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1. Introduction

We thank Pedreira et al. for their interest in our tectonic model. We face this reply as an opportunity to further
clarify and update our approach, as well as to discuss the differences with other lithospheric scale models
proposed for the North Iberian Margin. Pedreira et al. (2018) raise four major concerns about our paper:
(i) gravity modeling procedure, (ii) interpretation of the high-density body inferred from the positive gravity
anomalies, (iii) cross-section restoration, and (iv) geodynamic model. We do not concede that any of these
main issues disprove our interpretation. Accordingly, we defend our model by addressing, in the same order
as their comments, the questions raised by Pedreira et al. (2018).

2. Modeling Rationale

We completely agree with Pedreira et al. (2018) in that geophysical data do not provide a unique acceptable
solution. However, it is well known that this limitation hampers not only potential field modeling but also the
rest of geophysical methods, including seismic studies. To minimize the number of solutions, it is therefore
advisable to integrate all of the available geophysical data with the direct information provided by geological
data. Our inverse 3-D gravity model matches the magnetic anomalies and a number of seismic constraints,
namely, (i) the receiver function’s Moho (Mancilla & Díaz, 2015), assumed as an initial model; and (ii) the
high-velocity sectors beneath the Mauléon Basin (Wang et al., 2016) and the Basque-Cantabrian Basin
(Pedreira et al., 2003).

Pedreira’s original tectonic model (Pedreira et al., 2003)—which is largely based on seismic refraction/wide-
angle reflection profiles—incorporated smaller high-velocity/high-density bodies in the upper crust, first
interpreted as thrusted pieces of lower crust that also included some material from the upper mantle.
After the construction of a gravity model, this interpretation changed to a lower crust intruded by mafic
magmas (Pedreira et al., 2007). Furthermore, the aforementioned gravity model depicted a deep continu-
ous crustal root from the Cantabrian Mountains to the Central Pyrenees. The crustal root reaches a max-
imum 60–90-km depth beneath the Cantabrian Mountains with an average topography much lower than
in the Pyrenees and without an associated gravity minimum, thus contrasting with the �120 to �80 mGal
related to the crustal root of the Pyrenees (e.g., Ayala et al., 2016; Torné et al., 2015). They argue that this
deep crustal root has no gravity signal since it is eclogitized at depths below 40–50 km, acquiring a den-
sity similar to that of the surrounding mantle (Pedreira et al., 2007). We are sure that Pedreira et al. were
not biased during the construction of this forward gravity model, but we are likewise certain that neither
their solution nor their interpretation are the only possible ones, given the nonuniqueness inherent to all
geophysical methods.

3. Residual Gravity Anomaly

The thickness of Tertiary and Mesozoic sedimentary deposits comes from the study of CO2 storage reservoirs
in Spain (Arenillas-González et al., 2014); these data are available at the IGME website (www.igme.es) as men-
tioned in the Acknowledgments of our contribution. Information from France derives from a regional study of
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petroleum evaluation (Serrano et al., 2006). Moreover, we performed seven geological cross sections, four of
these profiles extending offshore, which integrate deep boreholes, seismic profiles, and strike/dip data. The
obtained results were resampled to provide a 2-km grid (Figure S1 in the supporting information). Average
densities were taken from the IGME petrophysical database, some of which are published and available
(e.g., Pueyo et al., 2015). It should be stressed that the densities for the Tertiary and Mesozoic sediments
are similar for the same lithologies, even if found in different places.

Moho depths arising from controlled-source seismic profiles and receiver functions show outstanding incon-
sistencies in the area (Díaz et al., 2016). Consequently, we decided to use the receiver function’s Moho as an
initial reference model (Mancilla & Díaz, 2015), with a ~10-km grid that was complemented and locally mod-
ified using gravity Moho data (Torné et al., 2015). The modifications were made in selected sectors detailed
in Pedrera et al. (2017) in order to adjust the long wavelength component of the gravity anomaly prior to
inversion. These changes were within the range of ±4 km, which is the error indicated in the paper by
Mancilla and Díaz (2015). The offshore Moho, which only covers ~5% of the model, was derived from
Tugend et al. (2014).

The choice of density values during modeling always implies some oversimplification. We suppose that
Pedreira et al. (2007) were aware of this limitation based on the way they chose the crustal densities: their
gravity values were based on the equivalence between seismic velocities (Vp) and densities obtained by
Barton (1986). Following this approach, for Vp values of 5.75, 6.21, and 6.78 km/s, average densities of 2.71,
2.83, and 2.98 g/cm3 are listed in Table 1, respectively, from the paper by Barton (1986). Yet Pedreira et al.
(2007) finally chose 2.67, 2.84, and 2.93 g/cm3, claiming that their final election was “lying within the envel-
opes defined by Barton (1986).” These envelopes show great variability, however, ranging between 2.42 and
2.81 g/cm3, 2.52 and 2.93 g/cm3 and 2.69 and 3.16 g/cm3, as seen in Table 2 of Barton’s paper. Bearing in
mind the uncertainty in density values and based on previous seismic data (e.g., Pedreira et al., 2003,
2007), we assumed as the initial gravity model a linear depth density variation for the crust between
2.67 g/cm3 at surface and 2.95 g/cm3 at 50 km (Torné et al., 2015). This linear depth-dependent density
increase avoids artificial horizontal interfaces within the crust, which commonly derive from seismic proces-
sing and modeling (e.g., Zhou, 2011).

4. Alleged Misuse of Constraints

All inversion calculations must be constrained to ensure the convergence of the procedure and significance
of the results (e.g., Li & Oldenburg, 1996, 1998). Our initial model contains a Moho depth map derived from
the receiver functions and a simple initial geometry for the high-density/magnetic bodies constrained by a
series of 2-D forward models. The 2-D to 3-D technique is a well-known methodology used to build
geophysical models (e.g., Pedreira et al., 2007). In our case, the initial model was refined through a 3-D inver-
sion procedure. This is the main difference between our model and the gravity model of Pedreira et al., which
was modified by trial and error using forward modeling. Once the inversion calculation is set in motion, there
is no human intervention in the process, whereas forward modeling requires that the modelers repeatedly
decide how to best adjust the model to fit actual observations and—since the possible solutions are nearly
infinite—to fit their idea of the structure.

Seismic (Díaz et al., 2016) and gravity data (Torné et al., 2015) depict a continuous crustal root beneath the
Pyrenean-Cantabrian belt. The maps of the Moho derived from receiver functions and gravity practically con-
verge, both displaying a very modest thickened crust beneath the Basque-Cantabrian Basin and the
Cantabrian Mountains (e.g., Torné et al., 2015). It is noteworthy that in the Gernika section, crustal thickening
by duplication occurs in the prowedge, where the Moho downs to ~38-km depth. Yet the reported crustal
thicknesses from controlled source deep seismic studies show contradictory results of approximately
±10 km as compared to receiver functions and gravity Moho maps (Díaz et al., 2016; Torné et al., 2015).
Similarities between the Moho solutions through receiver functions and gravity data (Díaz et al., 2016;
Torné et al., 2015) offer clues regarding their reliability.

The most recent deep seismic studies conducted in our modeled area include seismic refraction/wide-angle
reflection profiles 1, 6, and 8 (Pedreira et al., 2003), the MARCONI 3 and 6 profiles (Ruiz, 2007), the tomo-
graphic model by Wang et al. (2016) in the western Pyrenees, and the ECORS reflection seismic surveys
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(e.g., Daignières et al., 1994; Roure et al., 1989; Figure 1). The proposed gravity model roughly reproduces the
Moho reflections derived from the ECORS surveys, within the uncertainties derived from seismic and
gravimetric methods. As we discuss in our contribution, the high-density/highly magnetized body also
matches high velocity sectors beneath the Mauléon and Basque-Cantabrian basins. Nevertheless, the 2-D
velocity model for profile 1 (Pedreira et al., 2003), which is mentioned in our original paper, should be
analyzed with caution since it is E-W oriented, almost parallel to both the extensional and compressional
structures, and therefore has 3-D effects from out-of-plane structures. In our original contribution, we
preferred not to discuss the velocity-depth model for profile 6 (Figure 1), since Pedreira et al. (2003)
highlights that “The deep structure to the north of shot point K … is not covered by rays,” which refers to
the part of the profile crossing the crustal high-velocity body. Profile 8 from Pedreira et al. (2003) trends
WSW-ENE and obliquely crosses the western Pyrenees, from the Basque-Cantabrian to the Aquitanian
Basin (Figure 1). Again, interpretation of these data should be assessed carefully as 3-D effects severely
affect the velocity-depth solution.

We do not include the MARCONI profiles 3 and 6 in the discussion because, regarding the high-velocity body,
“the N-S geometry and the quality of the data in the MARCONI experiment does not permit to resolve their
existence with precision. Phases with a clear relation to this structure are not detected in the data” (Ruiz,
2007). Finally, in our original paper, we did not discuss the results from the ESCIN 2 and the rest of the seismic
data from the Cantabrian Mountains, which are located outside our modeled area; hence, there is no discus-
sion of the tectonic model with regard to these profiles for obvious reasons (Gallastegui, 2000; Pedreira et al.,
2007, 2015; Pulgar et al., 1996).

An interpretation of some of the aforementioned seismic studies implied a vast and continuous 60–90-km-
thick crustal root beneath the Pyrenean-Cantabrian belt (Pedreira et al., 2015). At this point, we agree with
Alvarez-Marrón et al. (1997) and Teixell et al. (2018) as to their discrepancies about the Pedreira et al. model.
For instance, Teixell et al. (2018) state that “the Cantabrian lower crustal root most probably reaches a depth
of ca. 45 km …. This interpretation … differs from those of Pedreira et al. (2015) where the root reaches
greater depths of 60–90 km.” In addition, as derived from our 3-D model, a modest 35–40-km-thick crustal
root extends toward the Basque-Cantabrian Basin beneath the prowedge, underthrusting the exhumedman-
tle domain. Pedreira et al. (2015) argue that the 60–90-km-deep crustal root produces no gravity anomaly

Figure 1. Main tectonic structures in the North Iberian Margin depicted on the Moho depth map derived from the 3-D gravity model of Pedrera et al., 2017 (red
rectangle) and Torné et al., 2015. (*) note that crustal shortening produced Moho duplication in some sectors. The location of the Gernika section (GS; Pedrera
et al., 2017) and the previous seismic profiles in the area are marked. RF = receiver functions.
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since it is eclogitized at depths below 40–50 km, acquiring a density similar to that of the surroundingmantle.
They assumed a lower crust withmafic to intermediate composition that was ultimately subducted and trans-
formed into eclogites. However, mafic granulites commonly derive from rocks previously
dehydrated/partially melted in areas with considerable extraction of granitoid melts. Such a process makes
sense in the Spanish Central System, Galicia, or even the Pyrenees Axial Zone, where abundant I granites-
granodiorites were extracted from lower crustal sources. Yet despite the abundant presence of granites,
the lower crust in the Spanish Central System mostly consists of felsic granulites (Villaseca et al., 1999). In
areas with no significant melt extraction, for example, the Cantabrian Mountains or Basque-Cantabrian
Zone, a felsic lower crust is expected, meaning that the formation of mafic and dense eclogites is at best
dubious. Although mafic granulites could also be formed by an accumulation of anhydrous mafic magmas
in the lower crust, such mafic magma input would have caused important melting of the lower-middle crust
due to heating. Again, the absence of significant granitoid magmatism in the area suggests that a large
volume of eclogites s.s. was not formed during an alleged continental duplication.

With regard to the sensitivity of the seismic investigation to detect potential exhumed mantle within the
Basque-Cantabrian Basin and the North Pyrenean Zone, we hold that a strong vertical increase in seismic
velocity with no clear Moho reflection would be diagnostic. Exhumedmantle domains were formerly situated
in a transitional zone between true oceanic and thinned continental crust. Even after profuse seismic surveys,
the nature of these transitional domains remains a topic of discussion. The seismic velocity of exhumed man-
tle varies from 4.5 to ~8 km/s depending on the serpentinization percentage (Grevemeyer et al., 2018). Such a
velocity range coincides with seismic crustal velocities, and as a result, a direct correlation between seismic
velocity and lithology is questionable. The presence of discontinuous magnetic anomalies (Sibuet et al.,
2007) coinciding with gravity anomalies (Tugend et al., 2014) is a critical factor when interpreting these
transitional zones as exhumed lithospheric mantle domains.

5. Density of the Exhumed Mantle

By means of serpentinization, a peridotite density of 3.3 g/cm3 can be lowered to 2.5 g/cm3 (Lutz et al., 2018;
Toft et al., 1990). This process is conditioned by the amount of water available, which decreases at depth in
rifted margins. Outcropping lherzolites in the North Pyrenean Zone range from unaltered to completely
transformed into serpentinite (de Saint Blanquat et al., 2016). For modeling purposes and following the dis-
cussion on density election (see section 3), we decided to use an average value of 2.9 g/cm3 as representative
of the whole volume of exhumed mantle.

The origin of the magnetic anomalies was held to be associated with the serpentinization of the upper
part of the exhumed peridotite body. The peridotites, essentially paramagnetic, form magnetite during
the transformation of olivine and pyroxene into serpentine. As Pedreira et al. (2018) highlight, the forma-
tion of magnetite is only significant at serpentinization levels higher than 75% (Oufi et al., 2002). The 2-D
magnetic models reveal magnetic susceptibilities of 0.12 SI in the shallowest part of the high-density
body (Figure 2). The modeled values correspond to strongly serpentinized peridotites (>75%) having
2.6–2.7-g/cm3 density. Once again, although we do know that peridotite density ranges from 2.5 to
3.3 g/cm3, we adopted an average value of 2.9 g/cm3 as representative of the whole volume of
exhumed mantle.

6. Problems With the Shape of the Exhumed Mantle

Our paper offers (Figures 6 and 7) an updated and realistic map of the topography of the exhumed mantle
derived from 3-D gravity modeling. Nine cross sections help to visualize the changing geometry of the
exhumed body eastward. The novelty of our map lies in the fact that exhumed mantle domains remain at
upper crustal levels after mountain building, whereas previously published restored sections completely
removed them during the orogenesis (e.g., Pedreira et al., 2003; Tugend et al., 2014; Teixell et al., 2018).
Interestingly, Pedreira et al. did not focus concern on this point; instead, they observe that the cross-sectional
geometries in the Central Pyrenees, namely, sections L7, L8, and L9, “are hardly compatible with the structure
expected after an episode of intense horizontal stretching.” Further research into the nature of themore shor-
tened sectors of the Pyrenees, entailing reinterpretation of the ECORS Central Pyrenees profile (García-Senz
et al., 2017), indicated that the area of minimum lithospheric thickness in the hyperextended Iberian crust
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(B > 1.5) acted as the starting point for continental subduction, while the adjacent lithospheric mantle
remained as a less deformed indenter. The “abrupt lateral change between the geometries of sections L6
and L7” annoted by Pedreira et al. in their comment is an example of this indentation.

Whereas Pedreira et al. (2018) criticize the geometry and kinematics proposed for the south-dipping Gernika-
Leitza extensional system, a main conclusion of our paper, they give credit to precedent works that similarly
depicted a south-dipping detachment: the restored cross section by Quintana et al. (2015) and the
conceptual tectonic model by DeFelipe et al. (2017). Authors Quintana et al. (2015) unmistakably used a
south-dipping detachment to explain both extension and inversion. The following differences from our cross
section should be underlined here: (i) high-angle normal faults within the Alavesa Platform are synthetic to
the detachment, contrasting with the opposite attitude in our section; (ii) the depocentral area coincides with
the crestal high of our rollover antiform; and (iii) the shallowest part of the extensional system is a single sub-
horizontal extensional fault running at the base of the cover in the section of Quintana et al. (2015), whereas
in our section, it is a basement breakaway sector.

7. Isostatic and Thermal Implications

Pedreira et al. (2018) claim that the thickness and density of different layers of the lithospheric column in our
model do not differ greatly from the postrift stage (Figure 11b in Pedrera et al., 2017) to the present-day post-
collisional stage (Figure 11a in Pedrera et al., 2017). This statement is not entirely accurate, because moderate
crustal thickening by underthrusting is evident in the prowedge and retrowedge areas of the cross section. A
clear flexural response of the lithosphere to thesemarginal loads is attested to by the distribution of Cenozoic
sediments in the Ebro Basin and the Landes Platform. The main structural relief formed in the triangular block
between the proshear and the Bilbao rollover anticlinorium linked to the reverse reactivation of the exten-
sional detachment. The mountainous region with elevations up to ~1,500 m above sea level mentioned by
Pedreira et al. (2018) is enclosed within this triangular area, not in the area of mantle doming, the Biscay
Synclinorium, whose average altitude is 286 m. This is a crucial point, given that Pedreira et al. (2018) also
wonder whether or not flexural rigidity can account for regional support in the area of extremely reduced
lithosphere. The column block over the attenuated lithosphere of the Biscay Synclinorium is made up of
7 km of syn-rift and postrift sediments, as well as volcanics, which is in accordance with the heat-flow history
calculated in the Basque-Cantabrian Basin (Arostegui et al., 2006).

8. Inconsistencies of the Crustal-Scale Restoration

Pedreira et al. (2018) question the origin of the Bilbao Anticlinorium as a former rollover structure upon a
stair-step extensional detachment. In their view, “neither the geometry of the normal fault beneath it nor
the distribution of the syn-rift sediments supports our interpretation.” First, let us clarify that our

Figure 2. Magnetic model of the Gernika section fitting the anomalies from the National Geographical Institute of Spain
magnetic flight flown at 3,000 m, gridded at 4 km, and referred to the IGRF85. The RMS (root mean square) obtained
from the model is 9.6 nT, which represents less than 5% error.
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supposedly incorrect restoration of the hanging wall block over the detachment fault was computer-
tested using Move™ software, assuming fault-parallel flow movement in contraction and inclined simple
shear by extension, both with slip perpendicular to the fault strike. In light of the complex tectonics in
this region, our section is therefore admissible and retrodeformable. We obtained consistent geometries
for the basement blocks, which, combined with secondary faulting and salt migration, came closer to the
distribution of highs and lows during sedimentation. In particular, Pedreira et al. (2018) argue that the
thickness of syn-rift deposits is greater in the backlimb of the rollover anticline than in the forelimb.

A careful examination of differential subsidence in the restored cross section shows that the future rollover
anticline started at Early Cretaceous time as an incipient rotated fault block forming part of a shallow ramp
imbricate (Figure 11d in Pedrera et al., 2017). During this stage, syn-rift sediments deposited in the backlimb
of the rollover occupy a graben bounded by antithetic and synthetic faults. The accommodation space in the
graben was ultimately provided by movement over the tilted detachment and locally in the cover by salt
withdrawal (Quintana, 2012). At moderate extension values, perhaps the best evidence of the rollover struc-
ture is the reef barrier of the Asón Fm located over the Bilbao Anticlinorium crest and surrounded by intra-
shelf deeper sediments (García-Mondéjar, 1990; Figure 11d in Pedrera et al., 2017). Likewise, a
synkinematic wedge of flysch of the Deva Fm. accumulated in the forelimb of the rollover during the hyper-
extension stage. This sedimentary unit thickened toward the horizontal flat detachment, favoring the expul-
sion of the underlying salt (Figure 11c in Pedrera et al., 2017).

Pedreira et al. (2018) also remark upon the “progressive disappearance of the lower crust in the central
part of the section” as a major flaw in our reconstruction. Still, at many rifted margins, the amount of
extension accommodated by faulting in the upper crust is insufficient to explain the crustal thinning.
This paradox, known as extension discrepancy or upper plate paradox, is an open topic commonly explained
by (i) unrecognized faults that underestimate the total amount of fault heave and stretching in the upper
crust (e.g., Reston & McDermott, 2011); (ii) depth-dependent thinning with strain rates increasing down
toward the lower crust, which flows in between the brittle upper crust and the stronger sublithospheric
mantle (e.g., Weinberg et al., 2007); or (iii) underestimated stretching linked to a polyphasic
extensional history.

Because most of the rifted area extends onshore in a sector that has been extensively investigated, the
amount of extension linked to unmapped normal faults would be insignificant. Dissimilar extension between
the upper and lower crust is most likely related to an increasing strain rate at depth. Under a high thermal
state, a felsic to intermediate lower crust—see discussion in section 4—flows and facilitates crustal necking.
In such a setting, a complex 3-D pressure gradient could allow out-of-plane lower crustal flow; that is, some of
the exhumed high-grade rocks might attest lower crust flow oblique to the dominant shear direction (e.g.,
Gautier et al., 2008). Furthermore, two superposed rifting events (Permian-Triassic and Early Cretaceous)
shaped the Basque-Cantabrian Basin. In this scenario, thick continental deposits, including basic hypoabyssal
igneous rocks, point to the significance of the Permian-Triassic rifting event. It is thus possible that the con-
tribution of the older event in terms of crustal stretching has been underestimated (please note the question
mark in Figure 8f of our original paper).

The extensional discrepancy is obvious in other published regional cross sections along the North Iberian
Margin. For instance, there is little evidence for brittle normal faulting in the postrift restored section of the
Mauléon Basin proposed by Teixell et al. (2018), where the continental crust is completely attenuated.
Although these authors do not extend the restoration back to the prerift stage, the presence of a roughly
continuous Jurassic unit and the moderate heave of the normal faults reveal an important discrepancy
between extensions in the upper and lower crusts.

Serpentinization implies reductions in both density and strength. As mentioned earlier, we applied a value of
2.9 g/cm3 for gravity modeling, as an average density representative of the whole volume of exhumed
mantle. The magnetic model gives an approximate idea of how serpentinization varies at depth. The shallow
exhumed mantle appears to be strongly serpentinized (>75%) only within the shallowest 2–4 km (Figure 2).
We are aware that high serpentinization degrees, concentrating at shallow levels within the exhumed body,
would induce a decrease in friction and promote decoupling during deformation. For this reason, weak
serpentinites play a major role during both extension, allowing activity of the main detachment with angles
lower than 20°, and compression.
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As described in the sequential restoration of Pedrera et al. (2017), the inherited detachment was reactivated
during inversion of the basin. Serpentinization degrees decrease with depth, and the exhumed mantle
behaves on the whole as a rigid and strong block surrounded by weaker continental crust. The close match
of convex-to-the-foreland arches with the zigzag curvature of dense bodies, deduced from the gravimetric-
magnetic anomalies (Figure 1), suggests that the North-Cantabrian and the North-Pyrenean thrust fronts con-
form an indenter-controlled salient in the sense of Macedo and Marshak (1999). This would further evidence
an overall rigid mechanical behavior of the peridotite bodies during Cenozoic compression.

Pedreira et al. (2018) indicate that the shortening estimate in the Gernika section is considerably lower than
the one predicted by some plate kinematic models (Macchiavelli et al., 2017; Rosenbaum et al., 2002; Vissers &
Meijer, 2012). However, contradictory kinematic models have been proposed to explain the evolution of
Iberia with dissimilar timing, direction, and amount of convergence (Barnett-Moore et al., 2016). Among other
difficulties, plate kinematic reconstructions are hampered by large strike-slip movements of Iberia that are
not registered by the architecture of sedimentary basins. This issue is currently under review, by including
highly stretched continental crust at rifted margins, together with the newly exhumed mantle domains
(Jammes et al., 2009; Nirrengarten et al., 2017). Part of the controversy resides in distinguishing exhumed sub-
continental mantle lithosphere from continental and oceanic crust (see section 4). One significant conclusion
derived from this group of models, not included in the graph provided by Pedreira et al. (2018), is that the
maximum width estimated for the rift system in the Pyrenees is around 100 km (Nirrengarten et al., 2017),
a figure more consistent with our restored section.

Pedreira et al. (2018) regret that we do not discuss the amount of shortening in previous cross sections.
Fortunately, we are now in a position to do so. Gallastegui et al. (2002) and Pedreira et al. (2015) estimated
approximately 100 km of shortening through the central part of the Cantabrian Mountains and the North
Iberian Margin. Since there is no major frontal thrust over the Duero Basin (Alonso et al., 1996), these authors
propose that most of the displacement (~75 km) occurred along a north-vergent accretionary wedge or tec-
tonized zone at the toe of the continental slope of Le Danois Bank, being transferred at depth to the 60–90-km
northward subduction. However, recent interpretations of high-resolution seismic reflection data (Cadenas
et al., 2018; Zamora et al., 2017) reveal that the displacement accommodated by reverse faulting in the retro-
wedge south of Le Danois Bank was greatly overestimated.

A cross section published by Pedreira (2004) in the Basque-Cantabrian Zone proposes 83 km of shortening
with the slab tip of the Iberian plate reaching depths of 60 km (Figure 3b). In this cross section, the frontal
thrust above the Ebro Basin accommodates over 50 km, including a large flat beneath thrusted Cenozoic
sediments. The footwall cutoff is arbitrarily positioned, however, since Mesozoic units were not found upon
Cenozoic sediments in any of the available boreholes. Similarly, none of the available seismic lines shows
reflectors identifiable with Cenozoic sediments under the floor thrust.

Actually, what is clear from seismic data is that the diapirs in the Alavesa Platform still match the position of
the reversed basement faults (Figure 3a), which, in turn, implies that no significant displacement exists
between cover and basement. Regarding the structure proposed by Pedreira for the retrowedge, we tested
if cumulative displacement along the individual thrusts merging at the base of the thinned lower crust could
be consistent with the underthrusting of the European plate. In view of the restored section, a forward model
using fault-parallel flow reproduces the evolution of the retrowedge in the upper crust. Still, cumulative dis-
placement (~17 km) does not account for the proposed crustal indentation: a piece of mantle 5-km-wide
remains within the upper crust. Altogether, the way deformation partitioned and transferred across the
Cantabrian Mountains within the upper crust in the model proposed by Pedreira (2004) remains unclear.

Quintana et al. (2015) estimated approximately 100 km of shortening in a cross section that also covers the
Basque-Cantabrian Zone. In contrast to Pedreira (2004), a frontal thrust within the basement dipping 30°
northward produces a moderate offset in the Tertiary sediments of the Ebro Basin, a figure similar to the
one proposed by Alonso et al. (1996) for the Western Cantabrian Mountains and to the one depicted in
our Gernika section. However, deformation is decoupled at midcrustal levels in the cross section of
Quintana et al. (2015) to explain dissimilar shortening between the upper and the middle-lower crust.
Approximately half of the shortening in the upper crust is consumed by reversing the Bilbao Fault and
developing an inversion anticline cored by basement. Yet as discussed above, the basement of the Bilbao
anticline was already high at Early Cretaceous time due to rollover folding.
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Figure 3. Proposed cross sections for the Basque-Cantabrian Basin. (a) Gernika cross section and restoration by Pedrera et al. (2017). (b) Cross section and restoration
by Pedreira (2004). (c) Forwardmodel reproducing the evolution of the retrowedge in the section of Pedreira (2004). Cumulative displacement (d) accommodated by
thrusts a, b, c, d, and e does not account for the proposed crustal indentation, and a 5-km-wide piece of mantle (wf) remains within the upper crust.
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To sum up, kinematic models and restored cross sections proposing 80–100 km of shortening during the for-
mation of the Cantabrian Mountains and the inversion of the Basque-Cantabrian Basin suffer from critical lim-
itations. Recent work undertaken by our team (García-Senz et al., 2017) comes to reinforce the conclusion
that the amount of shortening would approach ~34 km in the Cantabrian Mountains, where the Danois
and Basque-Cantabrian basins partially preserve their original extensional geometry, while the exhumed
mantle remains connected to the present-day lithospheric mantle. Only in the Central Pyrenees, character-
ized by a nappe stack, does the shortening increase to approximately 135 km.

9. Concluding Remarks

In Pedrera et al. (2017), we focused specifically on the geometry and evolution of the Basque-Cantabrian
Basin based on the crustal-scale Gernika cross section. Our work took into account information provided
by field data, boreholes, seismic reflection profiles, and a 3-D gravity inversion model. A high-density body
resulted from the gravity inversion, which is also the source of prominent magnetic anomalies and high
seismic velocities. It lies underneath a HT (high temperature) metamorphic band enclosing remnants of
lherzolite rocks and is regarded as exhumed mantle rocks beneath the basin extending along-strike through
the Northern Pyrenees. As mentioned in our contribution, some authors have already proposed that high-
density/high-magnetized/high-velocity bodies are best explained as exhumed mantle rocks (Casas et al.,
1997; Tugend et al., 2014; Wang et al., 2016). Although we cited the most relevant studies, our aim was far
from providing an extensive critical review with point-by-point analysis of the different alternatives. Our
model fits with the generally accepted geodynamic evolution of the Basque-Cantabrian Basin and the
Pyrenees, explained as a Late Cretaceous rift with hyperextended domains that was inverted in Alpine times
(e.g., Jammes et al., 2009; Lagabrielle & Bodinier, 2008; Lagabrielle et al., 2010). However, we propose some
differences regarding the geometry of the detachment, the inversion mode of these hyperextended basins,
the cumulative shortening estimated, and the derived crustal-scale geometry. Pulgar et al. (1996), Gallastegui
(2000), and Pedreira et al. (2007, 2015) propose that the lower crust of the European plate indented into the
Iberian crust, which forced its northward subduction. In the initial paper by Pulgar et al. (1996), considering
the ESCIN reflection and refraction data along the central Cantabrian Mountains and the Cantabrian
Margin, the conclusion is that “the wedge-type pattern of crustal subduction northwards is in fact very similar
to the Pyrenean image from the ECORS profile.” Following that premise, Pedreira et al. (2007, 2015) propose
that the continental subduction beneath the Cantabrian Mountains continues below the Basque-Cantabrian
Basin, reaching depths of 60–90 km that connect with the subduction in Central Pyrenees. However, several
features are not fully consistent with this model: (i) the Cantabrian Mountains and the Basque-Cantabrian
Basin have lower average altitude than the Axial Zone of the Pyrenees; (ii) unlike the Axial Zone, there is
no important gravity minimum as required in a large crustal root; (iii) the expected felsic to intermediate
composition of the lower crust discards large volumes of eclogites s.s. within this supposed deep crustal root;
and (iv) cumulative shortening has probably been overestimated in the Cantabrian Mountains and the
Basque-Cantabrian Basin.

Contrary to the claim of Pedreira et al. (2018) that our model offers more problems than solutions, we believe
that it offers important keys to understand the extensional and inversion structure of the North Iberian
Margin from the Cantabrian Mountains to the Central Pyrenees. In fact, a recent paper coauthored by one
of the authors of this comment (J. Diaz) and published in Scientific Reports (Chevrot et al., 2018) “redis-
covers”—without quoting Pedrera et al. (2017)—the continuous body of exhumed mantle beneath the
North Pyrenean Zone that matches the positive gravity anomalies.
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