interesting clues that have to be discussed.

Generally, the R3 domain embraces the meta-sedi-
mentary sequences belonging to PLAT and SPZ. The
NNW-SSE tectonic contact between PLAT and OMZ
mapped in the NW sector of the surveyed region is not
resolved by the electromagnetic imaging. Instead, close to
this contact, a high-resistive WNW-ESE band develops
within PLAT from 0.5 to 12 km depth. As pointed out in
Section 5, this band may represent a single body
tectonically displaced or two distinct SW-dipping, en
échelon bodies. Both possibilities are, however, compat-
ible with the presence of hidden igneous intrusions
equivalent to the Gil Marquez granodiorite in the Spanish
counterpart of PLAT, whose emplacement is shown to be
strongly controlled by tectonic structures related to the
geodynamic evolution of this terrane (an accretionary
wedge). The R4 resistive domain has probably the same
geological meaning, showing continuity in the first
1.5 km depth. If so, the apparent extension towards S
displayed by R1 and its connection with R3 from 3.7 to
8.4 km depths can be interpreted as a result of the R1
juxtaposition with an additional resistive band. Accepting
this interpretation implies to set the base of the PLAT
meta-sedimentary pile at ca. 3.5-5 km and to consider
the WNW-ESE moderate resistivity band bounding
C1 to the north as the roots of BAOC (upright during
Late-Variscan tectonic adjustments). In this context, the
favoured interpretation for the C1 conductor consists in its
correspondence with the graphite-bearing granulitic
basement of SPZ.

The depth found for C1 and C2 domains agrees with
the values reported by Pous et al. (2004) for similar
structures in the Spanish counterpart of the region here
examined, also on the basis of MT data. In Spain,
however, a straight spatial correspondence between those
middle-crust conductors and the IRB is shown to exist,
thus justifying the assessment of the geological plausibil-
ity of the earlier interpretations for this sub-horizontal
band of high reflectivity and irregular thickness in face of
the results now available.

Although accounting the possibility of IRB represent
a signal of a major crustal décollement, Simancas et al.
(2003, 2004) strongly favoured the hypothesis of this
huge band (extending all over the OMZ, even though
locally disturbed) correspond to a large layered sill,
presumably the source of Lower Carboniferous mag-
mas. This interpretation was adopted by several authors
in order to explain the spatial distribution of early-to

late-collision magmatism in OMZ, as well as some
particular geochemical features that point to relatively
homogeneous crustal reservoirs (Tornos and Chiaradia,
2004; Tornos and Casquet, 2005). However, as noted by
Pous et al. (2004), the presence of that igneous sill
should produce a resistive rather than conductive
feature, unless a multiple sheet-like intrusion separated
by screens of graphite-bearing metamorphic rocks is
considered. In this alternative explanation, the local
increase of the conductivity is ascribed to the incorpo-
ration of variable amounts of graphite-bearing meta-
morphic xenoliths by the sheeted intrusion, therefore
remaining open the proposition of a multiphase magma
emplacement in a (very) special rheological crust level.
The development of a wholesale, middle-crust igneous
sill in such circumstances poses, even so, a major
question that cannot be easily circumvented: What
would be the geodynamic background suitable for a
long-lived and widespread magma feeding (at least for
ca. 15 Ma, if the U-Pb isotopic ages available for the
less differentiated, outcropping igneous rocks are used)?

Considering the common thermal models for litho-
sphere (Turcotte and Schubert, 1982; England and Thomp-
son, 1984; Davies, 1999; Poirier, 2000) and the geological
framework developed during the OMZ-SPZ oblique
collision, the middle-crust emplacement of that huge
igneous sill implies a particular rheological framework,
involving a significant crustal strength reduction that must
be sustained for a relatively large time span. This can be
achieved through continuous heat flow maintenance
(or enhance) into the base of the crust, possibly coupled
with an important mechanical discontinuity (alike to a
regional décollement on top of the granulitic basement).
The required high thermal regime in the crust should,
therefore, involve a dominant heat source that can be
obtained by substantial removal of the lithospheric mantle,
or via crustal thickening without significant changes in
mantle thickness. Delamination of the mechanical-
lithosphere mantle is often invoked to explain the former
process. However, evidence for an extensive mantle
delamination during Variscan Orogeny seems unlikely,
and even its partial elimination is extremely controversial
in face of the LP-HT metamorphism and magmatism
timing, besides the spatial distribution of different igneous
rocks (Turpin et al., 1998; Menzies and Bodinier, 1993;
Henk et al., 2000; Wittenberg et al., 2000). The second
possibility should include necessarily the gradual removal
of the thermal boundary layer (TBL) as collision proceeds
(Houseman et al., 1981) in order to explain the long-lived
and pervasive magma feeding demanded for the sill
development alongside with the thermo-tectonic LP-HT
Variscan metamorphism. As a result, the hot asthenospheric
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mantle replacing the detached TBL heats the mechanical-
lithosphere base, thereby producing magmas that will
ascend and intrude at or near the Moho, advecting heat
into the crust. Without magma underplating, temperatures
in the crust would still rise conductively and may cause
the crustal melting needed to feed the large sill, as the heat
flow at the base of the lithosphere is increased. Additional
constraints are, nevertheless, necessary because the
formation of a (multiphase) sheet-like intrusion preserv-
ing (variably assimilated) screens of metamorphic
(graphite-bearing) rocks claims for a particular contrast
in viscosity and density values between the rising magma
and the middle-crust rocks; and the accomplishment of
these special conditions could be fortuitous.

Although strongly appealing, the TLB removal can
hardly play a decisive role in the thermal regime adjust-
ment of the OMZ crust during the oblique continental
collision in Carboniferous times, even considering just
the distribution of the geochemically similar, primitive
igneous rocks. In fact, according to the available multi-
disciplinary data, the OMZ—SPZ plate boundary should
have evolved through the formation of a kinematically
coupled system including a pro-wedge domain (IPB),
an axial zone (PLAT) and a retro-wedge domain (the
Southern Crystalline Complexes). This evolution was
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favoured by a low angle subduction zone, determining
the development of early-collision magmatism (ca 355—
345 Ma), whose onset was primarily triggered by the
break-off of the subducted plate (Jesus et al., 2007).
Simultaneously, the stacking of fertile upper-crustal
lithologies over a period of ca. 20 Ma (from ca. 360 Ma
onwards) would have provide the (radiogenic) heat
needed to sustain the LP-HT metamorphism and the
initial steps of the late-collision magmatism, involving
mixing of mantle-derived and crust-derived melts. This
was followed by an important (moderate to) rapid crustal
uplift episode dated of ca. 340+ 5 Ma (Jesus et al., 2007)
that caused a new thermal readjustment in the crust,
the heat flow anomalies thus created allowing the pro-
duction of late- to post-collision melts (dated from ca
330 to 300 Ma) and their emplacement at progressively
shallower depths. In such a geodynamic scenario, the
factors that ultimately may support the formation of the
igneous sill presumably corresponding to the IRB only
very hardly can be attained. Therefore, we are forced to
conclude that the IRB should, indeed, represent a very
important middle-crust décollement, largely developed
immediately above or coinciding with the top of the
OMZ granulitic basement, as schematically represented
in Fig. 5.
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Fig. 5. Very simplified and interpretative section across the SPZ-OMZ boundary, laterally projecting the major geological formations and not considering
the displacements caused by late shear zones and strike—slip fault zones. The transversal white line indicates roughly the present-day surface.
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7. Conclusions

The 3-D electromagnetic imaging obtained for the
OMZ-SPZ plate-tectonic boundary shows different
conductive and resistive domains that display morpho-
logical variations in depth and are intersected by two
major sub-vertical corridors, which coincide with the
Messejana strike—slip fault zone and the Ferreira—Ficalho
thrust fault zone. The former (Late-Variscan) structure,
striking approximately NE—SW, divides the surveyed
area into an NW and SE sector with distinct resistive
behaviour at depth; the latter structure, with a general
WNW-ESE direction, separates BAOC from PLAT and
the correspondent resistivity contrast is particularly
evident in the SE sector.

The distribution of the shallow resistive domains is
consistent with the lithological and structural features
observed and mapped, integrating the expected electrical
behaviour produced both by igneous intrusions and
metamorphic sequences of variable nature and age. The
extension in depth of these resistive domains and their
spatial arrangement suggest that: (1) the Precambrian—
Cambrian metamorphic pile in the NW sector goes deeper
(placed between 12 to 22 km depth) than its counterpart in
the SE sector (located within the 8.4—12 km depth
interval), thus indicating a significant vertical displace-
ment along an early tectonic structure, subsequently re-
taken by the Messejana fault-zone in Late-Variscan times;
(2) hidden, syn- to late-collision igneous bodies intrude
the meta-sedimentary sequences of PLAT whose base
seems to lie within the 3.5-5 km depth interval; and
(3) the roots of BAOC are inferred from 12 km depth
onwards, forming a moderate resistive zone located bet-
ween two middle-crust conductive layers extended to the
north (in OMZ) and to the south (in SPZ).

The middle-crust conductive layers evidenced by MT
data overlap the IRB deduced on the basis of seismic
reflection data (Pous et al., 2004). Thus, the 2 s thick
reflective body is also conductive, favouring the
possibility of that major crustal feature correspond to
an important middle-crust décollement, developed
immediately above or coinciding with the top of a
graphite-bearing granulitic basement (either in OMZ or
in SPZ). This interpretation is consistent with the
geodynamic evolution of the OMZ—-SPZ plate boundary
in Palaeozoic times and, particularly, with the geological
record of the correlative thermal regime.

Comparatively to the 2-D inverted models, the 3-D
model presented in this paper cannot resolve the
superficial small scale geological structures. Neverthe-
less it has the advantage of giving a lateral definition of
the main geological structures on the survey area.
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