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Geodynamic implications for the formation of the Betic-Rif orogen

from magnetotelluric studies
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[1] Magnetotelluric data from the central Betics mountains (Spain) have been used to
determine the electrical resistivity of the crust after a three-dimensional (3D) interpretive
approach. At shallow levels (<2 km), the resulting model shows good correlation between
the geoelectric structures and the geologic units. At greater depths (>3 km), the most
striking and well-resolved feature of the model is an upper-middle crust conductive body,
located at the core of the Internal Betics antiform. This approximately 14-km-thick body is
interpreted as basic or ultrabasic rocks containing a conducting mineral phase. Its
structural location above the sole thrust of the Betic orogen and beneath the
Nevado-Fildbride complex confirms the presence of a major suture zone between this
complex and the autochthonous Iberian plate. This suture may correspond to an ancient
oceanic or transitional domain developed between Iberia and the Alboran Domain
during the opening of the Tethys Ocean, partially subducted and closed during the
development of the Betic orogen. The possible geodynamic scenarios for the Betics have
been reconsidered, taking into account this new constraint.
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1. Introduction

[2] The magnetotelluric (MT) method utilizes natural
electromagnetic energy to characterize the electrical con-
ductivity of the subsurface, being suitable to infer the
geoelectrical structures at crustal and lithospheric levels
[Jones, 1992; Korja, 2007]. The main strengths of the MT
method are its capability for a broad range of penetration
depths, its sensitivity to lateral and vertical electrical con-
ductivity variations and its capability of imaging volumetric
structures. In MT, the study depth depends on the period of
the electric and magnetic field variations being measured.
The relationships between the horizontal components of
these fields at a given period are characterized by the
impedance tensor (Z), from which components, the apparent
resistivity and phase responses, can be computed that are
used for analysis and modeling.

[3] Magnetotelluric exploration in orogenic regions has
provided valuable information on the structures and pro-
cesses at depth that can be correlated with other geophysical
observations. In the Tibetan-Himalayan orogen [Unsworth
et al., 2005], a high-conductivity zone was interpreted as a
partially molten layer along the southern margin of the
Tibetan plateau. Wu et al. [2005] imaged the Proterozoic
Wopmay Orogen (Canada), in which a crustal conductor
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was associated with the collision of two terranes, and a
mantle conductor with the presence of graphitic or sulfidic
rocks introduced during subduction prior to the collision.
Magnetotelluric surveys in the Iapetus Suture Zone (Ireland-
Scotland) identified a highly conductive region at middle to
lower crustal depths interpreted as sulfide-bearing sedi-
ments [Rao et al., 2007]; while other conductive bodies
were interpreted as graphite or metallic mineralizations
[Tauber et al., 2003].

[4] In the Alpine Belt, magnetotelluric studies of the
Cantabrian Mountains (NW Spain) allowed the identifica-
tion of shallow conductors as foreland basin sediments.
Deeper conductors were related to the sole detachment of
the mountains and to the presence of faults [Pous et al.,
2001]. In the Pyrenees, a lower crustal conductor is iden-
tified in the contact zone between the Iberian and European
plates, and is interpreted as a zone of partial melting of the
subducted Iberian lower crust [Ledo et al., 2000].

[5] The Betic Chain (or Betic Cordillera or Betics), in the
western end of the Mediterranean, is a tectonically complex
orogen located on the boundary between the Iberian and
African plates. On the basis of geological and geophysical
data several models have been proposed to explain the
geodynamic evolution of the crustal and lithospheric struc-
ture of the Betics along with the Rif Mountains and the
Alboran Basin. The most widely accepted models include
convective removal [Platt and Vissers, 1989] or gravita-
tional collapse [Seber et al., 1996] of a thickened litho-
sphere and rollback subduction of the African slab and
subsequent back arc extension [e.g., Gutscher et al., 2002].

[6] With the objective of imaging the Betics crustal
structure from a geoelectric point of view, and hence, to
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add and infer new information on its geodynamical pro-
cesses, a magnetotelluric survey was performed in the
central part of the Betic Chain. Data analyses showed the
complex dimensionality of the geoelectrical structures
[Marti et al., 2004], which lead to modeling the data using
a 3D approach. In this paper we present the 3D crustal
conductivity model and its interpretation, focusing specifi-
cally on a 3D conductor imaged at mid to low crustal
depths, and discuss its possible geodynamic implications.

2. Geological and Geophysical Settings

[7] The Betic Chain (Figure 1) lies in the western
Mediterranean and its formation initiated during the Late
Mesozoic-Cenozoic orogenesis in the far western end of the
Alpine-Himalayan belt [Platt and Vissers, 1989]. It belongs
to the Alboran system that also includes the Alboran Sea
and the Rif and Atlas Mountains.

[8] It is generally accepted that the geodynamic evolution
of the Betic-Alboran-Rif region includes a stage of subduc-
tion and orogenic wedging of the Alboran Domain [e.g.,
Doglioni et al., 1999; Jolivet and Faccenna, 2000], fol-
lowed by a stage of compression and thrusting along the
Gibraltar Arc with coeval extensional opening of the
Alboran Basin up to early Miocene times [e.g., Platt and
Vissers, 1989; Seber et al., 1996, Gutscher et al., 2002].
These events resulted in interesting geological and geophys-
ical records: intermediate and deep seismicity, continental
crustal thinning in the Alboran Sea and the Betics, velocity
anomalies and lithospheric thinning under the Alboran Sea
and High-Middle Atlas.

[v] Within this context, the Betics is divided classically
into an External Zone and an Internal Zone (Figure 1). The
External Zone outcrops in the northwest and is the Meso-
zoic cover of the former South Iberian continental margin
[Garcia-Hernandez et al., 1980]. The Internal Zone, in the
southeast, is composed of three main stacked metamorphic
complexes, all belonging to the Alboran crustal domain, that
were deformed after the compressional orogenic processes
of Cretaceous-Paleogene age [Garcia-Duerias et al., 1992].

[10] The Internal Zone was affected by E-W to ENE-WSW
extension in the early—middle Miocene, coeval with com-
pression in the External Zone, leading to crustal thinning of
the former Alboran basin and to the formation of N-S to
NW-SE compressional structures that produced the main
relief of the Betics [Balanyd and Garcia-Duerias, 1987]. In
the central part of the chain (Figure 1) the Internal Zone is
formed by large E-W Neogene folds that affected the
superposed complexes; these are, from bottom to top, the
Nevado-Filabride, Alpujarride and Malaguide complexes
respectively. At the top of the Alpujarride complex ultramafic
rocks outcrop in the Ronda Massif (Ronda peridotites) and
are considered to be a segmented slab [Tubia et al., 1997]
within this complex. On the other side of Gibraltar Arc, in
the Sébtide complex of the Rif Mountains, peridotitic bodies
also outcrop in Beni-Bousera [Reuber et al., 1982].

[11] Geophysical data in this zone show its complex
crustal structure, e.g., the lack of correlation between the
Bouguer anomalies and the highest altitudes (Sierra Nevada
and Sierra de los Filabres) [Torné and Banda, 1992] and the
existence of anomalous velocity zones [Dariobeitia et al.,
1998; Serrano et al., 1998]. Seismic reflection profiles
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[Garcia-Duenias et al., 1994; Galindo-Zaldivar et al.,
1997] do not provide high resolution of structures at depth
(lower crust), but do identify horizontal reflectors suggesting
the existence of a major upper crust detachment separating
the Alboran Domain from the Iberian Massif. Geoelectri-
cally, a conductive lower crustal zone was identified in the
Internal Zone, inferred from a two-dimensional (2D) MT
survey [Pous et al., 1999].

3. MT Data Acquisition, Analysis, and Modeling

[12] In 2004 we collected broadband MT data in order to
provide new information of this area at middle-lower crustal
levels. Data were acquired using Metronix ADU-06 systems,
with a range of periods from 1 ms to 4000 s. Time series were
processed using a robust algorithm [Egbert and Booker,
1986], with Remote Reference. The final data set, which
included sites acquired in previous surveys, consisted of
45 sites (Figure 1) with medium to high-quality responses.

[13] The dimensionality analysis of the data was per-
formed using the WALDIM algorithm [Marti et al., 2004],
based on the invariant parameters of the impedance tensor
defined by Weaver et al. [2000], and taking into account
data errors. The dimensionality results were grouped at each
site in period decade bands, where, for the two-dimensional
cases, the average strike directions with their error were
obtained using random noise generation with variance equal
to that estimated for the impedance tensor components
(more details in the work of Marti et al. [2004]). The results
(Figure 2) revealed that the geoelectric structures are mainly
3D, with some 1D cases located over the basins at short
periods. Two-dimensional structures with N-S to NNE-SSW
and E-W to WNW-ESE orientations were found in the
allochthonous zones (Betics), and with E-W to ENE-WSW
orientations in the autochthonous zones (Iberian Massif).
The more complex dimensionality of the Betic Chain was
interpreted as being related to the superimposition of
processes that took part in its evolution, whereas the Iberian
Massif, only affected by the Variscan deformation, shows a
simpler dimensionality. The abundance of 3D structures
increases with the period and toward south. Groom and
Bailey type decomposition [Groom and Bailey, 1989] of the
data [McNeice and Jones, 2001] corroborates that the data
cannot be described as 2D with a prevalent strike direction
[Marti, 2006]. Consequently, three-dimensional (3D) mod-
eling is mandatory to characterize the electric resistivity of
the central Betic crust.

[14] The 3D model mesh consisted of 50 x 50 x 25 elements
(270 km (NS) x 220 km (EW) x 100 km (depth)). It
extended over the central part of the Betics, including the
eastern end of the Guadalquivir Basin, the surrounding
southern Iberian Massif and a 35-km strip of the Alboran
Sea. The initial conductivity distribution was constructed
from 1D inversions [Constable et al., 1987] of apparent
resistivity and phase obtained from the impedance tensor
determinant at each site, and interpolated over the whole
model mesh. The tensor determinant represents an average of
the components of the impedance tensor and is a rotational
invariant, i.e., is independent of the orientation of the
measuring axes.

[15] In the Alboran Sea water depth was modeled follow-
ing the bathymetry, and assigning a resistivity of 0.3 {2-m to
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Figure 2. Dimensionality results of the Betics MT data set grouped in 7 period bands. The arrows
indicating the strike directions are scaled by the inverse of the error in the determination of the strike.
Band 1, 7<0.01 s; band 2, 0.01-0.1 s; band 3, 0.1—1 s; band 4, 1-10 s; band 5, 10—100 s; band 6, 100—
1000 s; band 7, T > 1000 s. .M., Iberian Massif; G.B., Guadalquivir Basin; E.Z., External Zone; 1.Z.,

Internal Zone.

seawater. At shallow levels this initial model shows a
conductivity distribution distinctive for each geological
region. In the southeastern part of the model, it shows a
high-conductivity structure, at depths greater than 10 km.
Three-dimensional forward modeling was undertaken fol-
lowing a trial and error process using the code of Mackie et
al. [1993] (24 periods, 107> s to 10% ), fitting the resistivity

and phase of the determinant, and, whenever possible, the
responses of the off-diagonal components of the impedance
tensor. Fitting the determinant is a necessary, but not a
sufficient, condition to assure that all components of the
impedance tensor are fitted (e.g., Pedersen and Engels
[2005] proposed this strategy in 2D modeling). It allows
obtaining the basic geoelectrical structures, and the model
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Figure 3a.

Determinant data and model responses (resistivity and phase) of six sites, representative of

the different geologic zones of the data set: bl14 (Iberian Massif), b06 and b27 (External Zone), b23
(Guadix-Baza basin), and b35 and b56 (Internal Zone).

can increase in complexity as more components are fitted.
Data and model responses from representative sites are
shown in Figure 3, where sites b27 and b23 were rotated
to the directions that best fit xy and yx responses, 45° and
—15° respectively. Thus, during the modeling process, the
rotation of the data to the quasi-2D coordinate system at
these sites, allowed focusing on improving the fit to the off-
diagonal elements.

[16] In order to check the stability of the mesh, the model
mesh (50 x 50 x 25 elements) was resized to 80 x 80 X
40 elements. Using this new mesh, with the exception of site
14, located at the NW edge of the model, no significant
changes in the responses were observed, which confirmed
the adequacy of the model mesh used to construct the 3D
model. Additionally, sensitivity tests were performed to
evaluate the resistivity, depth and extension of the most

significant model features (see Marti [2006] and next
section).

[17] After 140 trials, an acceptable model that fitted the
main data trends was obtained. To calculate the RMS values
between data and model responses, we used 10% error floor
in the resistivities and 2.9° in the phases for the determinant
responses, which are standard values useful to avoid over-
fitting the model when data errors are too large [e.g., Jones,
1993; DeGroot-Hedlin and Constable, 1993; Gabas and
Marcuello, 2003]. The results were RMS(ppgpr) = 4.10 and
RMS(¢pet) = 2.32, and for the off-diagonal responses,
RMS(p,,) = 7.53, RMS(¢,,) = 3.69; RMS(p,,) = 11.15
and RMS(¢,,) = 3.99. The RMS values thus obtained can be
considered acceptable within the standards [e.g., Jones et
al., 2003; Heise et al., 2008].

[18] Maps of determinant RMS at different periods (7 =
0.01's, T=1 s and T = 100 s) are displayed in Figure 4. In
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Figure 3b. xy and yx data and model responses (resistivity and phase) for the same sites. Both xy and yx
data and model responses at sites b27 and b23 have been rotated to the direction of best fit (45° and

—15°, respectively).

general, resistivity misfits (RMS(ppgt)) present a broad
variation among the different sites and tend to increase with
the period, compared to the phase (RMS(¢pgT)), which have
lower and more uniform values. Higher values of RMS(ppgt)
are localized over particular sites of the Internal Betics, and
at the NW edge of the model.

4. 3D Electrical Structure and its Interpretation

[19] The model (Figure 5) has a complex resistivity
distribution with highly conductive bodies at the uppermost
crustal levels (<5 km) in the External Betics and at both the
uppermost and middle crustal levels (<17.5 km) in the
Internal Betics.

[20] In the Iberian Massif, a resistive zone (RIM,
Figures 5a—5i) can be associated with metamorphic and
granitic rocks. The extension of the resistive zone below the
External Zone confirms the continuation of the Iberian
basement below the Betics.

[21] A shallow conductor in the Guadalquivir Basin
(CGB, Figures 5a—5f) is interpreted as water content and
fluid circulation in its porous sediments. Its shape shows
that the basin infill continues 20—30 km south below the
External Zone.

[22] In the External Zone the model shows moderately
resistive values at shallow levels, associated with the
presence of fluids in the carbonate rocks. Two conductive
bodies (C20 and C27-38, Figures 5b—5¢) are associated
with a high content of shales and basaltic rocks and, in the
eastern part of this zone, with the presence of flysch rocks.

[23] In the Internal Zone a highly resistive zone (up to
13.5 km) (RI, Figures 5a—5g) is interpreted as the presence
of metamorphic rocks from the Nevado-Filabride and Alpu-
jarride complexes. Shallow conductors (C31, Figures 5¢c—5d;
CE, CF1 and CF2, Figure 5¢) are interpreted as fluid
circulation through superficial faults associated to the detach-
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ments bounding the Alpujarride and Nevado-Filabride com-
plexes or different Nevado-Filabride units.

[24] At greater depths the model presents its most
remarkable feature: an enigmatic 1 2-m to 5 {2-m conductive
body (CF3, Figures 5f—5h) located below the main antiform
of the Sierra de los Filabres.

[25] To determine the resolution of conductor CF3, we
performed a sensitivity test, consisting of modifying the
resistivity (p) and thickness (h) of this body, while keeping
the conductance (S = h/p) over the area constant. Hence the
original 3D model (named bet3d), in which body CF3 has
an average resistivity of 2 2-m and a thickness between 3 km
(in its westernmost side) and 14 km (in its eastern side), was
modified to create two new models. In model bet3d1, both
resistivity and thickness were increased by a factor of five to
10 ©2'm and a maximum of 58 km, respectively. In model
bet3d2, resistivity was decreased by a factor of five to
0.2 Qm and thickness reduced to 3 km (Figure 6). In
comparison to the original model bet3d, determinant resis-
tivity RMS values for both models bet3d1 and bet3d2
increased significantly, although phase values remained
similar (Table 1). RMS values corresponding to xy and yx

responses increased as well for model bet3dl; while for
bet3d2, the model with lower resistivity and thickness, the
xy responses increased and the yx responses decreased. In
addition, determinant responses were compared individually
for sites located over the center and the edges of the
conductor. At site b17, located over the central part of
CF3, both resistivity and phase responses corresponding to
model bet3d present a better fit to the data than the other
two models. For site b57, located over the eastern side of the
conductor, model bet3d2 better fits the resistivity responses,
but not the phases (Figure 7). A similar behavior can be
observed at site b54. On the basis of the resistivity misfits,
CF3 may be more conductive and thinner beneath its edges
(sites b57 and b54), although it would not fit the phases.
However, according to the overall RMS values (Table 1),
the features of CF3 in bet3dd can be considered one
reasonable representation of the true 3D distribution of the
area.

[26] The presence of a conductive NE-elongated structure
below Sierra de los Filabres between 20- and 40-km depth
had been proposed using a 2D approach by Pous et al.
[1999], and was interpreted by those authors as a region of
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Figure 5. Situation map and horizontal cross sections of the most relevant layers of the 3D model.
Situation map: site locations in red; main geologic zones: IM (Iberian Massif), GB (Guadalquivir Basin),
PB (Prebetics), SB + GBB (Subbetics + Granada and Guadix-Baza Basin), and 1Z (Internal Zone). Cross
sections: site locations in red; narrow lines mark the geological divisions; the depth range of each layer is
indicated in the bottom right. Abbreviations correspond to the main conductors and resistors described in
the text, displayed in a larger font at its upper position. C, conductor; R, resistive. Numbers 20, 27, 31,
and 38 refer to sites below which conductors are located.
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Figure 6. Vertical sections of the models created to test the depth sensitivity of conductor CF3, keeping
conductance constant. (top left) Plain view of the 3D model surface with sites and vertical section
locations (larger dots indicate, from left to right, sites b17 and b57); (top right) section of model bet3d.
(Bottom left) Section of model bet3d1, in which resistivity of CF3 was increased to 10 ©2-m and its depth
up to a maximum of 68 km; (bottom right) section of model bet3d2, with resistivity of CF3 decreased to
0.2 Q-m and a maximum depth of 7 km.
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partial melt. However, the use of a larger data set and 3D
techniques, proposed by Ledo et al. [2002], has allowed us
to refine and redefine its depth, location and geometry,
leading to an interpretation different from the previous
work. This CF3 conductor appears as a 7000 km® body
placed at significantly shallower depths (between 4 km and
17.5 km) with a 90 km WNW-ESE extension. It is bounded
at its base by a south dipping surface (see Figures 8 and 9)
that coincides with the southern continuation of the sole
thrust of the External Zone. This places the conductor in the
core of the main antiform of the Sierra de los Filabres just
above the major south dipping sole thrust. This separates the
allochthonous rocks of the Alboran Domain from the
autochthonous Iberian plate, allowing a new interpretation
with important tectonic and geodynamic consequences.

5. Interpretation of the Conductive Body CF3
and Geodynamic Implications

[27] The extension and depth of conductor CF3 (Figure 8)
demonstrate that it belongs to the Alboran Domain, as

opposed to the underlying Iberian crust (Figure 9). Its low
resistivity can be explained by the presence of fluids,
partial melting or a conducting mineral phase [e.g.,
Jones, 1992; Nover, 2005]. These possibilities have been
investigated with other geophysical data. Anomaly CF3
is located in a zone of low seismic activity, relatively high

Table 1. RMS Values of the Determinant, xy and yx Resistivity,
and Phase Between Data and Model Responses for Model bet3d
and the Two Models With Modifications in the Vertical Extent and
Resistivity of the Conductive Body CF3: bet3dl and bet3d2

bet3D1 bet3D2

bet3D (Higher Resistivity (Lower Resistivity
Model (Original) and Thickness) and Thickness)
RMS(ppeT) 4.10 5.72 4.90
RMS (¢pgt) 2.32 2.36 2.40
RMS(py,) 7.53 8.29 7.54
RMS (¢.,) 3.69 3.70 3.72
RMS(p,) 11.15 13.85 9.54
RMS (¢,,) 3.99 4.11 3.97
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Figure 8. Geologic map of the central Internal Betics and contours of the top and bottom of CF3. (top)
Solid lines indicate the location of the maximum and minimum of the magnetic anomaly. (bottom)
Colored lines represent the Bouguer gravity anomaly map at 10-mGal interval.

seismic P velocity values [Darobeitia et al., 1998] and
normal heat flow [Fernandez et al., 1998]. In addition, the
topography of the area is uncorrelated with gravity data.
That is, the maximum altitudes of the Betics do not coincide
with a minimum in the Bouguer anomaly (Figure 8, bottom),
where a crustal root should be observed [Torné and Banda,
1992]. These features suggest the presence of crustal detach-
ment levels separating the uppermost crust formed by
Alboran Domain rocks and subsequently deformed by large
folds, from the Iberian Massif in its footwall [Galindo-
Zaldivar et al., 1997; Marin-Lechado et al., 2007].

[28] Furthermore, there is a magnetic anomaly (—40 nT to
+30 nT) with an almost E-W orientation, with the center of
its western edge coinciding with the WNW edge of con-
ductor CF3 (Figure 8, top). This anomaly has been modeled
as a 10-km-thick magnetic body caused by Fe mineraliza-
tion along joints in the Nevado-Filabride metamorphic
rocks, up to a depth of 10 km [Galindo-Zaldivar et al.,

1997]. Although this anomaly is not located precisely at the
position of conductor CF3, it could be caused by a body
with similar origin and composition.

[29] The emplacement of a dense body in the crust below
the high peaks of Sierra Nevada and Sierra de los Filabres,
and the addition of a crustal root, is compatible with the
observed gravity data (e.g., a body with a density 0.1 g/cm®
higher than the average crustal value will result in a crustal
root of 7 km). Hence the conductive body CF3 can have
higher density than the average crustal rocks, which would
allow for the existence of a crustal root below the Internal
Zone.

[30] The presence of fluids alone makes it difficult to
explain the large volume of the conductor, the moderately
high seismic velocity values and its location just along the
antiform crest. Moreover, in this case a continuous recharge
mechanism would be necessary to ensure gravitational
stability, for which there is no evidence. Within the fluids
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Figure 9. Transmed Transect I [Frizon de Lamotte et al., 2004] with a NNW parallel cross section of
the 3D conductivity model, cutting the conductor CF3.

hypothesis, anomaly CF3 could specifically be some type
of sediments associated with accreted oceanic crust (whose
conductivity would be enhanced by the presence of water)
[e.g., Wu et al., 2005], but this would not be consistent with
the high seismic velocities recorded. The partial melt
hypothesis is improbable too, given that the temperatures
suggested from heat flow data (between 325°C and 500°C)
are not high enough [Zappone et al., 2000]. Therefore the
low resistivity of anomaly CF3 is, most likely and plausibly,
associated with a conducting mineral phase, a hypothesis
that must be examined in more detail: What are the origins
of this mineralization? Is it compatible with the present
geodynamic models or does it imply proposing an alternative
one?

[31] According to the geophysical observations, the
conductor might also be a material with moderately high
P velocity values, likely high density and could probably
have high magnetic susceptibility (e.g., rocks containing
massive sulfides or iron oxides [Duba et al., 1994]).
Although collocated geophysical observations are not nec-
essarily linked to the same geologic feature [Cook and
Jones, 1995], all these observations are compatible with
one another. This higher density body would require a new
gravity model, which could include the presence of a crustal
root below the Internal Zone.

[32] Considering high seismic velocities and high density,
the rocks hosting these conducting minerals must be ultra-
basic or basic rocks, such as ophiolites or peridotites. In the
Betics, rocks of the same type have been observed in small
outcrops in the Nevado-Filabride complex (Cerro del
Almirez [Lopez Sdnchez-Vizcaino et al., 2001]), and in
widespread outcrops at the western sector of the Betics
(Ronda [Tubia et al., 1997]) and in the Rif Mountains
[Reuber et al., 1982]. Another possibility is that these
hosting rocks are continental lower crustal rocks (amphib-
olites or granulites) that reached the upper crust during

thrusting, deduced from the high metamorphic degree
observed in rocks at the surface of the Internal Betics.

[33] An independent study that confirms the presence of
conducting minerals in ultrabasic or basic rocks in the area
has been presented by Crespo et al. [2006]. They describe
graphite-sulfide deposits in the ultramafic rocks of Ronda
and Beni-Bousera massifs, and use carbon isotope data to
unravel the origin of carbon in mantle-derived rocks. The
primary mineral assemblage of these deposits consists
mainly of Fe-Ni-Cu sulfides (pyrrhotite, pentlandite, chal-
copyrite and cubanite), graphite and chromite. These depos-
its were formed from residual melts that resulted from
partial melting (and melt-rock reactions) of peridotites and
pyroxenites by asthenospheric derived melts. These ultra-
mafic massifs were emplaced in the lower crust 22 Ma ago,
after undergoing partial melting and infiltration of astheno-
spheric melts resulting in the development of a recrystalli-
zation front [Lenoir et al., 2001]. This evidence allows us to
corroborate the hypothesis of the basic or ultrabasic rocks,
as opposed to lower crustal rocks for which no evidence of
conductive mineralizations has been found, as the most
plausible to host the CF3 conductor. The identification of
such a body agrees with other authors [e.g., Tubia et al.,
1997] who state that the mechanism that emplaced basic or
ultrabasic rocks (i.e., Ronda peridotites) not only affected
the westernmost and southern parts of the Gibraltar Arc
(Figure 1) but also its northern branch.

[34] Our interpretation requires reconsideration of most of
the geodynamic models proposed for peridotite emplace-
ment or Betics evolution because it substantially enlarges
the area affected by this process and/or implies that,
previous to the Betic orogeny, a thinned (oceanic?) litho-
spheric block existed between Iberia and the Alboran
Domain. Additionally, the presence of a differentiated
lithologic unit in the core of the main Nevado-Filabride
antiform reinforces the hypothesis that the Internal Betics
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are formed by an antiformal stack of crustal or even mantle
thrust sheets [e.g., Azasion et al., 2002], bounded below by
the major south dipping sole thrust separating the Alboran
Domain from Iberia (Figure 10).
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[35] Taking into account the implicit piggyback sequence
of thrust emplacement in the development of an antiformal
stack, the structural location of the conductive body in the
core of Nevado-Filabride implies that, previous to its
emplacement, this new interpreted basic or ultrabasic unit
was located in a more foreland position than the overlying
Nevado-Filabride and Alpujarride blocks. This confirms
that the preorogenic thinned (oceanic?) lithospheric block
imaged by the conductive basic to ultrabasic body was
located between Iberia and the Nevado-Fildbride complex.
The presence of this block in this particular structural
position is not considered in the most recent work [e.g.,
Gutscher et al., 2002; Platt et al., 2006] and it entails
reconsideration of the existing evolution models of the
Betics. In particular, the structural position of the newly
described basic to ultrabasic body beneath the Nevado-
Filabride complex, as well as the presence of outcropping
thrust slices of peridotites in the Alpujarride complex enables
two different preorogenic geodynamic scenarios that explain
the present contractional structure of the Internal Zone of
the Betics (Figure 11.1).

[36] A. The first scenario proposes the existence of two
well-differentiated oceanic lithospheric blocks, one located
between the Nevado-Filabride complex and Iberia and
another in a more hinterland position in the Alboran
Domain (Figure 11.2-A). The first block would be defined
by the CF3 body and the second by the ensemble of Ronda

11.1: Present structure

B A0 >
Alboran Domain

Alboran

~ Malaguide

| Alpujarride

BST: Betic Sole Thrust

~| Crust

Figure 11.
basic bodies evidencing sutures.

MST: Malaguide Sole Thrust

= Nevado-Filabride

Sketches of the evolution hypotheses for the Betics related to the emplacement of major
11.1, present structure; 11.2-A, hypotheses Al and AZ2;

11.2-B,

hypothesis B. Note that the sketches are representations of 3D processes, not 2D transects.
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and Beni-Boussera peridotites, which could be located
either between Nevado-Filabride and Alpujarride nappes
(Figure 11.2-A1) or between Alpujarride and Malaguide
[Tubia et al., 1993] (Figure 11.2-A2). In this scenario, the
present-day different structural position occupied by these
bodies does not imply complex thrust kinematics. Instead, it
suggests a simple piggyback stacking of thrust units orig-
inally placed in well differentiated continental or oceanic
domains.

[37] B. The second scenario postulates the existence of
only one suture between Iberia and Nevado-Filabride
(Figure 11.2-B), being the common place of origin of
both anomaly CF3 and Ronda-Beni-Boussera peridotites.
The present-day different structural position occupied by
these bodies in the Internal Zone buildup is the result of
the kinematics of thrust emplacement during the latest
Cretaceous-Paleogene subduction and subsequent collision
between Iberia and the Alboran Domain. In this scenario, the
Ronda-Beni-Boussera peridotites are a series of “oceanic”
thrust mantle slices of the subducting plate emplaced as back
thrusts over the overriding taper in the last stages of thrust
stacking. The conductive body CF3 is a thrust sheet coming
from the same subducting “ocean” but emplaced at the
bottom of the same taper as a horst.

[38] Presently available data seem compatible with both
scenarios that account for the presence of the electrical
conductor at the innermost part of the Nevado-Filabride
antiform. However, the first scenario (Al or A2) is more
compatible with models based on other data. Indeed,
geochronologic and thermobarometric data [Platt et al.,
2006] also imply the existence of a suture between the
Nevado-Filabride and Alpujarride-Maldguide complexes
(model A1), whereas Tubia et al. [1993], based on structural
and kinematic data, place the Ronda peridotites between the
Alpujarride and Maldguide complexes (model A2).

6. Conclusions

[39] Using 3D MT techniques, a resistivity model of the
central Betics crust has been constructed inferring a con-
ductive body at upper-middle crustal levels in the Internal
Zone. This body has been interpreted as a differentiated
lithologic unit, probably made up of basic rocks, between
the outcropping Nevado-Filabride complex and the Betic
detachment level. We conclude that its conductivity is
enhanced by the presence of a conducting mineral phase.
The nature and location of this body has allowed us to
construct two possible schemes for the evolution of the
Betics and the emplacement of peridotitic bodies in the
Gibraltar arc, which include two oceanic sutures or a single
suture, respectively, within the Iberia and Alboran domains.
The first one is thought to be the most suitable, given its
compatibility with available data and other models proposed
based on surface geological data.

[40] There are a large number of mountain belts formed
as a collision of plates with remnant sutures (e.g., Alps,
Himalayas). This paper shows how magnetotelluric studies
can be a key tool to clarify what is the present position of the
bodies implied in these sutures and the tectonic evolution
responsible for their emplacement.
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