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New magnetotelluric data through the boundary between the
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| ABSTRACT |

The south-western part of the Iberian Peninsula, including the southern branch of the Iberian Massif, has recently
been the subject of several magnetotelluric (MT) studies. This area is made up of three different tectonic terranes:
the South Portuguese Zone (SPZ), the Ossa Morena Zone (OMZ) and the Central Iberian Zone (CIZ). The
boundaries between these zones are considered to be sutures, which appear as high electrical conductivity ano-
malies in the MT surveys. The OMZ is characterised by a conductive layer at middle-lower crustal levels. To
investigate the continuity of this conductive layer into the CIZ, a new MT profile was carried out. This 75-km
long ENE profile goes through the boundary between the OMZ and the CIZ. The results of a two-dimensional
magnetotelluric inversion revealed a high-conductivity anomaly in the transition OMZ/CIZ (the so-called Central
Unit), which is interpreted as due to interconnected graphite along shear planes. High-conductivity anomalies
appeared in the middle crust of the CIZ, whose geometry and location are consistent with the conductive layer
previously found in the OMZ, thus confirming the prolongation of the conductive layer into the CIZ. The top of
this layer correlated spatially with a broad reflector detected by a seismic profile previously acquired in the same
area. This, together with other geological and petrological evidence, points to a common origin for both features.
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INTRODUCTION oblique collision between three terranes: the South Por-
tuguese Zone (SPZ), the Ossa Morena Zone (OMZ) and

The SW of the Iberian Peninsula is the southern the Central Iberian Zone (CIZ). Suture zones containing
branch of the Iberian Massif, the best-exposed fragment rocks with oceanic chemical signature separate these ter-
of the Variscan Fold Belt in Europe. It was formed by an ranes. The boundary between SPZ/OMZ is a northward-
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dipping, highly metamorphosed zone with ophiolitic
inclusions, the Beja-Acebuches Ophiolitic complex
(BAOC, Silva et al., 1990; Dallmeyer et al., 1993; Quesa-
da et al., 1994) associated with the Pulo do Lobo accre-
tionary prism (Fig. 1). The boundary between OMZ/CIZ
is a left lateral subvertical ductile shear zone (Tomar-
Badajoz-Cérdoba Shear Zone, Burg et al., 1981; Quesada
and Dallmeyer, 1994). Along its NW-SE trend, there is a
blastomylonitic inner core called the Central Unit, which
are strongly deformed and highly metamorphosed middle
and lower crustal rocks (metasediments, orthogneisses
and amphibolites) that were transpressionally exhumed in
the Devonian and Carboniferous periods (Azor et al.,
1994; Simancas et al., 2001).

The SW Iberian Peninsula has recently been the sub-
ject of a number of geophysical studies. Two previous
magnetotelluric (MT) profiles (profiles I and II in Fig. 1)
across the three Variscan terranes (Monteiro Santos et al.,
1999; Almeida et al., 2001; Pous et al., 2004) provided
the first images of the sutures at depth in the form of
high-conductivity anomalies. The OMZ is characterised
by a conductive layer at mid-lower crustal depth (10-25
km) that includes blobs of higher conductivity. A deep
seismic reflection profile (IBERSEIS, Simancas et al.,
2003; Carbonell et al., 2004) partially coinciding with the
MT profile II (Fig. 1) revealed the presence of a broad
band (1 to 2 s thick) of high-amplitude reflectivity called
the Iberseis Reflective Body (IRB). The IRB is located at
mid-crustal depth between 4 and 6 s TWT and extending
more than 140 km along the whole OMZ and CIZ. The
IRB correlates spatially with the top of the conductive layer
where the deep seismic reflection IBERSEIS and the MT
profile II overlap (Fig. 1). A mantle-derived intrusion, relat-
ed to the plume activity that took place in Europe during
the Carboniferous and Permian periods, has been suggested
as the source of both high conductivity and high reflectivity
(Carbonell et al., 2004). In this context, an alternative
explanation for the high-conductivity blobs is the heteroge-
neous emplacement of the mafic intrusion. While the con-
ductive layer does not appear in the CIZ, the IRB spans, in
addition to the whole OMZ, most of the CIZ investigated.
However, the seismic profile changes in direction towards
the east (Fig. 1), whereas the MT profile II crosses late
Variscan massive plutonic intrusions that cut the previous
structures. To investigate the continuity of the conductive
layer into the CIZ, far from the local plutonic intrusions, a
new MT profile (profile L in Fig. 1) for the eastward devia-
tion of the seismic profile was carried out. In this paper we
report the results of this new MT profile L.

GEOLOGICAL SETTING

The southern branch of the Iberian Variscan Massif is
divided into three tectono — stratigraphic terranes (Julivert
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et al., 1974; Ribeiro et al., 1990): the South Portuguese
Zone to the south, the Central Iberian Zone to the north
and the Ossa Morena Zone between the other two.

The basement of the OMZ consists mainly of Precam-
brian rocks with variable metamorphism, some of them
showing high-pressure metamorphism (Fonseca et al.,
1993). Most of this Precambrian basement is made up of
late Precambrian dark schists and meta-greywackes
known as the Serie Negra Fm. (Eguiluz, 1987; Simancas
et al., 2001). This formation also includes black
quartzites, amphibolites and volcanic rocks and is charac-
terized by its high graphite content. Laboratory measure-
ments with electron microprobe of Serie Negra Fm sam-
ples reveal the high connectivity of the graphite grains
(Pous et al., 2004). These graphite-rich beds would have
been produced by regional metamorphism of the organic
sediments of the Serie Negra Fm. due to its deformation
during the Cadomian orogeny (Neoproterozoic) and the
accretion to the ancestral Iberian margin of Gondwana
(Quesada, 1990a; Quesada, 1990b; Abalos et al., 1991).

During the Cambrian—Ordovician, the opening of the
Rheic Ocean resulted in a mainly detritic rift sequence, fol-
lowed by a passive margin evolution in the Ordovician —
Devonian periods (Robardet et al., 1990; Sanchez-Garcia et
al., 2003). The OMZ was affected by the collision between
Laurassia and Gondwana (Matte, 2001).

Igneous intrusions of various kinds are found in the
OMZ: subduction-associated rocks emplaced during the
Cadomian orogeny, tholeiite/alkaline rocks from the
Cambrian-Ordovician rifting stage, and finally syn- to
post-Variscan intrusions (Sanchez-Carretero et al., 1990;
Castro et al., 2002; Sanchez-Garcia et al., 2003).

The OMZ/CIZ boundary is partially covered by the
Guadiana basin, a shallow basin with clastic sediments
from the Neogene period. The boundary between the
OMZ and the CIZ is a left-lateral subvertical ductile shear
zone (Tomar—Badajoz—Cérdoba Shear Zone; Burg et al.,
1981) with NW-SE trending. The inner core of the shear
zone (known as the Central Unit) is strongly deformed
and mainly composed of highly metamorphosed rocks,
including metasediments, orthogneisses and amphibolites
(Simancas et al., 2001). The Central Unit was exhumed in
Devonian-Carboniferous times in a transpressive tectonic
regime (Quesada and Dallmeyer, 1994). Displacement
along this intra-continental shear zone accommodated the
greatest part of the Variscan escape of the OMZ towards
the SE, coeval with the subduction of the Rheic Ocean
occurring in the southern margin of OMZ and prior to the
collision with the SPZ Zone.

More to the northwest, the CIZ includes some forma-
tions also present in the OMZ, such as the precambrian
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FIGURE 11 Simplified geological map with selected tectonic elements. Numbered MT sites are from the profile carried out in this study (Profi-
le L). Western sites are from previous MT profiles (Profile I: Almeida et al., 2001; Profile Il: Pous et al., 2004).
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Serie Negra Fm. (Delgado et al., 1977; Simancas et al.,
2001). Overlying this, a calc-alkaline volcano-sedimenta-
ry sequence, the Malcocinado Fm., is found, locally co-
vered by Cambrian detrital and carbonate formations. In
most of the zone, Ordovician strata are found uncon-
formably overlying the Serie Negra and the Malcocinado
formation (Gutiérrez-Marco et al., 1990; Robardet, 2002).

More to the north, the pre-orogenic series are mainly
formed by the Schist-greywacke complex (Teixeira,
1955). This is a Cambrian sequence made of alternating
greywackes and slates with interbedded volcanic rocks,
limestone and conglomerates. There are also a number of
granite intrusions, mainly of late Variscan age, the largest
being the Los Pedroches batholith (which prolongs to the
east outside of Fig. 1).

MAGNETOTELLURIC DATA

The MT method is based on the measurement of natu-
rally occurring transient electric and magnetic fields at
several periods. The relations between these fields at di-
fferent periods are used to define an impedance tensor
whose components provide information about the electri-
cal resistivity distribution at depth. In two dimensional
models (2D), the equations describing the electromagne-
tic fields can be uncoupled in two independent modes: TE
mode (or E-polarisation), in which the electrical currents
flow perpendicular to the strike, and TM mode (or H-
polarisation), in which the currents flow parallel to the
strike. General information on the method can be found in
Vozoff (1972) and Jones (1992).

Ten MT soundings with a site spacing ranging from 5
to 10 km were carried out along the new 75 km-long ENE
profile coinciding with the eastward deviation of the
IBERSEIS seismic line (Fig. 1). This profile crosses the
boundary between the OMZ and CIZ. The four compo-
nents of the electrical and magnetic fields were recorded
in EW and NS directions in periods ranging from 0.004 s
to 4000 s. The vertical magnetic component was recorded
at seven sites (see Fig. 2B and 3). The impedance tensor
components and geomagnetic transfer functions were cal-
culated using standard robust processing techniques
(Egbert and Booker, 1986). Figure 2 shows the apparent
resistivities and phases for the ten sites (Fig. 2A) as well
as the magnetic transfer functions for those sites at which
the vertical magnetic component was recorded (Fig 2B).

The real induction arrows for three selected periods
(20 s, 200 s and 2000 s) are shown in Fig. 3. The thick
lines display the vertical to horizontal magnetic field ratio
and the real part points away from the high-conductivity
zones. It can be observed that for long periods the arrows
are predominantly NE. At 20 s and 200 s (Fig. 3) there is
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a change in direction between sites 5 and 7 (roughly to
the south at site 5 and roughly to the north at site 7),
which reveals the presence of high conductivity between
them. At periods less than 10 s (not shown in Fig. 3), the
arrows are small and scattered. The dimensionality was
analysed by multi-site, multi-period analyses (McNeice
and Jones, 2001). We found that with the exception of site
4, for a strike direction between 105° and 125°, the error
lay within the 95% confidence interval for periods higher
than 50 s. We chose 125° since the agreement showed bet-
ter stability at periods between 1-20 s (depending on the
site) and 50 s. This direction fairly coincides with the
strike directions of profiles I and II. The ambiguity of 90°
was resolved by considering the directions of the induc-
tion arrows.

The impedance tensor components were rotated 35°
and static shift levelling was determined as part of the
inversion procedure. The induction arrows were projected
onto the direction perpendicular to the strike. A two-
dimensional joint inversion of rotated apparent resistivi-
ties and phases for both modes and projected geomagnet-
ic transfer functions was carried out using the REBOCC
algorithm (Siripunvaraporn and Egbert, 2000). As usual,
first we inverted the geomagnetic transfer function from a
uniform half space. Then, the final model of this inversion
was used as an initial model for the joint inversion for TM
and geomagnetic transfer functions. Finally the resulting
model was used as an initial model for the joint inversion
of the three kind of data. In the last step, the levelling of
the static shift of those sites with poor fit was inverted.
Figure 2 shows the data and model responses for the final
inversion model. The RMS misfit for the final model was
3.77, using an error floor of 6% for the apparent resistivi-
ties, 5° for phases and 0.01 for the geomagnetic transfer
functions.

A sensitivity study on the final inversion model inves-
tigated to what extent the structures were really required
by the data. The deepest part of the conductive bodies in
the model was checked by a forward modelling algorithm
(Wannamaker et al., 1987) and subsequently removed to
the minimum depth required by the data. Figure 4A
shows the final 2D model.

RESISTIVITY STRUCTURE

The upper 4 km of the final 2D model (Fig. 4A) show
high resistivity along the whole profile with the excep-
tions of small northeast-dipping shallow conductors,
below sites 2, 4 and 6-7. Below, at middle crustal levels
(between 5 and 25 km), the crust is mostly highly con-
ductive with three major conductive zones that show the
characteristic sequence of higher-conductivity blobs pre-
viously found in the Ossa Morena Zone (Fig. 4B, Pous et
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FIGURE 31 Real induction arrows for 20, 200 and 2000 s. The dashed line is the projected profile corresponding to the two-dimensional elec-

trical resistivity model shown in Fig. 4.

al., 2004). Conductive zone C1, below site 1, extends
from the surface down to a depth of about 25 km and cor-
relates with the main outcrop of the graphite rich Serie
Negra Fm. in the Ossa Morena Zone. Conductive zone C2
is located beneath the surface occurrence of the Central
Unit. Its top is 5 km deep and extends down to 20 km.
Note the North-east-dipping behaviour of its south-west-
ernmost part. A striking result is the presence of a con-
ductive body (C3) along the whole Central Iberian Zone.
This conductive zone ranges from 7 to 25 km in depth.
Below these three conductive zones the whole lower crust
is moderately resistive (100 — 200 Qm).

DISCUSSION

The two tectonic terranes sampled by the new profile
L (OMZ and CIZ) do not differ in terms of electrical
resistivity. In both zones, the upper 4-5 km show high
resistivity, with the exception of the three small shallow
northeast-dipping conductors. The conductor beneath site
2 is correlated with the surface trace of a strongly NE-
dipping fault that bounds the Carboniferous outcrop of
Los Santos de Maimona and the conductor below site 4 is
associated with the late variscan Azuaga fault (see Fig. 1).
The cause of the enhanced conductivity in these areas has
been interpreted as the presence of fluids along these
faults. By contrast, there is no major outcropping fault
between sites 6 and 7. In this case, the conductor could be
associated with a shallow strip of Serie Negra Fm. or with
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the NW prolongation of the Campillo fault found more to
the SE (Fig. 1).

At middle crustal levels, at the southwestern end of
the model, the major conductive body C1, with a depth
ranging from the surface down to about 25 km, has
resistivity values and geometry consistent with the resis-
tivity structure found by Pous et al. (2004) in the same
area, i.e. with the northernmost end of the conductive
layer found along the whole OMZ middle crustal levels
(conductor A5 in Fig. 4B). The behavior of the conduc-
tivity of this layer was explained by interconnected
graphite from the Serie Negra Fm. at this depth, well
below the schistosity front.

Conductor C2 is located beneath the surface occur-
rence of the Central Unit and provides an image of this
suture at depth. The metamorphic conditions of the Cen-
tral Unit (high pressure, high temperature 15 kbar and
700°C, (Abalos et al., 1991; Azor et al., 1994) favor the
graphitization of the Serie Negra Fm. in shear planes.
Therefore, the area of enhanced conductivity related to
the suture is presumably produced by the presence of
interconnected graphite associated with the transpressive
deformation along the Tomar—-Badajoz—Coérdoba Shear
Zone. Conductor C2 can be seen as having two parts: a
south-westernmost part merging with the shallow conduc-
tor below site 2 and relating to the Los Santos de Mai-
mona fault; and a north-eastern part, with a width of no
more than 15 km and gently south-dipping. The latter cor-
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responds to the eastern prolongation of the high-conduc-
tivity body found more to the west in profile II (conductor
A6 in Fig. 4B) and is related to the OMZ/CIZ suture, rep-
resented by the blastomylonitic core of this shear zone
(Central Unit). This geometry agrees with the change of
vergence in the shallow structures: south-verging south of
the Central Unit, and north-verging north of this unit.

As explained before, in profile II of Pous et al. (2004),
the conductive layer found at middle crustal depths along
the whole OMZ (A4-A5-A6 in Fig. 4B) does not enter the
CIZ. By contrast, in Profile L there is a large conductive
body (C3) with depths ranging from 7 to 25 km in the
CIZ. This is the most significant finding as it shows that
the conductive layer found previously in OMZ prolongs
into the CIZ. This confirms that the lack of conductor in
the CIZ along profile II (R3) is due to late Variscan mag-
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ma intrusions (such as the Los Pedroches batholith) that
would have removed the graphite-rich materials. Presence
of the Serie Negra Fm. at lower crustal depths is shown in
the suture zones (SPZ/OMZ and OMZ/CIZ), where high-
T amphibolite and granulite metamorphic grade Serie
Negra Fm. rocks were exhumed during Variscan trans-
pression. Thus, it is very likely that the Serie Negra
occurs throughout the middle and lower crust of the OMZ

(Simancas et al., 2003), as well as at the southernmost
end of the CIZ.

The combination of the previous profile II and the pre-
sent profile L creates an image of a conductive layer at
mid-crustal depth along the whole OMZ and the CIZ. The
top of this conductive layer correlates spatially with the
Iberseis reflective body (IRB) along its whole length.
Note that the top of the conductor C3 is at a shallower
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depth than most of the conductive layer in profile II
(which was at about 10-15 km). This is consistent with
the gentle dip of the IRB (deeper in the OMZ and shal-
lower in the CIZ; Simancas et al. 2003).

This reinforces the view that high conductivity and
high reflectivity have a common origin. The mantle-
derived intrusion is corroborated by a number of geophysi-
cal and petrological evidence (Carbonell et al., 2004). Out-
crops of high T and low P high-grade metamorphic rocks
in the SPZ/OMZ transition (Bard, 1977; Crespo-Blanc and
Orozco, 1988) are an indication of a heat source at middle
crustal levels. The presence of calc-alkaline mafic intru-
sions from the Early Carboniferous period in some parts
of the OMZ, that are related to Cu-Ni magmatic ore
deposits, indicates intrusion of primitive mafic mantle-
derived magmas into the crust (Tornos et al., 2001). This
magma assimilated the Serie Negra black schists present
and the resulting hybrid magma intruded into the upper
crust. If this is so, high conductivity is due to the graphite-
rich restites left by the intrusion and high reflectivity is
due to the high density of the intruded materials.

CONCLUSIONS

The resistivity model obtained from a new MT profile
along the northern portion of the Iberseis deep reflection
seismic profile provides an image of the whole crust of
the northern part of the Ossa Morena Zone (OMZ) and
the Central Iberian Zone (CIZ). In the southernmost part
of the model, in the Ossa Morena Zone, there is a conduc-
tive body (C1) coinciding with the conductive layer previ-
ously found in the OMZ (Pous et al., 2004). More to the
northeast, another high-conductivity body (C2) appears
beneath the surface occurrence of the Central Unit, inner
core of the boundary between the Ossa Morena Zone and
the Central Iberian Zone. The suture is imaged as a con-
ductive zone about 15 km wide and extending from 5 km
depth down to 20 km. This is consistent with the geome-
try of the suture found in previous studies (Pous et al.,
2004), thus confirming that the OMZ/CIZ suture extends
towards the SE in the studied area.

In the CIZ, a large conductive body (C3) extending
from 7 to 25 km depth indicates the prolongation of the
conductive layer across the suture into the CIZ which cor-
relates with the Iberseis Reflective Body (IRB) along its
whole extension. This proves that the lack of conductor in
the CIZ in the previous profile II (Pous et al., 2004) was
due to local effects, namely the presence of late Variscan
plutonic intrusions. The correlation between the conduc-
tive layer and the Iberseis Reflective Body, together with
geological and petrological evidence, confirms the
hypothesis of a mantle-derived mafic intrusion of Early
Carboniferous age into the area.
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