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The upper crustal structure of the central Cantabrian Mountains consists of a block of Variscan basement uplifted
over the Duero basin as a consequence of a southward displacement along a major thrust during the convergence
between Europe and Iberia in the Eocene-Oligocene (Alpine orogeny). We present the results of the 3-D modeling
of thirteen new magnetotelluric sites, five of them being completed by long period data, over a 100 km-long, N-S
oriented profile across the central Cantabrian Mountains and the Duero basin. Dimensionality analyses indicated
a dominant E-W direction but with influence of 3-D structures at long periods and locally in the Cantabrian
Mountains. Accordingly, we performed a 3-D joint inversion of the full impedance tensor and the geomagnetic
transfer function following a sequential inversion workflow. The inverse model presents similarities with existing
lithospheric models. In the southern part of the area, the conductive sediments of the Duero basin over a high
resistive and homogeneous Iberian lithosphere are well delineated. Towards the north, beneath the Cantabrian
Mountains, the model reveals a heterogeneous and conductive lithosphere, in which various elongated and
dipping conductors in the upper and middle crust are associated with major Alpine thrusts, one being the frontal
thrust of the Cantabrian Mountains over the Duero basin. At deeper depths (between 20 and 35 km depth), the
Iberian crust appears as subducting to the north beneath a conductive zone interpreted as the hydrated mantle
wedge of the north-Iberian continental margin.

1. Introduction of the Bay of Biscay abyssal plain (Gallastegui et al., 2002; Pedreira

et al., 2015). Three different zones can be differentiated in the Canta-

One of the actions of the Topo-Iberia project (Gallart et al., 2015)
was to acquire a number of magnetotelluric (MT) profiles approximately
aligned in N-S direction to obtain an integrated transect of the con-
ductivity of the lithosphere across the Iberian plate and Northern
Morocco (Anahnah et al.,, 2011; Pous et al., 2011, 2012; Rodriguez
Fernandez et al., 2015; Seillé et al., 2015). Here we present the results
for the northernmost profile, crossing the central Cantabrian Mountains
from the North-Iberian (or Cantabrian) coast to the Duero basin (Fig. 1).

The Cantabrian Mountains, which extend for ~400 km along the
northern border of the Iberian Peninsula, constitute the western pro-
longation of the Pyrenees. To the south, the range is flanked by the
Cenozoic Duero foreland basin (Alonso et al., 1996) and, to the north,
the contractional deformation that formed the range in the Cenozoic
also affected the North-Iberian continental margin and the southern part
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brian Mountains from east to west (Barnolas and Pujalte, 2004): i) the
Eastern Cantabrian Mountains, or the Basque-Cantabrian Region, which
was formed by the inversion of a thick Mesozoic basin (the Basque-
Cantabrian basin) developed in the tip of the Bay of Biscay (e.g. Rat,
1988); ii) the Central Cantabrian Mountains, representing an uplifted
block of the pre-Mesozoic basement that holds the higher peaks of the
range (Alonso et al., 1996); and iii) the western Cantabrian Mountains,
developed also on top of a pre-Mesozoic basement, but with lesser
imprint of the Alpine orogeny and lower relief (Martin-Gonzalez and
Heredia, 2011). The MT profile presented in this contribution lies in the
eastern border of the central Cantabrian Mountains (Fig. 1a).

The range evolved from different tectonic regimes during the
Paleozoic, Mesozoic and Cenozoic. In the Paleozoic, most of the NW
Iberian Peninsula constituted part of the continental margin of
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Gondwana and the collision with Laurussia gave rise to the European
Variscan belt, in which the Paleozoic basement of the studied area was
part of the foreland fold and thrust belt (Pérez-Estatin et al., 1991).
During the Carboniferous-Permian transition, the area was intensely
fractured by deep faults that promoted hydrothermal circulation,
mineralization and generation of narrow and deep basins (Lepvrier and
Martinez-Garcia, 1990; Bastida et al., 2004; Gasparrini et al., 2006;
Lopez-Gomez et al., 2019). Faults from this period have a dominant NW-
SE trend in the area, although some structures created or reactivated
during the Permian have E-W to ENE-WSW orientations (Fig. 1).
During the Mesozoic, the area was under an extensional regime
related to the opening of the Atlantic Ocean and the Bay of Biscay. The
opening of the V-shaped Bay of Biscay and the concomitant
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counterclockwise rotation of the Iberian Peninsula (Bullard, 1965; van
der Voo, 1969) was produced by higher amounts of extension in the
western part of the bay than in the east. Undisputed oceanic magnetic
anomalies are identified to the west of ~8 °W (e.g. Srivastava et al.,
2000: Nirrengarten et al., 2018), while eastwards the extension gave rise
to highly stretched continental crust on top of serpentinized mantle
beneath the abyssal plain, as far as ~4.25 °W (Ruiz et al., 2017). Even
more to the east, the crust is typically continental and the extension
focused on several deep basins between Iberia and Europe, locally also
exhuming the upper mantle (Vergés and Garcia-Senz, 2001; Jammes
et al., 2009; Lagabrielle et al., 2010; Roca et al., 2011; Teixell et al.,
2018; Ruiz et al., 2017). One of the larger and deepest basins of the
whole Pyrenean-Cantabrian realm was the Basque-Cantabrian basin,
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Fig. 1. a) Geological map of the Cantabrian Mountains. White stars are the stations where both broadband (BBMT) and long period (LMT) MT data was acquired.
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filtered stack section of the seismic reflection profile ESCIN-2 (after Pulgar et al.

, 1996, 1997 and Gallastegui, 2000). ¢) P-wave velocity model for the seismic

refraction/wide-angle reflection Profile 5 (Pulgar et al., 1996; Fernandez Viejo, 1997; Gallart et al., 1997). d) P-wave velocity model for the MARCONI-01 seismic

refraction/wide-angle reflection profile (Ruiz et al., 2017).
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holding near 20 km of sediments on top of an extremely thinned crust
(Quintana et al., 2015) and even locally the upper mantle (DeFelipe
et al., 2017, 2018). West of the Basque-Cantabrian basin, a thin Meso-
zoic cover once covered the eroded Paleozoic basement (Fig. 1), being
the main Mesozoic depocenter located further north, in the present-day
continental platform (Cadenas et al., 2018). A diffuse transfer zone
along the Santander and Torrelavega canyons (Pedreira et al., 2007;
Roca et al., 2011) separate both depocenters.

Since the Late Cretaceous and during the Paleogene, the plate tec-
tonics setting changed dramatically and the northern drift of the African
plate compressed the Iberian subplate against Eurasia, in the context of
the Alpine orogeny (Rosenbaum et al., 2002; Macchiavelli et al., 2017).
In the Pyrenean realm, this resulted in the underthrusting of the narrow
domains of previously exhumed mantle, the inversion of the basins, and
the rise of the Pyrenees as a consequence of the continent-continent
collision. To the west, the Alpine compressional deformation also
affected the North-Iberian passive margin, and the crust beneath the
Mesozoic continental platform was uplifted towards the south to form
the Cantabrian Mountains (Gallastegui, 2000; Gallastegui et al., 2002,
2016; Pedreira et al., 2015). The erosion of the new reliefs provided the
materials that filled the Duero basin over the thin Mesozoic cover (few
hundred meters thick) in the Cenozoic (Alonso et al., 1996).

The present-day knowledge of the crustal structure of the Cantabrian
has mainly been driven by the seismic experiments carried out in the last
decades. The ESCIN-2 deep seismic reflection (Fig. 1b) profile permitted
to obtain a detailed image of the lithosphere beneath the Duero basin
and the southern part of the Cantabrian Mountains, while several
refraction/wide-angle reflection profiles imaged the lithospheric struc-
ture also in the northern part of the Cantabrian Mountains and in the Bay
of Biscay (Pulgar et al., 1996, 1997; Gallart et al., 1997; Fernandez
Viejo, 1997; Fernandez-Viejo et al., 1998, 2000; Gallastegui, 2000;
Gallastegui et al., 2002, 2016; Pedreira et al., 2003). The central part of
the Cantabrian Mountains represents a block of Variscan basement
uplifted during the Eocene-Oligocene over a deep crustal ramp that is
clearly visible in the ESCIN-2 seismic reflection profile (Alonso et al.,
1996; Pulgar et al., 1996; Fillon et al., 2016; Gallastegui et al., 2016).
The deeper crustal structure is complex, with the development of a
double-wedge that includes the subduction of the Iberian crust to the
north and the indentation of the Cantabrian Margin crust to the south
(Gallastegui, 2000; Pedreira et al., 2003, 2007, 2015; Gallastegui et al.,
2016). Gallastegui (2000) and Pedreira et al. (2015) constructed a N-S
transect integrating seismic and gravity data that shows the complex
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imbrication between the Iberian and Cantabrian crusts related to the
northward subduction of the middle and lower Iberian crust. This
important crustal thickening is accompanied by the deformation of the
Cantabrian Mountains, along with several north dipping thrusts that
cross the upper crust and converge to a mid-crustal detachment located
at 14-15 km depth (Gallastegui, 2000; Gallastegui et al., 2016). How-
ever, the inner structure in the thickened area and the maximum depth
of the crustal root is still a matter of debate. The ESCIN-2 seismic
reflection profile only samples the shallowest part of the root, down to
~42-45 km depth (Gallastegui et al., 2016). On-land seismic stations
deployed during the acquisition of the ESCIN-4 marine reflection profile
recorded wide-angle reflections produced in a deep and northward in-
clined discontinuity that can be easily associated with the Iberian Moho,
if it continues with the same dipping attitude down to ~53 km depth, at
about 15-20 km south of the coastline (Gallart et al., 1997). Similar
results were obtained later with the wide-angle records of the marine
profiles of the MARCONI project (Fig. 2d; Ruiz et al., 2017) and in a
recent reassessment of the seismic data (52 km, Fernandez-Viejo et al.,
2021). On the other hand, Garcia-Senz et al. (2020) and Teixell (1998),
although presenting different models, underline the absence of a nega-
tive Bouguer anomaly over the crustal root and limit the maximum
depth to ~45 km. However, Pedreira et al. (2015) have shown that a 60
km depth root (or even deeper) is perfectly possible from the isostatic
point of view, presenting a petrological-geophysical model that is able to
explain not only the Bouguer anomalies, but also the geoid undulations,
heat flow, elevation and seismic velocity variations in the mantle.

Along a similar N-S transect, Pous et al. (2001) obtained a 2-D
electrical resistivity model using Broad Band Magnetotelluric (BBMT)
data. This model revealed north-dipping conductors associated with
major Alpine faults, and a deep conductive anomaly located beneath the
coastline, which was tentatively interpreted as partial melting of the
subducting continental crust, as it was also interpreted further to the
east in the Pyrenees (Pous et al., 1995a, 1995b; Ledo et al., 2000;
Campanya et al., 2011).

The new MT profile we present in this contribution was acquired
approximately along the line of the ESCIN-2 seismic reflection profile
(Fig. 1a; Pulgar et al., 1996; Gallastegui et al., 2016), which was also the
line followed by the old BBMT profile (Pous et al., 2001). The new MT
data have a high coverage of MT stations in the Cantabrian Mountains
and record long-period data, which reach deeper levels of the litho-
sphere. We derive a 3-D resistivity image using the full impedance tensor
and vertical transfer functions, to obtain a reliable and accurate image of
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the crustal structure of this orogen. The 3-D model is interpreted jointly
with the available geophysical and geological data in order to achieve a
deeper understanding of the crustal structure and the geodynamic his-
tory of this area.

2. New MT data

The magnetotelluric method (MT) is a passive electromagnetic
method that uses the natural variations of the electric and magnetic
fields to infer the distribution of electrical conductivities within the
subsurface. The horizontal magnetic H and induced electric fields E are
related in the frequency domain by the complex impedance tensor Z. In
a similar way, the horizontal and the vertical components of the mag-
netic field are related by a complex vector, the vertical field transfer
functions (VTF). Distortion of the electric and magnetic fields by het-
erogeneities present in the near-surface affects more the impedance
tensor Z than the VTF and, when used in conjunction, the reliability of
the geoelectrical models can be improved (Berdichevsky et al., 2003). In
this study both the impedance tensor Z and the VTF are modelled jointly.

The new long period magnetotelluric profile crosses the central
Cantabrian Mountains and the northern part of the Duero foreland basin
(Fig. 1). The data consist of thirteen magnetotelluric sites over a N-S,
100 km long profile. The five components of the electromagnetic field
were recorded in N-S and E-W directions. Six MT sites (marked as stars in
Fig. 1) were recorded using both broadband (BBMT) and long period
(LMT) instruments, allowing us to obtain MT transfer functions with
periods ranging from 0,001 s to 10,000 s. Seven sites were acquired
using BBMT instruments only (marked as circles in Fig. 1), obtaining
transfer functions with periods ranging from 0,001 s to 2000s. Space
between sites varies between 5 and 10 km. The BBMT data were pro-
cessed using the robust bounded influence remote reference processing
(BIRRP) algorithm (Chave et al., 1987), while the LMT data were pro-
cessed with the algorithm of Varentsov (2006).

Fig. 2a shows the VTFs data in the form of induction arrows (real
part) for three periods in the Wiese convention (pointing away from
conductive zones). The vectors magnitude does not exceed values of 0.5,
even the ones located close to the coast. A general NNE-SSW orientation
can be observed at long periods (T = 1000 s) while at shorter periods (T
= 10 s) the vectors point perpendicularly to the profile, especially in the
northern part of the profile, between sites 02 and 08. The effect of the
seawater of the Bay of Biscay was tested through forward modeling. A
conductor of 0.33 Qm following the bathymetry was embedded in a
homogeneous half space of 100 Qm. The real part of the induction ar-
rows of such model point to the south with smaller magnitudes
compared to the observed arrows. We concluded that the behavior of the
observed induction arrows can only be explained by some three
dimensional or off-profile structures located on land.

The XY component shows phases greater than 90° above 100 s for
sites 06 and 07, and above 1000s for site 05 (Supporting Information
Fig. S1). These anomalous phases are accompanied with a strong decay
in the apparent resistivity towards extremely conductive values (papp < 1
Qm). This type of anomalous phases accompanied by a drop in the
apparent resistivity was observed in several geological settings, where
different physical or geological causes were invoked: electrical anisot-
ropy (e.g. Heise and Pous, 2003), current channeling (Lezaeta and Haak,
2003), 3-D conductive bodies such as ring conductors (Weckmann et al.,
2003a, 2003b) or L-shape bodies (Ichihara and Mogi, 2009). No evi-
dence of electrical anisotropy can be inferred from local geology in the
Cantabrian Mountains. The location of sites 05, 06 and 07, close to a
complex intersecting pattern of WSW-ENE and NW-SE oriented faults
(Fig. 1), suggests that the effect on the electromagnetic fields causing
phases exceeding 90° is probably due to a complex-shaped conductor,
which could be assimilated to an L-shape.
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3. Magnetotelluric data analysis

Directionality and dimensionality information of the geoelectrical
structures of the subsurface can be extracted from the analysis of the
impedance tensor Z. The conclusions of such analysis can be used to get
a general understanding of the subsurface conductivity distribution but
also to justify the approach that will be used to model the MT data.

Caldwell et al. (2004) introduced the phase tensor, which is defined
as the ratio of the imaginary and real parts of the impedance tensor Z.
This tensor is unaffected by galvanic distortion and can be represented
graphically as an ellipse, which principal axes orientation indicates di-
rections of resistivity gradients. Fig. 2b shows the phase tensor ellipses of
the observed data. The color used to fill the ellipses is the phase tensor
skew angle|p|, which defines the asymmetry of the phase tensor and
indicates the presence of 3-D effects (Caldwell et al., 2004). For periods
lower than 1 s, the ellipses show a relative 1-D behavior for most of the
sites, with circularly shaped ellipses and |B| < 4°. Above 100 s, |B| > 4°
for most of the sites. At periods ranging from 100 s to 10,000 s, the major
axis of the ellipses is oriented along WNW-ESE and NW-SE directions,
and |p| > 8°, clearly indicating a 3-D structure at long periods. Sites 05,
06 and 07 with phases greater than 90° have a high skew angle (|| > 6°)
from 10 s to longer periods.

Dimensionality was also assessed using the multisite/multiperiod
analysis (McNeice and Jones, 2001) based on the Groom and Bailey
(1989) impedance tensor decomposition. For this analysis, data with a 3-
D behavior was not considered (T > 300 s). Assuming an error floor of
8%, a strike direction of N100°E was obtained between 0.1 s and 300 s
for all the sites.

Same observations were made applying the method of Bahr (Bahr,
1988). A dominant strike direction could be estimated between N90°-
100°E. The estimation of data affected by 3-D effects using the Bahr
phase sensitive skew is coherent with the phase tensor analysis.

The induction arrows and the three distinct approaches used for
estimating the dimensionality and directionality of the MT data (the
phase tensor, the Bahr method and the Groom and Bailey method) gave
similar results. They point to a regional 2-D structure oriented ~N100°E
with 3-D effects at long periods (longer than 300 s) for all the sites along
the profile, and strong localized 3-D effects at intermediate periods for
several MT sites localized within the Cantabrian Mountains. Conse-
quently, we decided that a 3-D approach would be more suitable for this
dataset.

4. Three-dimensional inversion

The 3-D inversion was carried out using the 3-D inversion algorithm
WSINV3DMT developed by Siripunvaraporn and Egbert (2009). This
code allows to carry out the joint inversion of the impedance tensor Z
and the vertical transfer functions (VTF). The algorithm minimizes an
objective function comprised by a misfit term and a model term, in order
to obtain a minimum structure model that fits the data to a certain target
misfit.

The starting resistivity model is a uniform 100 Qm half space, which
includes the sediments of the Duero basin (modelled as a 10 Qm
feature), inferred from seismic and geological studies (Heredia et al.,
2010). It was left as a free parameter during the inversion. The Atlantic
Ocean to the north was also included following the bathymetry
(ETOPO1, Amante and Eakins, 2009). The seawater resistivity was set to
0.33 Qm and it was kept fixed during the inversion. Since the aim of this
study is to investigate the deep structure, topography was not included
in the inversion.

Model grid dimensions were 32 x 66 x 60 cells in the X (North), Y
(East) and Z direction respectively. Vertically, we define the first layer
being 30 m thick, increasing logarithmically at depth. Horizontally, in
the core of the model the cells have dimensions of 1.75 km x 1.75 km.
The padding of the model has cell sizes that are increasing logarithmi-
cally in both directions to a sufficient extent to satisfy the boundary
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conditions of the forward solver.

The thirteen sites were used for the inversion, with 12 periods be-
tween 0.25 s and 6309 s. Both the impedance tensor and the VTF were
included in the inversion. An error floor of 5% of the geometric mean of
the off-diagonal components of the impedance tensor (0.05 X +/ZyZyx)

and 15% for the vertical transfer functions (0.15 x 4/ |sz|2 + |sz|2) was
applied.

4.1. Inversion strategy

3-D inversion of a unique MT profile is not only sensitive to the re-
sistivity distribution beneath the profile but also to off-profile structures
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(Siripunvaraporn et al., 2005; Patro and Egbert, 2011; Brasse et al.,
2015). However, it is exposed to greater ambiguity away from the MT
sites. In order to prevent problems that might arise from full 3-D
inversion (Z and VTF) on profile data, e.g. significant off-profile re-
sistivity structures (Siripunvaraporn et al., 2005), we adopted a
sequential inversion strategy that allowed to fit the full data while
keeping reasonably smooth structures across strike (off profile), as ex-
pected for this dataset, which is moderately affected by 3-D effects. The
strategy consisted in: 1] Inversion of the off-diagonal components of the
impedance tensor, excluding the phases higher than 90°. 2] The inver-
sion was restarted adding the VTF data. 3] The inversion was restarted
including the diagonal components of the impedance tensor, along with
the off-diagonal terms with phases higher than 90°. The models obtained
at the end of each step are shown in Fig. 3.

The advantage of this strategy over an inversion using the complete
dataset at once is the reduction of off-profile artefacts. Because the di-
agonal components of the impedance tensor are strongly affected by off-
profile structures, this strategy allowed obtaining a model that was
primarily driven by the off-diagonal terms of the impedance tensor. We
observed that the main structures constituting the final model were
already present at the end of the first inversion step including only the
off-diagonal elements of the impedance tensor (Fig. 3a). The VTF data
are more sensitive to horizontal resistivity contrasts than to depths or
absolute values of resistivity (Siripunvaraporn and Egbert, 2009).
Adding it at a later stage kept the shape of the structures and mainly
enhanced or reduced these contrasts (Fig. 3b). The fitting of the phases
greater than 90° and the diagonal elements of the impedance tensor was
achieved in the last step of the inversion (Fig. 3c).

This strategy was found to be optimum for the inversion of this
dataset and the 3-D model obtained is in agreement with previous
studies (deep seismic reflection profile — Pulgar et al., 1996, and
seismically-constrained gravity models - Gallastegui, 2000; Pedreira
et al., 2015; Gallastegui et al., 2016).

The inversion was run on a Linux operating system with a machine of
128 GB Ram. Each iteration lasted about 4 h. The inversion process
reached a final normalized root mean square (RMS) of 1.8 after a total of
17 iterations. The fitting of the full Z and the VTF is satisfactory taking
into account the error floor used. Fig. 4 shows the fitting of apparent
resistivity, phase and VTFs for four selected sites. The complete dataset
and model responses can be found in the Supplementary Information 1.

The RMS by components (grouped by Z and VTF), by site and by
period is shown in Fig. 5. Most MT sites present low RMS values across
the complete period range. However, there is an underfit of some of the
VTF data at high frequencies.

4.2. 3-D model

The 3-D inverse model is presented in Fig. 6 and Fig. 7. Fig. 6 shows
three N-S sections and a cross-section oriented N10°E across the 3-D
volume. The N10°E cross section presents the model located directly
under the MT sites, coinciding with the direction of the MT profile, it
was chosen for the interpretation. Fig. 7 shows horizontal slices at
several depths. The main features are labelled in Fig. 6d and Fig. 7.

The model presents minor variations in the E-W direction perpen-
dicular to the profile. Most of the off-profile variations occur in the
upper part of the model (above 15 km depth) within the Cantabrian
Mountains.

A shallow subhorizontal conductor C1 (2-30 Qm) is located in the
southern part of the profile (Fig. 6d). It is 2 to 2.5 km thick beneath sites
10 to 12 and gets thicker to the south, up to 3.5 km beneath site 13. This
conductor, which corresponds to the Cenozoic sediments of the Duero
basin, was already present in the starting model. However, the inversion
modified its geometry under sites 13 and 14, extending the conductor
deeper, up to 3.5 km.

Several shallow conductors (1-20 Qm) appear in the Cantabrian
Mountains (Fig. 6d). Most of them are subvertical to north dipping and
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Fig. 4. Data (points) and responses of the 3-D inverse model (continuous line) at four selected sites (03 / 07 / 11 / 13).
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extend from the surface to 5-10 km depth. The orientation varies from E-
W to NW-SE (Fig. 7). Conductor labelled C2a is located at the transition
between the Duero basin and the Cantabrian Mountains, and is linked to
the conductor C1. Conductor C2b appears to be dipping south (Fig. 6¢
and Fig. 6d) and extend to a depth of 10 km. It is mainly E-W oriented
(Fig. 7). Conductor labelled C2c is located in the northern part of the
model and reaches a maximum depth of 15 km, its connection to
conductor C4 is unclear.

Conductor C3 (~ 10 Qm) appears beneath the northern border of the
Duero basin (sites 11 and 10) at depths between 10 km to more than 25
km. This conductor presents a north dipping behavior on the eastern side
of the profile (Plane X18, Fig. 6¢). At more than 20 km depth it shows a
roughly N-S orientation, following the orientation of the MT profile
(Fig. 7). On the western site this conductor is local and reaches ~15 km
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depth.

The conductor C4 (5-30 Qm) is located between 20 and 30 km depth
beneath sites 04 to 03 and is subhorizontal (Fig. 6d). It appears to extend
deeper until 35 km depth in the northern part of the model under site 03.
At 25 km depth (Fig. 7) its lateral continuation has roughly an E-W
orientation.

Conductor C5 (20-50 Qm) is located 15 km north of site 02, outside
of the site coverage and reaches depths of more than 70 km. Sensitivity
tests (see below) indicate that this structure is not well constrained.

Below the conductive zones the model shows a resistor R1 with re-
sistivities higher than 100 Qm in the subducting slab and up to several
1000’s of Qm beneath the Duero basin in the southern part of the profile.
Its top is dipping northwards (Fig. 6) and it appears to be E-W oriented at
all depths (Fig. 7). The location of the top of this resistive body is
coherent with the seismic signature of the top of the lithospheric mantle
beneath the Iberian crust. Subducting slabs have been modelled as
dipping resistors in several studies using MT (e.g. Matsuno et al., 2010;
Evans et al., 2014; McGary et al., 2014; Heise et al., 2019), with values
ranging from 500 Qm (Heise et al., 2019) up to 10.000 Qm (Evans et al.,
2014). In their study, Matsuno et al. (2010) pointed out the low sensi-
tivity of the MT data to the resistive slab, due to the low sensitivity of the
MT method to resistors beneath thick conductors (e.g. Chave and Jones,
2012). In the case of the Cantabrian Mountains, the subduction is less
pronounced and relatively shallow compared to active and deep sub-
duction zones. The subcontinental lithospheric mantle is assumed to be
essentially anhydrous (Evans, 2012), explaining its high electrical re-
sistivity, which generally contrasts with the hydrated nature of the

mantle wedge, which tends to present higher electrical conductivities.
Our final 3-D model agrees with a subducting resistive mantle, especially
when the top of R1 dips northwards.

4.3. Model assessment

Non-linear sensitivity tests were performed to determine if the
presence of the geoelectrical structures observed in the model are
required by the data. These tests consist in perturbing part of the
preferred model, compute its response and compare it with the re-
sponses of the preferred model. To assess how significantly responses
differ from one to another we use an RMS update, as previously intro-
duced by Garcia et al. (2015). The RMS update is defined as:

RMS — RMS,

RMS update(%) = 100 x RMS,

RMS, corresponds to the final inverse model and RMS to the per-
turbed model. The RMS is defined as:

RMS =

where d; is the observed data, f; are the model responses and ¢; the data
error. The RMS is normalized by the number of observed data points N.
An RMS value of 1 indicates that the misfit term is equal to its estimated
error, or in other terms, that the data is perfectly fitted within its error.
Because the RMS is calculated using the data errors after applying the
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error floors, any difference in RMS points to misfits that are greater than
the error floor. When the RMS update is presented as a function of fre-
quency or data component it indicates which parts of the data are sen-
sitive to the changes applied in the model.

We performed several tests independently, where in each case the
resistivity of the feature of interest was substituted by a different re-
sistivity value. Conductors C1, C2 and C3 were proved to be highly
constrained by the data. We present here the sensitivity tests for the
conductors C4 and C5. Fig. 8a shows the location of different pertur-
bations that were applied to the final model and Fig. 8b-f shows the
results of these tests. RMS updates < 10% are represented in blue and
indicate that the model perturbations have nearly no effects on the data.
In contrast, we consider that RMS updates > 10% are significant. An RMS
update of 100% means that the misfit for a particular data point or group
of points has doubled.

For the conductor C4 we tested an area comprised between 20 and
50 km depth where resistivities under a certain threshold value were
raised to the threshold value. This conductor C4 has minimum resistivity
values around 5 Qm at 24 km depth. We performed 3 tests, C4a, C4b and
C4c, using threshold values of 25 Qm, 50 Qm and 100 Qm respectively.
The results show all the perturbations affected the responses, in partic-
ular the impedance tensor for sites 03, 04 and 05 (directly located above
the C4 anomaly) for periods greater than 100 s. Using a threshold of 25
Qm (Fig. 8a) the effect on the responses is less pronounced (RMS updates
between 25% and 75%) than for the tests using 50 Qm and 100 Qm
(Fig. 8b and Fig. 8c, with RMS updates greater than 90%), but still
significant. The VTF data seems relatively insensitive to these changes.
These tests confirm that conductor C4 in its form is required by the data,
with a maximum resistivity of ~25 Qm in its center.

For conductor C5 we performed two tests using the same approach
(Fig. 8a, Fig. 8d and Fig. 8e). In this case the area tested is comprised
between depths of 40 km and 70 km and we used threshold values of 50
Qm and 100 Qm. These tests show that using a threshold value of 100
Qm start to have a sensible effect on the data fit, affecting slightly the
impedance at long period (T > 500 s) for sites 03 to 05 (RMS update >
10%), and the VTF data for sites 03 and 05 at long periods. Thus,
conductor C5 is not as well constrained as conductor C4. It is important
to notice that the conductor C5 is located outside of the coverage of the
MT sites, 15 km north of the survey, which makes it subject to ambiguity
in terms of robustness. In any case, the location of this conductor in the
continuation of the top of the dipping mantle, suggests a relation with it.

5. Interpretation and discussion

In this section we discuss the main features observed in the model,
their correlation with existing interpretations and the tectonic implica-
tions. Fig. 9 shows the N10°E cross section of the 3-D inverse model,
overlaid by a geological interpretation derived using geological data and
existing crustal to lithospheric models, obtained from modeling of
seismic, petrological and gravity data (Pedreira et al., 2015, Gallastegui
et al., 2016).

The shallow elongated conductive zone C1 (values between 2 Qm
and 30 Qm) is related to the Cenozoic sediments of the Duero foreland
basin, deposited upon the highly resistive Paleozoic basement. Porous,
permeable and water-saturated rocks are responsible for the high elec-
trical conductivity of these formations. Sediment thickness inferred from
the MT image varies, having a maximum thickness of 3500 m beneath
site 13 and 2500 m beneath site 11. El Campillo exploration well, located
between sites 12 and 11, reaches the basement at 2584 m below the
surface (Lanaja, 1987). The largest sediment thickness beneath site 13
(Fig. 6d) is related to a local depocenter located in the footwall of a
blind, north dipping Alpine thrust (El Campillo thrust), well imaged in
oil exploration reflection profiles and ESCIN-2 deep seismic reflection
profile (Pulgar et al., 1996, 1997; Gallastegui, 2000; Gallastegui et al.,
2016).

The three elongated and north-dipping conductors (C2) located in

Tectonophysics 830 (2022) 229310

c
o <
1] =
2 2
O =
= =
s =
= S
o

8 z

25 50 75 100
Distance (km)

Fig. 9. N10°E oriented cross section across the 3-D model. The geological
interpretation is based on the seismically constrained interpretations of
Pedreira et al. (2015) and Gallastegui et al. (2016). See Fig. 1 for the legend of
the geological map.

the upper crust of the Cantabrian Mountains correspond to fractured
areas. These faults are either Alpine structures or Variscan/Late-
Variscan structures, some of them reactivated during the Alpine
Orogeny (Gallastegui et al., 2016). In either case, their conductive
behavior is interpreted as fluids present in the fractured areas of the
Paleozoic basement. Conductor C2a is related to the frontal thrust and
marks the boundary between the Cenozoic sediments of the Duero basin
to the south and the Paleozoic formations of the Cantabrian Mountains
to the north. Conductor C2b is well marked and although it is manly
oriented E-W, it has a NE-SW orientation west of the profile, and a NW-
SE orientation east of the profile, which are the directions of the Late
Variscan, subvertical faults in the area (Fig. 7). The spatial coincidence
between the high conductive zone and the trace of these faults, as well as
the great extent of the conductor both horizontally (Fig. 7) and vertically
(reaching ~15 km depth, which is expected to be the base of the brittle
crust) suggest that this anomaly is created by fluid circulation along
several of these Late Variscan faults with different orientations, rather
than by lithological heterogeneities. To the east, this conductor is
associated with the continuation at depth of the Ruesga-Ubierna fault.
The way these several conductors constituting conductor C2b are con-
nected, both horizontally and vertically, is the preferred explanation for
the phases exceeding 90 degrees. The conductor C2c is subvertical,
reaching a depth of 15 km beneath the trace of the Cabuérniga normal
fault. This long and deep structure shows at least 6 hydrothermal springs
along its trace, with temperatures up to 65 °C (Heredia et al., 2022). We
therefore also consider water circulation along this fault as the most
plausible explanation for anomaly C2c. The geoelectrical signature of
this fault reaches the detachment located at the top of the southwards
indented Cantabrian Margin lower crust.

Conductor C3 is located approximately beneath the local depocenter
observed in the Duero basin. In the ESCIN-2 seismic reflection profile,
two parallel reflectors dipping northwards are located beneath the
Duero basin, approximately in the same area, and are interpreted as
blind basement thrusts, the northern one named as El Campillo thrust
(Pulgar et al., 1996; Gallastegui et al., 2016). Both structures reach the
Mesozoic layers at the base of the basin and extend downwards to the
top of the middle crust, at 14 km depth (Gallastegui et al., 2016). East of
the profile, the direction of the anomaly changes to ~NW-SE, which is
the direction of the Late-Variscan faults, some of them reactivated
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during the Alpine cycle (e.g. the Ubierna, Golobar and Rumaceo faults).
The location of the C3 anomaly, its linear geometry and its orientation
(Fig. 7) suggest that C3 is the conductive signature of these faults in the
basement, the high conductivity being caused by the presence of fluids
along the faults.

The conductive feature C4 is located between 20 and 30 km depth
(Fig. 9), its southernmost extremity being located 30 km south of the
coastline. The resistivities observed in the MT model are as low as 5 Qm
at 24 km depth and constrained by the sensitivity tests to be lower than
25 Om. A low velocity zone (Vp ~ 7.7 km/s), corresponding to the
southernmost edge of the mantle wedge, was observed by the seismic
refraction / wide angle reflection experiments (Marconi-1 profile, Ruiz
etal., 2017) at a depth of ~28 km, 25 km south of the coastline. This low
velocity zone is broadly coincident with the position of conductor C4,
although the conductor is located a few kilometers shallower and
southwards. Similar high conductivities in mantle wedges have been
observed using magnetotellurics in several other locations worldwide (e.
g. Worzewski et al., 2011; McGary et al., 2014), but rather correspond to
hot and active subduction zones. In an active subduction zone context
this type of anomaly is due to a water flux into the mantle wedge,
resulting from the dehydration of the downgoing slab. In the Cantabrian
Mountains, dehydration reactions in the subducting Iberian lower crust
has been ruled out as the main water supplier into the mantle wedge,
based on the estimated composition, pressure and temperature condi-
tions at those depths (Pedreira et al., 2015). Pedreira et al. (2015) have
suggested that the 1-2 wt% of water required to explain the low velocity
anomalies in the mantle wedge would have its origin from an earlier
percolation from the surface, which happened during the formation of
the Cantabrian continental margin in the Mesozoic. The relative spatial
correlation (Fig. 9) between the low velocity zone and the high con-
ductivity anomaly supports the interpretation of a zone of hydrated
mantle as the explanation for the high conductivity of C4. The amount of
fluid deduced from the seismic velocities is enough to explain the low
resistivities observed, according to the model of Reynard et al. (2011),
considering a fluid with the salinity of seawater. The presence of
anomaly C4 in that position is roughly compatible with the crustal
models presented by Gallastegui (2000), Pedreira et al. (2015) and
Teixell et al. (2018), but it is more difficult to explain with the model
presented by Garcia-Senz et al. (2020). Although their model for the
“Polientes section” lies ~40-50 km to the east, they propose that the
Moho is at >40 km depth beneath the trace of the Cabuérniga Fault and
only shallows from the position of the MT station 2 to the north, with a
large body of exhumed mantle rising to 14 km depth approximately
beneath the coastline. Even considering that the structure might change
abruptly from the Polientes section to the section studied here, we must
note that the presence of such a feature, which would likely have a
conductive response as a result of its serpentinization, would be
incompatible with the orientation of the induction arrows of the
northern stations (Fig. 2a).

The conductor C5, located between ~40 km and more than 70 km
depth in the northern margin of the model correlates with the prolon-
gation of the subducting Iberian lower crust to the north beneath the Bay
of Biscay. This spatial coincidence suggests a relation with the crustal
root. However, with the current data and the lack of resolution for its
conductivity values and precise localization, it is difficult to interpret it
in an unambiguous way. According to the petrological/geophysical
modeling of the subducting Iberian crust (Pedreira et al., 2015), water
released by eclogitization reactions are only expected in very small
amounts if the crustal root reaches more than 60 km depth. The possi-
bility of such a deep root cannot be ruled out according to the available
geophysical data, and can be perfectly compatible with isostatic equi-
librium, although a shallower root (~60 km depth) seems to explain the
seismic tomography data slightly better (Pedreira et al., 2015). With a
shallower crustal root (~60 km), the estimated pressure/temperature
conditions are such that the solidus curve for the subducting lower
crustal are just reached (Pedreira et al., 2015). Due to the uncertainties
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in these determinations, including the composition of the subducting
lower crust, we consider likely that small amounts of water or melt could
possibly be released in the deep crustal root, potentially creating a zone
of lower resistivities. This crustal root continues to the east up to the
Pyrenees (Pedreira et al., 2007), where other authors also related high
conductivities to partial melting of the subducted Iberian lower crust
(Pous et al., 1995a, 1995b; Ledo et al., 2000; Partzsch et al., 2000;
Campanya et al., 2011).

6. Conclusions

Thirteen magnetotelluric soundings with broad-band and long
period instruments were acquired along an N-S profile crossing the
Cantabrian Mountains and the Duero basin. The 3-D nature of the MT
data in this area was determined from the analysis of the MT impedance
and phase tensors. In order to perform a 3-D inversion of this dataset
along an N-S profile we adopted a specific inversion workflow. Ulti-
mately, the 3-D resistivity model was obtained by the 3-D joint inversion
of the full impedance tensor and the magnetic transfer functions. This
workflow resulted in a 3-D model with minimal off-profile structures,
which agrees with our prior knowledge of a regional E-W oriented
subduction system with local complex tectonics in the upper crust of the
Cantabrian Mountains. The correlation between the geoelectric image,
the existing geophysical models and the surface geology provides a
deeper understanding of the lithospheric processes. The Duero basin
sediments are clearly imaged and are consistent with well log and
seismic reflection data. Conductive north dipping to subvertical zones in
the Paleozoic basement are related to enhanced permeability along the
main Alpine and reactivated Variscan and Late-Variscan faults. Main
faults in the Cantabrian Mountains were detected as conductors
concentrated in the upper crust. They do not reach more than 10 km in
the southern part of the Cantabrian Mountains and 15 km in the
northern part. A deep conductive zone was detected above the north-
ward subducting slab of the Iberian crust just at the top of the mantle
wedge, attributed to hydration of the upper mantle during the Mesozoic
formation of the North-Iberian continental margin. Finally, in the
northern part of the model a deep conductor at greater depth (from ~40
to more than 70 km) was detected. This conductor was poorly con-
strained and new data recorded offshore further north of the profile is
required to confirm its presence. We tentatively propose that very small
amounts of water or partial melt released in the subducting Iberian
crust, as proposed further east in the Pyrenees, might be the cause of that
high conductivity.
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