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This work describes how flexural normal faults related to a flexure produced in the foredeep of a fold-and-thrust
belt develop, how they can be recognized, especially when they formed in early or intermediate stages of
development of the fold-and-thrust belt, what information provide about the fold-and-thrust belt and the fore-
deep flexure, and different procedures to obtain it. The application of these methodologies to a natural example is
shown through the detailed analysis of normal faults preceding the folds and thrusts in the western part of the
Cantabrian Zone, the foreland fold-and-thrust belt of the Variscan Orogen in the northwest portion of the Iberian
Peninsula. These faults are interpreted as flexural normal faults formed during the fold-and-thrust belt devel-
opment. The strike of the longitudinal flexural normal faults illustrates the orientation of the old fold-and-thrust
belt front, resulting in an arcuate distribution consistent with the geometry of the Ibero-Armorican or Asturian
Arc. The low fracturing intensity due to the longitudinal faults indicates that the flexure curvature and the flexure
inclined-limb dip were very gentle, and that the flexure interlimb angle was very high. This may suggest that the
fold-and-thrust belt weight was low at that time. The timing of these flexural normal faults indicate that the
thrusts propagated following a forward-breaking or “piggy-back” sequence, as deduced by other authors
employing different methods. Finally, the transverse flexural normal faults are interpreted as a result of large
oblique/lateral thrust ramps in some thrust sheets located in the southern part of the Cantabrian Zone.

1. Introduction restraining bend of a major strike-slip fault, a push-up ridge may develop

formed by reverse faults and folds (e.g., Smith et al., 2007; Mitra and

Structural style is defined as the set of characteristic features and
patterns displayed by geological structures within a given region,
formed under a common tectonic regime. Each structural style com-
prises an association of structures that developed broadly contempora-
neously, although in some cases local, mutual cross-cutting relationships
indicate that certain structures predate or postdate others. Well-
documented examples of such relationships are now available in the
literature (e.g., Gray, 1981; Lacombe and Beaudoin, 2024).

One of the benefits of discovering that different types of structures
formed during the same event is that once this relationship is estab-
lished, the study of the features of one type of structure supplies further
information about the other type of structure. For example, in a

Paul, 2011). A measure of the amount of shortening responsible for the
formation of reverse faults and folds provides the amount of strike
separation of the main strike-slip fault. In the case of rollover anticlines
related to listric normal faults (e.g., McNeill et al., 1997; Poblet and
Bulnes, 2005), the rollover indicates that the fault responsible for its
formation is listric and vice versa. Moreover, the application of a series
of specific graphical techniques employing the rollover morphology al-
lows obtaining the normal fault geometry at depth accurately (e.g.,
Verrall, 1981; Davison, 1986; White et al., 1986; Williams and Vann,
1987) or, it is also possible to reconstruct the geometry of the rollover
located in the fault hangingwall based on the normal fault shape (e.g.,
White et al., 1986; Moretti et al., 1988; Groshong Jr, 1989; Waltham,
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1989). Similarly, in the case of folds developed in the hangingwall of
thrust ramps (e.g., Boyer, 1986; Rodriguez et al., 2021), a set of tech-
niques has been developed to reconstruct the geometry of the thrust at
depth based on the fold morphology, or vice versa, i.e., to reconstruct
the geometry of the hangingwall fold based on the thrust shape (e.g.,
Geiser et al., 1988; Suppe, 1983; Mary, 1983; Mitra and Paul, 2011;
Suppe and Medwedeff, 1990).

However, before obtaining this information, one must determine
whether the different types of structures originated during the same
deformational event through a careful structural analysis, paying
attention to aspects such as those listed below. One of them is the
relative location of the structures. For instance, diapirs, anticlines, and
normal faults coexist (e.g., Davison et al., 2000; Rodriguez et al., 2022c)
but they are not randomly distributed. The cores of the anticlines are
typically pierced by evaporites or mudstones, while minor normal faults
are preferentially located in the diapir crests. The size and frequency of
the structures may be also important. For example, the normal faults
developed in the foredeep flexures caused by fold-and-thrust belts (e.g.,
Chou and Yu, 2002; Rodriguez et al., 2022a) are usually smaller and
sparser than the thrusts. The strike and dip of the structures may be
useful elements as well. For instance, in a fault-propagation fold related
to a dip-slip normal fault (e.g., Sharp et al., 2000; Khalil and McClay,
2002), the inclined limb located between the monoclinal hinges strikes
and dips in the same directions as the normal fault. Another key aspect
may be the sense of motion of the structures. For example, the small
reverse faults developed in the hangingwall of a ramp-flat listric normal
fault (e.g., McClay, 1990, 1996), exhibit a motion sense equal to that of
the main normal fault. The amount of horizontal motion caused by the
structures may be an essential element as well. For instance, normal
faults form in the rear part of a toe thrust, while thrusts develop in the
frontal part (e.g., Worrall and Snelson, 1989; Cobbold et al., 1995). The
normal-faulting related extension should be roughly equivalent to the
thrusting related shortening. Additionally, the compatibility of the stress
fields responsible for different types of structures may be a critical fac-
tor. For example, the normal faults in pull-apart basins formed in
releasing bends along major strike-slip faults (e.g., Freund, 1971;
McClay and Dooley, 1995) should be compatible with the stress field
inferred from the strike-slip faults. Another parameter may be the
relative timing of the structures. For instance, the gravitational normal
faults developed in the crest and limbs of an anticline (e.g., Munoz et al.,
1994; Pace et al., 2017; Rodriguez et al., 2022b) cut through inclined
layers in their footwall, indicating that the faults developed after the
anticline amplification onset.

In this article we deal with different types of structures: normal
faults, thrusts, and folds. Specifically, we focus on flexural normal faults
related to a foredeep flexure in front of a fold-and-thrust belt (Fig. 1).
The purpose of our work is to determine what the study of flexural
normal faults can contribute beyond their own characterization with
respect to the foredeep flexure and the fold-and-thrust belt. However, to
achieve this, it is first necessary to be able to recognize that the normal
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faults are flexural normal faults developed during the same deforma-
tional event as the folds and thrusts.

To this end, the first part of this article is a theoretical approach
aiming to supply criteria to be used to distinguish flexural normal faults
from other types of normal faults, based on analysing how these faults
form. Next, a series of techniques are designed to obtain information
about the foredeep and the contractional belt based on the study of
flexural normal faults. In the second part of the article, the diagnostic
criteria for flexural normal faults are applied to a field example for
which a detailed structural analysis has been conducted, and the pre-
viously designed techniques are implemented. Many studies conducted
so far on this topic (e.g., Bradley and Kidd, 1991; Doglioni, 1995; Chou
and Yu, 2002) have been devoted to the flexural extension of the upper
continental crust in contractional foredeeps due to bending, i.e., at a
large scale. Moreover, these studies have primarily considered foredeeps
located in front of fold-and-thrust belts, affected only by a flexure and
normal faults, i.e., flexures and flexural normal faults formed in the final
stages of fold-and-thrust belt development (Fig. 1). However, our study
examines small-scale flexural normal faults and deals with faults not
only developed in the final stages but also with those developed in the
early or intermediate stages of fold-and-thrust belt evolution. As a result,
the former foredeeps, along with their flexure and flexural normal faults,
are now located within different thrust sheets and interact with
contractional structures (Fig. 2a).

The specific goals pursued in the theoretical part of this article are
briefly outlined below.

i) Identify the main mechanisms responsible for the amplification of
foredeep flexures and generation of related longitudinal normal
faults.

ii) Describe different criteria for recognizing longitudinal flexural
normal faults, especially when they develop in early or inter-
mediate stages of a fold-and-thrust belt and become incorporated
into various thrust sheets.

iii) Provide different strategies to be employed for gathering
different types of data about fold-and-thrust belts and foredeep
flexures through the analysis of longitudinal flexural normal
faults.

iv) Describe the main causes responsible for the development of
transverse flexural normal faults, and list diagnostic criteria to
identify them especially when they develop in early or interme-
diate stages of a fold-and-thrust belt.

v) Warn that the restoration of geological sections across thrusts and
related folds in contexts similar to the one studied here must take
into account the pre-contractional structure of the layers.

The chosen natural example to check these methodologies is the
western part of the Cantabrian Zone (Fig. 3). The Cantabrian Zone,
located in the core of the Ibero-Armorican or Asturian Arc (e.g., Suess,
1892; Lotze, 1945), is the foreland fold-and-thrust belt of the Variscan

/
Foredeep
flexure

Fig. 1. Idealized schematic block diagram showing a foredeep flexure and associated longitudinal flexural normal faults in front of a fold-and-thrust belt. The dashed-
dotted lines are the axial traces of the folds. The dips of the layers and faults, as well as the angles between them, do not represent actual values, but have been used to

better visualize the figure.
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Fig. 2. Idealized schematic cross-sections showing the temporal relationships between longitudinal flexural normal faults and thrusts and related folds when the
thrust propagation sequence is a) forward-breaking or "piggy-back" and b) break-back. The upper drawings in a) and b) are the oldest stages, while the lower
drawings in a) and b) are the younger ones. Structures numbered as 1 are the oldest ones, whereas those numbered as 2 are the youngest ones. The dips of the layers
and faults, as well as the angles between them, do not represent actual values, but have been used to better visualize the figure.

orogen in the northwest portion of the Iberian-Peninsula (e.g., Julivert,
1971, 1979, 1981, 1983; Savage, 1979, 1981; Pérez-Estatin et al., 1988;
Pérez-Estatin and Bastida, 1990; Alonso et al., 1992; Aller et al., 2004).
Normal faults, whose cross-cutting relationships indicate that predate
thrusts and folds and were developed in undeformed rocks, have been
documented in some localities (e.g., Masini et al., 2010a, 2010b; Bulnes
etal., 2016, 2019; Uzkeda et al., 2022). A cursory analysis might lead us
to define two unrelated deformation events: an older extensional one
and a younger contractional one. However, as mentioned above, in
fold-and-thrust belts there are other possible scenarios where these
structures may result from the same deformational event (e.g., Poblet
and Lisle, 2011). The main features of these normal faults suggest that
they could be interpreted as flexural normal faults related to foredeep
flexures later on folded and thrusted as the contractional deformation
propagated towards the foreland. The case presented here is not the first
one of its kind. Thus, in the Apennines, where normal faults deformed by
thrusts occur (e.g., Scisciani, 2009; Masini et al., 2011; Calamita et al.,
2018), some normal faults have been interpreted as related to the
orogenic process, resulting from lithospheric bending of the foredeep (e.
g., Scisciani et al., 2001, 2002).

The application of the methodologies described in this article to the
field example intends to address the following specific goals.

i) Decipher the main features of these Cantabrian Zone normal
faults through a detailed structural analysis and prove that they
are flexural normal faults.

ii) Figure out the orientation of the orogenic front in the past and its
angle with the tectonic transport direction through the study of
the Cantabrian normal faults and their comparison with pub-
lished tectonic transport vectors. Verify whether the orogenic
front aligns with the curved structural pattern of the Ibero-
Armorican or Asturian Arc.

iii) Investigate whether these Cantabrian normal faults can be key
elements for determining the type of thrust propagation sequence
by inferring it and contrasting it with data published in the
literature.

iv) Provide information about the main characteristics of the old
flexure in the western part of the Cantabrian Zone through the
study of normal faults.

v) Unravel the meaning of some normal faults perpendicular with
respect to the most common set of Cantabrian normal faults
through the analysis of these normal faults and published
geological maps.

The Cantabrian Zone is an excellent natural laboratory to address
this study (Fig. 3). Thus, abundant literature information is available
about the Cantabrian Zone structure and cartographic pattern (see ref-
erences above) to cross-check the results derived from the analysis of
normal faults. In addition, the quality of some outcrops is exceptional;
thus, a simple observation is sufficient to describe the characteristics of
the normal faults, thrusts and folds and their temporal relationships.
Finally, this is the first time that the normal faults preceding the thrusts
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Fig. 3. a) Iberian Peninsula map showing the location of the map depicted in b).
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b) Geological map of the Cantabrian Zone, located at the core of the Ibero-Armorican

or Asturian Arc (modified from Alonso et al., 2009b). The small circles including a number in the western part of the Cantabrian Zone show the location of the studied
outcrops. I: La Mortera, II: Tellego, III: Tenebredo, IV: Dosango, V: Baselgas, VI: Castanedo del Monte, VII: Linares, VIII: Bandujo, IX: Vega de los Viejos and X:

San Emiliano.

and related folds are described in detail and interpreted as flexural
normal faults in the Cantabrian range.

2. Part I: flexural normal faults, foredeep flexures and fold-and-
thrust belts

2.1. Longitudinal flexural normal faults

2.1.1. Development of longitudinal flexural normal faults in the foredeep
flexures of fold-and-thrust belts

In front of a fold-and-thrust belt, during its emplacement, a foreland
basin develops. An ideal foreland basin system is composed of four
depozones: wedge-top, foredeep, forebulge, and back-bulge, generated
as a result of the flexural response to the fold-and-thrust belt load (e.g.,
Beaumont, 1981; Flemings and Jordan, 1989; DeCelles and Giles, 1996;
DeCelles, 2011). From a geometrical point of view, the foredeep is a
large, deep trench next to the orogenic front, whose opposite boundary
dips in the same direction as the basal detachment of the fold-and-thrust
belt. The forebulge is a small, convex low rise and the back-bulge is a
broad region with a shallow concave geometry. The forebulge is the
result of a flexural uplift. In contrast, both the foredeep and the
back-bulge result from flexural subsidence, with the foredeep being the
region that experienced high subsidence compared to the mild subsi-
dence experienced by the back-bulge.

Here, we will focus on the kinematic evolution of the foreland-basin
main flexure. To do so, we will simplify its geometry to an approxi-
mately monoclinal anticline resulting from a bending mechanism (e.g.,
Bradley and Kidd, 1991; Doglioni, 1995) (Fig. 1). The main structural
elements of this monoclinal fold are an inclined limb (foredeep), a
subhorizontal limb (back-bulge and regions farther from the unde-
formed orogenic front), and a hinge zone (forebulge) located between
both limbs. A steep axial surface and an approximately horizontal fold
axis, both subparallel to the fold-and-thrust belt front, run through the

hinge zone (Fig. 1). Flexures in front of fold-and-thrust belts have been
recognized both in the subsurface using seismic data (e.g., Bradley and
Kidd, 1991; Chou and Yu, 2002) and at the surface in geological maps (e.
g., Dreyfuss et al., 1968).

In a simple picture where a fold-and-thrust belt advances toward the
foreland, the foredeep flexure is subjected to two different amplification
mechanisms. Firstly, as the fold-and-thrust belt advances, the sub-
horizontal limb layers roll through the flexure axial surface (e.g.,
Bradley and Kidd, 1991; Doglioni, 1995), which is an active axial sur-
face, and become incorporated into the flexure inclined limb through a
mechanism known as hinge migration (e.g., Suppe, 1983; Suppe and
Medwedeff, 1990) (Fig. 4). Secondly, as the fold-and-thrust belt grows,
the load over the foredeep increases causing subsidence (e.g., Doglioni,
1993; DeCelles and Giles, 1996), which leads to a progressive increase in
the dip of the flexure inclined limb and a consequent decrease in the
flexure interlimb angle through a mechanism known as limb rotation (e.
g., Hardy and Poblet, 1994; Epard and Groshong Jr, 1995) (Fig. 4). Thus,
at least during the initial stages of evolution, while the fold-and-thrust
belt advances and growths before reaching the critical taper angle, the
flexure might result from a mixture of hinge migration and limb rota-
tion. The combination of these two mechanisms in variable proportions
(e.g., Poblet and McClay, 1996; Poblet et al., 1997) has been proved to
occur in nature and be responsible, for instance, for the amplification of
both subsurface (e.g., Soleimany et al., 2011; Valero et al., 2015) and
surface (e.g., Poblet et al., 1998; Alonso et al., 2011) folds. Nevertheless,
the fold-and-thrust belt dynamics may change at some point according
to the critical taper theory, and this may influence the flexure amplifi-
cation mechanisms that operate and/or their proportions.

Maps (e.g., Poblet, 2020) and sections (e.g., Salvini and Storti, 2004)
across theoretical models of folds formed by combination of hinge
migration and limb rotation show that rocks undergo deformation when
they roll through an active axial surface that separates a subhorizontal
limb from an inclined limb of a monocline. Rock and clay laboratory
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Fig. 4. Idealized schematic cross-sections showing the development of a foredeep flexure and associated longitudinal flexural normal faults by combination of hinge
migration and limb rotation (modified from Rodriguez et al., 2022c). The upper section is the oldest stage and the lower section is the youngest one. The dips of the
layers, faults and axial surfaces, as well as the angles between them, do not represent actual values, but have been used to better visualize the figure.

experiments of both contractional (e.g., Chester et al., 1991) and
extensional (e.g., Cloos, 1968; Xiao and Suppe, 1992) folds show that
this deformation is usually accommodated through fracturing. In both
theoretical models and physical experiments, these fractured rocks
become part of the monocline inclined limb as the active axial surface
migrates relative to the rocks (Fig. 4). Thus, although the foredeep
flexure is a ductile structure, the combination of these amplification
mechanisms, i.e., hinge-migration and limb-rotation, would explain the
presence of brittle structures, i.e., fractures, in the foredeep-flexure
hinge zone, as well as along the entire foredeep-flexure inclined limb.
Regarding the distribution and type of deformation in the folded layers,
one of the most commonly cited reasons to explain why normal faults
occur in relation to the foredeep flexure is that a certain component of
tangential longitudinal strain may take place (e.g., Bradley and Kidd,
1991; Doglioni, 1995). Thus, brittle structures, such as normal faults
(Fig. 1), would develop in the external arc of the flexure above the
neutral surface, according to the tangential longitudinal strain theory
developed by Ramsay (1967) and Ramsay and Huber (1987).

Regarding the relative age of the flexural normal faults, the closer
they are to the orogenic belt front, the older they are (e.g., Rodriguez
et al., 2022c¢). As the fold-and-thrust belt advances towards the foreland,
the active axial surface that separates the flexure inclined limb from the
subhorizontal limb also migrates towards the foreland incorporating
new rocks into the inclined limb at the expense of subhorizontal limb
rocks, while developing new normal faults along its path (Fig. 4). Thus,
the orogenic front approaches the normal faults developed in the older
stages in such a way that it may even override them.

The strike of normal faults related to folds caused by bending is
typically parallel to the minimum curvature direction according to the
Gaussian curvature theory (e.g., Lisle, 1994; Masaferro et al., 2003;
Fiore Allwardt et al., 2007). The foredeep flexure is a fold caused by

bending. Since the minimum curvature direction of the foredeep flexure
is its axis, the strike of the flexural normal faults is supposed to be
parallel to the flexure axis. The fronts of fold-and-thrust belts, and their
related foredeep flexures may be linear but often display open arcuate
shapes in map view (e.g., Elliott, 1976) (Fig. 5). In these cases, the
flexure may be wider in the most advanced part of the front and narrow
progressively as it approaches the front tips util it disappears. Therefore,
the foredeep flexure axis and the associated flexural normal faults may
not be strictly parallel to the orogenic front but are approximately so.
Tectonic transport vectors are usually perpendicular or form a high
angle with the fronts of fold-and-thrust belts (Fig. 5). Thus, the most
advanced part of the orogenic front is perpendicular to the tectonic
transport vector, but as we move toward the lateral thrust tips, where
the front has advanced less, the front is oblique to the tectonic transport
vector. Therefore, flexural normal faults are perpendicular to the tec-
tonic transport vector in the most advanced part of the front, but oblique
to it at the lateral terminations. The more open the original arcuate
shape of the belt front, the more perpendicular the tectonic transport
vector to the flexural normal faults everywhere, and vice versa.

As mentioned above, the subsidence, which is dependent on the
weight of the fold-and-thrust belt, influences the dip of the inclined limb
and interlimb angle of the foredeep flexure, and therefore, its hinge zone
curvature. According to the Gaussian curvature theory, the fracturing
intensity correlates to the curvature, such that greater curvature induces
greater fracturing intensity (e.g., Lisle, 1994; Masaferro et al., 2003; de
Oliveira Neto et al., 2025). However, some studies have shown that,
aside from curvature, lithology is a determining factor (Watkins et al.,
2020) and that other local deformation mechanisms may exist (Fiore
Allwardt et al., 2007). Nevertheless, in the context studied here, it is
very likely that the lithology remains constant and that, although other
local deformation mechanisms may be present, the main one is
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longitudinal flexural normal faults developed in the foredeep flexure.

curvature. Thus, the weight of the fold-and-thrust belt may exert a
strong influence on the fracturing intensity related to the flexural normal
faults. The greatest fracturing intensity is expected in the portion of the
foredeep flexure located in front of the most advanced part of the
orogenic front, where the belt is supposed to be heavier, gradually
decreasing towards its lateral terminations (Fig. 5).

As stated above, the foredeep flexure and associated flexural normal
faults develop in the footwall of the frontal thrust of a fold-and-thrust
belt. In a forward-breaking or “piggy-back” thrust-propagation
sequence, which is the most common in nature (e.g., Butler, 1987),
thrust sheets are progressively younger towards the foreland, i.e., thrust
sheets develop in the footwall of older thrust sheets (e.g., Butler, 1987;
McClay, 1992). Thus, when a new frontal thrust sheet forms, the new
folds and thrusts overprint the flexural normal faults developed in the
previous stage. In addition, a new foredeep flexure and associated

Journal of Structural Geology 202 (2026) 105564

flexural normal faults develop in the footwall of the new frontal thrust of
the fold-and-thrust belt. As a result, the different thrust sheets include
flexural normal faults deformed by contractional structures (Fig. 2a). In
contrast, in a break-back thrust propagation sequence, thrust sheets
become progressively younger towards the hinterland, i.e., thrust sheets
develop in the hangingwall of older thrust sheets (e.g., Butler, 1987;
McClay, 1992). Thus, when a new thrust sheet forms in the frontal part
of a fold-and-thrust belt, it does not interfere with the flexural normal
faults, and therefore, they are not deformed. In this case, if normal faults
would develop only in the footwall of the frontal thrust, then they would
be undeformed and the different thrust sheets would not include normal
faults within them. In case gentle flexures and associated normal faults
related to the emplacement of each thrust sheet were to develop, then
there would be flexural normal faults within each thrust sheet and they
would postdate the contractional structures (Fig. 2b).

2.1.2. Recognizing longitudinal flexural normal faults

In a typical forward-breaking thrust sequence, the flexure and flex-
ural normal faults generated in the final stages of fold-and-thrust belt
evolution are found in the foredeep, while the flexure and flexural
normal faults linked to initial and intermediate stages of fold-and-thrust
belt development should be found in different thrust sheets within the
fold-and-thrust belt (Fig. 2a). Both foredeep flexures and related flexural
normal faults developed in final stages of fold-and-thrust belt evolution
are easy to recognize in relatively undeformed foreland basins located in
front of fold-and-thrust belts because both are still preserved (e.g.,
Bradley and Kidd, 1991; Chou and Yu, 2002; Rodriguez et al., 2021).
Identifying foredeep flexures and related flexural normal faults linked to
initial and intermediate stages of fold-and-thrust belt development is
much more difficult. The foredeep flexures are usually much gentler
structures than the thrusts and folds, and therefore, the contractional
deformation may obliterate them as thrust systems and fold trains
propagate. However, recognizing flexural normal faults developed
during initial and intermediate stages of fold-and-thrust belt develop-
ment is still possible. Although these flexural normal faults may have
been modified due to the superposition of thrusts and related folds as the
fold-and-thrust belt advanced towards the foreland (e.g., Scisciani et al.,
2001, 2002), a detailed structural analysis usually allows their identi-
fication (e.g., Calamita et al., 2018) unless the contractional deforma-
tion caused by the development of the fold-and-thrust belt is extremely
intense and complex. The following criteria may help to identify them.

One of the main aspects to investigate in order to recognize these
ancient flexural normal faults is the temporal relationship between them
and the contractional structures. As mentioned, it is very likely that the
flexural normal faults predate the thrust faults and related folds devel-
oped in the same thrust sheet (Table 1). Thus, the following types of
crosscutting relationships between structures are expected: normal
faults partially or totally reactivated as reverse faults, normal faults cut
and offset by thrusts or by bedding surfaces that have undergone flexural
slip consistent with folds, normal faults tilted on fold limbs, folded
normal faults, and normal faults showing buttressing-related structures
in both their hangingwalls and footwalls. However, if they are indeed
flexural normal faults, they should be coeval with the thrusts and folds
developed in the overlying thrust sheet (Table 1). To verify this temporal
relationship, cross-cutting relationships cannot be used, as these struc-
tures do not interact with each other. Therefore, it is advisable to use
either absolute dating methods, such as radiometric dating of fault
slickensides developed in normal fault and thrust surfaces, or dated
growth strata, if syn-extensional beds associated with flexural normal
faults and syn-contractional beds associated with thrusts and related
folds in the overlying thrust sheet occur.

Aside from the relative age between normal faults and contractional
structures, another feature that allows distinguishing flexural faults
from other faults is that they may show normal but also reverse offset in
their current attitude (Table 1). However, when bedding is unfolded and
restored to a horizontal position, and the normal faults are rotated
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Table 1
Diagnostic criteria to identify longitudinal flexural normal faults formed during
initial and intermediate stages of fold-and-thrust belt development.

DIAGNOSTIC
CRITERIA
TIMING OF THE NORMAL WITH RESPECT TO FOLDS Predate
FAULTS AND THRUSTS IN THE
SAME THRUST SHEET
WITH RESPECT TO FOLDS Coeval
AND THRUSTS IN THE
OVERLYING THRUST
SHEET
NORMAL FAULT KINEMATICS PRESENT-DAY Normal or
reverse
ORIGINAL Normal
ANGULAR RELATIONSHIPS Bisects obtuse
BETWEEN BEDDING AND angle
CONJUGATE NORMAL
FAULTS
SLIP, FREQUENCY AND LENGTH Smaller
OF THE NORMAL FAULTS
WITH RESPECT TO FOLDS
AND THRUSTS
AGE OF THE ROCKS AFFECTED Youngest ones
BY THE NORMAL FAULTS
ANGLE BETWEEN THE STRIKE Perpendicular or
OF THE NORMAL FAULTS high angle

AND THE CONTRACTIONAL
TECTONIC TRANSPORT
VECTOR

accordingly, the flexural normal faults always exhibit normal offset
(Table 1). If conjugate flexural normal faults occur, the stratification
should bisect the obtuse angle between the faults, as they developed
when the stratification was either horizontal or had a very low dip
(Table 1). The flexural normal faults result from relatively low extension
values and that explains why they usually exhibit relatively low slips (e.
g., Chou and Yu, 2002) smaller than those of the thrusts, and are usually
less abundant and/or shorter than the thrusts and related folds (Table 1).
They are usually developed in the syn-contractional beds and youngest
layers of the pre-contractional stratigraphic succession, as they devel-
oped in the outer arc of the foreland flexure due to
tangential-longitudinal strain (Table 1). The tectonic transport vector of
the overlying thrust sheet where the normal faults are developed, may
also be used as a diagnostic element to identify flexural normal faults.
The direction of the tectonic transport vector is available in many oro-
gens, obtained through analysis of cutoff line maps, kinematic indicators
collected on thrust surfaces, in rocks adjacent to them, in fault rocks, etc.
Once the normal faults are rotated to their original attitude, if they are
indeed flexural normal faults, in approximately linear fold-and-thrust
belts their strike should either be perpendicular to or form a high
angle with the tectonic transport vector of the overlying thrust sheet
(Fig. 5 and Table 1).

2.1.3. Longitudinal flexural normal faults as indicators of orogenic
front orientation, age and thrust propagation sequence of fold-and-
thrust belts, as well as curvature and interlimb angle of foredeep
flexures

Flexural normal faults can provide interesting information about the
features of the fold-and-thrust belt and the foredeep flexure as we show
below. Usually, the study of structures developed within a thrust sheet
supplies information about the past and present structure of the thrust
sheet itself, however, the study of old flexural normal faults provides
information about the past structure of the thrust sheet itself when it was
a foredeep, but also about the overlying thrust sheet when it was the
frontal one of the fold-and-thrust belt. Below, we briefly describe some
of the potential results that can be obtained from the analysis of flexural
normal faults and the procedures to achieve them.

i)

il

-

iii)

—

iv

v

—

vi)

vii)
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Age of the fold-and-thrust belt. When the flexural normal faults
exhibit dated growth strata, i.e., syn-extensional beds, or their
slickensides have been dated, it becomes possible to estimate the
age of the normal faults and, therefore, the age of the causative
foredeep flexure, as well as the emplacement age of the fold-and-
thrust belt (Rodriguez, 2020; Rodriguez et al., 2021, 2022a),
since all these elements developed simultaneously (Fig. 6).
Orientation of the fold-and-thrust belt front. The strike of flexural
normal faults supplies the approximate orientation of the
orogenic front (Figs. 1, 5 and 6). When the direction of the tec-
tonic transport vector of the fold-and-thrust belt is available, the
angle between the strike of the flexural normal faults and the
tectonic transport vector may indicate which part of the orogenic
front we are dealing with. The angle should be 90° in the central
part of the belt, whereas it should be smaller when approaching
the belt front tips or lateral parts of salients and recesses.
Thrust propagation sequence. The temporal relationships be-
tween flexural normal faults and thrusts and folds provide in-
formation about the type of thrust propagation sequence (Figs. 2
and 6). Thus, flexural normal faults older, and consequently
deformed, by the thrusts and folds present in different thrust
sheets suggests that the thrust propagation sequence was
forward-breaking or “piggy-back”. On the contrary, the absence
or the presence of undeformed normal faults in the different
thrust sheets could be indicative of a break-back type thrust
propagation sequence.

Geometry of the foredeep flexure and tectonic load. Measure-
ments of the fracturing intensity using flexural normal faults may
reflect in a qualitative way the flexure curvature degree, the dip
of the flexure inclined limb, the flexure interlimb angle, and
perhaps the tectonic load caused by the fold-and-thrust belt
(Fig. 6). Since we are dealing with an anticlinal monocline whose
inclined limb dip increases as the belt load increases, a greater
fracture intensity indicates a greater curvature, a steeper flexure
inclined limb, a lower flexure interlimb angle, and perhaps a
higher tectonic load as well. For fracturing intensity measure-
ments to be comparable, they should be carried out in rheologi-
cally equivalent rocks, as more competent lithologies tend to
accommodate deformation in a more brittle manner than less
competent lithologies.

Rates of fold-and-thrust belt advance. If dated flexural normal
faults are found at progressively more distant locations from the
fold-and-thrust belt front responsible for the flexure, and their
associated syn-extensional strata or ages indicate that the more
distant faults are younger, across-strike flexure propagation rates
may be quantified and, consequently, fold-and-thrust belt
advance rates. This can be achieved by measuring the distance
between the normal faults perpendicular to their strike and
dividing it by the time elapsed between the development of each
fault (Rodriguez, 2020; Rodriguez et al., 2021, 2022a).
Variations in the fold-and-thrust belt front and in the foredeep
flexure over time. Additionally, measuring the strike of these
normal faults progressively farther from the belt front described
above could reveal the approximate orientation of the belt front
over time, and verify whether it remained constant or varied
during its emplacement. Similarly, measuring fracturing intensity
due to normal faults progressively farther from the fold-and-
thrust belt front would allow us to determine temporal varia-
tions in the flexure curvature degree, the dip of its inclined limb
and its interlimb angle, and perhaps in the belt tectonic load, and
whether these values remained constant or varied during the belt
advance (Fig. 6).

Rates of along-strike deformation migration. If dated flexural
normal faults are mapped at different locations, all at approxi-
mately the same distance from the fold-and-thrust belt front, and
the faults are younger towards one particular direction, it is
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Fig. 6. Flow chart showing the type of information that may be obtained regarding fold-and-thrust belts and foredeep flexures from the structural analysis of

longitudinal flexural normal faults and transverse normal faults.

possible to quantify approximate along-strike flexure propaga-
tion rates and, therefore, along-strike deformation migration
caused by the belt advance. This can be done by measuring the
distance between normal faults parallel to the strike of the faults
and dividing it by the time elapsed between the development of
each fault.

viii) Along-strike variations in the fold-and-thrust belt front and in the
foredeep flexure. Moreover, measuring the strike of the normal
faults at different locations, all at approximately the same dis-
tance from the orogenic front, may help to determine whether the
belt front orientation along strike was constant or it had an
arched geometry (Fig. 5). Similarly, determining fracturing in-
tensity due to flexural normal faults at different locations, all at
approximately the same distance from the orogenic front, would
reveal whether the flexure curvature degree, the dip of its in-
clined limb and its interlimb angle, and perhaps the belt tectonic
load, remained constant along strike or varied throughout the
belt (Fig. 6).

2.2. Transverse normal faults

2.2.1. Development of transverse normal faults in the foredeeps of fold-and-
thrust belts

The strike of most flexural normal faults related to a foredeep flexure
caused by a fold-and-thrust belt is parallel to the flexure axis and almost
parallel to the fold-and-thrust belt front. However, normal faults
approximately perpendicular to the fold-and-thrust belt may develop,
fundamentally due to two distinct causes: the original arched shape of
the fold-and-thrust belt front (Fig. 5) and along-strike variations in the
tectonic load within the fold-and-thrust belt.

The development of an arched fold and thrust belt involves hori-
zontal stretching parallel to the arc trend. Thus, the length of any pre-
arching linear marker increases as the fold-and-thrust belt advances
towards the foreland. This extension is accommodated through trans-
verse normal faults, i.e., perpendicular to the arc, whose strike varies
progressively along the arc depending on the orogenic front strike
(Doglioni, 1995).

Along-strike variations in the load of the fold-and-thrust belt,
responsible for transverse flexures and associated flexural normal faults,
may result from diverse causes. Among these, the following stand out:
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along-strike terminations of thrust sheets, development of tear faults
during thrust emplacement, lateral and/or oblique ramps, and occur-
rence of salients and recesses (Fig. 7). The reasons that can cause these
types of structures are diverse: changes in the rheological properties of
the pre-orogenic succession along strike, variations in the syn-
contractional sedimentation rate along strike, along-strike variations
in the magnitude of the tectonic transport vector, and pre-existing
basement structures that hinder the advancement of portions of a
thrust sheet.

2.2.2. Recognizing transverse normal faults. Indicators of age and
curvature of the orogenic front and transverse flexures

Transverse normal faults are located in specific areas. Thus, trans-
verse normal faults caused by arc curvature (Doglioni, 1995) are ex-
pected to be found in regions where there are significant variations in
the strike of the orogenic front, or in other words, in the strike of the
longitudinal faults. Transverse normal faults caused by lateral/oblique
structures are expected to be located in regions near lateral/oblique
structures of certain dimensions developed in the overlying thrust sheet.
Transverse normal faults typically coexist with longitudinal normal
faults, since the longitudinal ones are developed along the entire front of
the fold-and-thrust belt. Therefore, if we find only one set of faults, it is
most likely longitudinal normal faults. Regarding the timing, transverse
normal faults are coeval with longitudinal flexural normal faults, since
both sets of normal faults are related to simultaneous phenomena:
arched belt geometry or lateral/oblique structures in the case of trans-
verse faults, and fold-and thrust belt advance towards the foreland in the
case of longitudinal faults. As with longitudinal normal faults, in a
typical forward-breaking thrust sequence, transverse normal faults
predate the folds and thrusts developed within the same thrust sheet, but
are synchronous with the folds and thrusts developed in the overlying
thrust sheet. Also, similar to longitudinal normal faults, bedding should
bisect the obtuse angle between conjugate transverse normal faults, and
transverse normal faults should exhibit small displacements, and be
smaller and less abundant than the folds and thrusts. Unlike longitudinal
normal faults, the strike of transverse normal faults should be approxi-
mately parallel to, or form a low angle with the tectonic transport vector
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of the overlying thrust sheet.

In general, flexures caused by lateral or oblique structures are sup-
posed to be more open than flexures parallel to the front of the fold-and-
thrust belts, since lateral and oblique structures are also smaller in size.
Therefore, flexural normal faults related to transverse flexures are ex-
pected to exhibit lower slips, dimensions and/or frequency than flexural
normal faults related to longitudinal flexures parallel to the fold-and-
thrust belt front. Lateral structures are parallel to the tectonic trans-
port vector and result in a sharp change in the tectonic load caused by
the fold-and-thrust belt. Thus, on one side of the lateral structure the
load is greater, while on the other side it is smaller. This phenomenon
likely leads to narrow transverse flexures with well-defined boundaries,
and therefore, transverse flexural normal faults concentrated in narrow
bands. However, oblique structures, by maintaining an oblique rela-
tionship with the tectonic transport vector, cause a progressive gradient
in the tectonic load induced by the fold-and-thrust belt during its
advance. In this case, there may not be a defined boundary separating a
higher tectonic load zone from a lower tectonic load zone. Thus, the
flexures resulting from oblique structures may be wider and their
boundaries diffuse, and therefore, their associated transverse flexural
normal faults may be widespread along a broader area.

Similar to longitudinal normal faults, dated transverse normal faults
can provide information on the timing of the orogenic front curvature or
of the lateral/oblique structures responsible for their formation (Fig. 6).
Measurements of their fracturing intensity may supply information on
the curvature degree of the orogenic front or on the curvature of the
transverse flexure and its interlimb angle.

3. Part II: western portion of the Cantabrian Zone
3.1. Geological setting

The Cantabrian Zone, located in the north-northwest portion of the
Iberian Peninsula, is a foreland fold-and-thrust belt developed mainly
during Carboniferous (e.g., Lotze, 1945; Julivert et al., 1972) (Fig. 3). It
belongs to the Variscan orogen which, at least, extends from Central
Europe to Iberia. The Cantabrian Zone involves a Palaeozoic succession

Flexure perpendicular
to the fold-and-
thrust belt front

Fig. 7. Idealized schematic block diagram showing the development of a flexure perpendicular to the tectonic transport direction caused by a tear fault in the fold-
and-thrust belt. The dashed-dotted lines are axial traces of the folds. The dips of the layers and faults, as well as the angles between them, do not represent actual

values, but have been used to better visualize the figure.
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from Cambrian to Carboniferous made up of alternations of different
types of carbonate and detrital rocks, as well as some scarce volcanic
rocks. In map view, it shows an arcuate shape with the inner core to the
east. This belt is located in the core of the Ibero-Armorican or Asturian
Arc (e.g., Suess, 1892; Lotze, 1945), so that the main structures strike
E-W in the north branch of the arc and progressively bend to NE-SW, to
NW-SE and to E-W in the south branch (Fig. 3). In cross-sectional view,
this belt has a wedge morphology tapering towards the east, i.e., towards
the foreland, bounded by a W-dipping basal detachment. The structure
of the Cantabrian Zone is typically thin-skinned and is made up of
imbricate thrust systems, although antiformal stacks and duplex also
occur, and different types of fault-related folds, such as fault-bend folds,
fault-propagation folds and detachment folds (e.g., Julivert, 1971, 1983;
Savage, 1979, 1981; Pérez-Estatin et al., 1988; Pérez-Estatin and Bastida,
1990; Alonso et al., 1992; Aller et al., 2004). Strain in the Cantabrian
Zone is not very intense, and cleavage is only present in some areas. This
region developed under diagenetic conditions, and only a few localities
underwent low to very low-grade metamorphism.

Several extensional events including normal faulting, reactivation of
some previous faults, heating, and/or uplift led to the opening of the Bay
of Biscay located to the north of the Iberian Peninsula. They occurred in
Permian times (Julivert et al., 1971; Suarez-Rodriguez, 1988; Lepvrier
and Martinez-Garcia, 1990; Lopez-Gomez et al., 2019), from Middle
Jurassic to the lower part of the Late Jurassic (Fernandez-Lopez and
Suarez Vega, 1981; Valenzuela et al., 1986, 1989; Lepvrier and Marti-
nez-Garcia, 1990; Uzkeda, 2013; Uzkeda et al., 2013, 2016, 2018, 2025;
Magan, 2024) and from the upper part of the Late Jurassic to the lower
part of the Early Cretaceous (Alonso et al., 2016; Cadenas and Fernan-
dez-Viejo, 2017; Magan, 2024; Uzkeda et al., 2025).

From the Eocene until the beginning of the Oligocene (Magan, 2024),
selective reactivation of previous structures, and generation of new
thrusts and uplifts occurred (e.g., Lepvrier and Martinez-Garcia, 1990;
Alonso et al., 1996, 2009, 2016; Pulgar et al., 1999; Uzkeda, 2013;
Uzkeda et al., 2013, 2016, 2018, 2025; Magan et al., 2022; Magan,
2024), as a consequence of an Alpine contractional event induced by the
convergence between the Iberian and Eurasian tectonic plates. This
event led to the formation of the Cantabrian Mountains in the north part
of the Iberian Peninsula which involve the Cantabrian Zone.

During Early Pleistocene or even before (e.g., Alvarez-Marron et al.,
2008), the marine abrasion platform in the north coast of the Iberian
Peninsula, underlain by Cantabrian-Zone Palaeozoic rocks, was uplifted
above present-day sea level, giving rise to “rasas” (e.g., Flor, 1983; Mary,
1983). Additional neotectonic activity occurred, such as reactivation of
previous faults (e.g., Gutiérrez Claverol et al., 2006; Alvarez-Marrén
et al., 2008) and small magnitude earthquakes (e.g., Lopez-Fernandez
et al., 2004).

3.2. Methodology

Several field campaigns in the western part of the Cantabrian Zone
have allowed us to collect data regarding a set of normal faults devel-
oped prior to the folds and thrusts when the layers were undeformed (e.
g., Masini et al., 2010a, 2010b; Bulnes et al., 2016, 2019; Uzkeda et al.,
2022). Firstly, precise orientation measurements of bedding, normal
faults, as well as contractional structures such as folds and thrusts, have
been taken at various localities, aiming for them to be representative of
some thrust sheets defined in the western part of the Cantabrian Zone.
Care has been taken to avoid confusing the ancient normal faults studied
here with younger structures, paying close attention to cross-cutting
relationships between extensional and contractional structures.
Despite visiting many locations, observations have been successfully
made at fourteen outcrops. Some of these outcrops have been treated
jointly due to their proximity and the similarity of the collected data.

Subsequently, in the laboratory, the studied outcrops have been
placed in their correct geographic positions on a Cantabrian-Zone
geological map. The two rules employed to decipher which thrust
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sheet was located at the front of the fold-and-thrust belt at the time of
formation of the flexural normal faults are briefly described below.

i) The general tectonic transport sense in the western part of the Can-
tabrian Zone is broadly from westward to eastward (e.g., Julivert
et al., 1968; van den Bosch, 1969; De Sitter and Van den Bosch, 1969;
Heredia, 1984; Alonso et al., 1989; Gutiérrez Alonso, 1992; Bulnes
and Marcos, 2001, Caldera Grau, 2016; De Paz Alvarez, 2023), so
that the thrust sheet responsible for the formation of the normal
faults would always be located westwards of them.

ii) The thrust sheet located at the fold-and-thrust belt front when the
normal faults developed should overthrust the thrust sheet where the
normal faults have been mapped.

The collected data in each outcrop have been plotted on an equal-
area projection, using the software Stereonet (Allmendinger et al.,
2013). Next, also using the same software, the bedding of the rocks
affected by normal faults has been rotated back to horizontal, and the
normal faults have been rotated accordingly to determine their original
orientation at the time of their formation. This procedure has been
carried out in two different ways. In those outcrops where the normal
faults were developed on a fold limb, the fold axis—obtained from an
equal-area plot of folded bedding measurements—has been used to
carry out the rotations. If the fold axis had a certain plunge, a double
rotation has been performed. First, the fold axis has been rotated to a
horizontal position along with the layers and faults, and then the layers
have been unfolded using the horizontal axis obtained in the previous
step. However, in those outcrops where the normal faults were devel-
oped in rocks located within a thrust sheet bounded by inclined thrusts,
so that the orientation of the fold responsible for the layer dip was un-
clear, the stratification strike has been used to rotate the layers to
horizontal.

The equal-area plots including rotated bedding and normal faults
have been examined to determine how many families of faults could be
detected. The strike of the rotated normal faults has been compared with
the orientation of the tectonic transport vectors of the thrust sheets
related to the studied outcrops. The information about the tectonic
transport vectors has been obtained from the literature. The normal
faults approximately perpendicular or at high angle to the tectonic
transport vectors have been interpreted to be longitudinal flexural
normal faults parallel to the fold-and-thrust belt front at the time of
formation of the normal faults, and the angle between their strike and
the tectonic transport vector has been measured. The normal faults
approximately parallel or at a low angle to the tectonic transport vectors
have been assumed to be transverse normal faults.

The fracturing areal intensity due to normal faults parallel to the
orogenic front has been estimated in some studied outcrops, using the
sampling method known as circular windows (Mauldon et al., 2001;
Rohrbaugh et al., 2002). The fracturing areal intensity, defined as the
fracture length per unit area, has been calculated using a mathematical
relationship between the number of fractures intersecting the circular
window and its radius as proposed by the authors who designed the
circular windows method. This has allowed us to obtain qualitative in-
formation about the degree of flexure curvature, the dip of the flexure
inclined limb, and the flexure interlimb angle.

In order to assess whether the fracturing intensity measurements
carried out in different lithologies were comparable, Schmidt-hammer
rebound values have been measured. The Schmidt hammer rebound
values have been collected using an N-type Schmidt hammer manufac-
tured by the company Proceq, with a normalized impact energy of 2.207
Nm and with a correction factor of 0.96. According to the Proceq (2016)
manual instructions, this device does not need corrections related to the
gravity force. The collected data have been treated using the Standard
Test Method for Determination of Rock Hardness by Rebound Hammer
Method ASTM D 5873 (American Society for Testing and Materials,
2001; usually know as ASTM). This method requires 10 impacts in each
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location and a mean is calculated; individual rebound values that
diverge more than 7 from the calculated mean are discarded and a new
mean is calculated using the remaining values. In order to avoid wrong
measurements, the rules recommended in Aydin and Basu (2005), Pro-
ceq (2016) and Poblet et al. (2022) to collect the data have been fol-
lowed, i.e., impacts as perpendicular as possible to the rock faces to be
measured and in close but different places, avoiding rough surfaces and
rock faces with alteration patina and/or moss/lichens, and under similar
moisture conditions.

Concerning the determination of the thrust propagation sequence,
detailed fieldwork has been conducted in all the analysed outcrops to
establish the relative age of the normal faults and contractional struc-
tures—folds and thrusts—, based on the analysis of cross-cutting re-
lationships between them.

In those outcrops where families of normal faults parallel or slightly
oblique to the tectonic transport vectors, i.e., transverse normal faults,
have been identified, efforts have been made to check whether there was
a significant change in the orientation of the orogenic front in that re-
gion, as inferred from the analysis of the strike of the longitudinal
normal faults, as well as to locate elements responsible for their for-
mation within the overlying thrust sheets by examining the available
geological maps.

3.3. Stratigraphy

The normal faults studied here involve the following stratigraphic
units, listed from oldest to youngest: Raneces Gr., Moniello Fm., Alba
Fm. and Barcaliente Fm.

In the studied outcrops, the Raneces Gr. consists of ochre-coloured
sandstones and slates with sporadic centimetre-scale levels of black
slates, as well as grey limestones with intercalations of ochre-grey marls
and black slates (e.g., Garcia Fuente, 1952, 1953; Almela et al., 1956;
Pello Muniz et al., 1976; Bulnes, 1989, 1995; Bulnes et al., 1999) (Figs. 8
and 9). Its age, based on its fossil content, is Lower Devonian (Vera de la
Puente, 1989). The more resistant layers of this unit, where the faults
under study are better developed, are the limestones; they have supplied
Schmidt-hammer rebound values of almost 40 (Table 2).

The Moniello Fm., in the studied outcrops, comprises grey limestones
with birdseyes, and sporadic interbeds of slates and reddish-grey marls
(e.g., Martinez-Alvarez et al., 1975; Bulnes, 1989, 1995) (Figs. 10 and
11). This stratigraphic unit has been assigned to the Lower-Middle
Devonian based on its fossil content (e.g., Barrois, 1882;
Méndez-Bedia, 1976). The limestones exhibit Schmidt-hammer rebound
values ranging from almost 50 to almost 60 (Table 2).

In the studied outcrops, the Alba Fm. is composed of a lower part
consisting of red, nodular limestones (griotte facies) with scarce red
slate interbeds. The middle part contains alternations of red to grey
radiolarites and red, grey-greenish, and beige siliceous slates. The upper
part consists of red, nodular limestones (griotte facies) and grey lime-
stones interbedded with red and grey-greenish slates, transitioning to
light grey limestones with occasional grey-greenish slate interbeds up
section (e.g., Martinez-Alvarez et al., 1975; Pello Muniz et al., 1976;
Rodriguez-Fernandez et al., 1991; Bulnes et al., 2016, 2019) (Fig. 12). Its
age, determined based on its fossil content and U-Pb dating of volcanic
ash layers, is Mississipian (e.g., Adrichem Boogaert, 1965; Merino-Tomé
et al., 2017). The limestone layers are the most competent rocks where
the faults are better developed; these show Schmidt-hammer rebound
values slightly higher than 60 (Table 2).

The Barcaliente Fm., in the studied outcrops, is composed of dark
grey to black limestones, some of which are laminated, with intercalated
marly limestones (e.g., Rodriguez-Fernandez and Navarro Vazquez,
1982; Leyva et al., 1984; Poblet et al., 2022) (Fig. 13). Although this
stratigraphic unit has not been directly dated, it is considered to have a
Carboniferous age, including the Mississipian-Pennsylvanian boundary,
based on the ages of the underlying and overlying stratigraphic units.
The limestone layers, which are the most competent and where the
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Fig. 8. a) Photograph and b) photogeological interpretation of a tilted normal
fault and a related drag fold in the Bandujo outcrop (Devonian Raneces Gr.).
Blue lines: bedding, red line: normal fault. See Figs. 3 and 15 for location. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

faults are better developed, display Schmidt-hammer rebound values
ranging from almost 50 to slightly more than 60 (Poblet et al., 2022)
(Table 2).

3.4. Normal faults

3.4.1. Main structural features

The studied faults are not very common. They exhibit variable ori-
entations within the same locality, as well as across different localities,
transitioning from NE-SW to N-S to NW-SE and to E-W strikes, with
variable dips ranging from subhorizontal to moderate in different di-
rections (Fig. 14). When these faults involve subhorizontal layers, they
are normal faults; however, when they involve steeply dipping beds,
they appear to be reverse faults (Figs. 8-12). Nevertheless, when the
stratification is rotated to the horizontal and the faults rotated accord-
ingly, all of them become normal faults and acquire dips from approx-
imately 65 to 75° (Fig. 15).

Most faults are planar and do not cause rotation of the layers, and
both the hangingwall and the footwall rocks display a ramp disposition
relative to the faults (Figs. 8-13). However, listric faults have occa-
sionally been identified, with detachments located within incompetent
rocks, such as slates. These listric faults give rise to gentle rollovers
(Fig. 9). A few faults exhibit associated drag folds, with the limb adjacent
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Fig. 9. a) Photograph and b) photogeological interpretation of a tilted listric
normal fault and of a tilted normal fault cut and offset by a bedding surface,
whose motion is consistent with flexural slip, in the Bandujo outcrop (Devonian
Raneces Gr.). Blue lines: bedding, red lines: normal faults, orange line: flexural-
slip surface. See Figs. 3 and 15 for location. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 2
Average Schmidt-hammer rebound values and fracture intensity values for
different stratigraphic units obtained in different studied outcrops.

AGE STRATIGRAPHIC LITHOLOGY  AVERAGE FRACTURE
UNIT SCHMIDT- INTENSITY
HAMMER VALUES
REBOUND +
VALUES OUTCROP
+
OUTCROP
Carboniferous ~ Barcaliente Fm. Black 47.5-62.5 2m~! (Vega
limestones (Vega de de los
los Viejos) Viejos)
Carboniferous ~ Alba Fm. Red 61.5 1m™! (San
limestones (Tellego) Emiliano)
Devonian Moniello Fm. Grey 47.0-57.5 3m!
limestones (Baselgas) (Baselgas)
Devonian Raneces Gr. Grey 39.0 3m!
limestones (Linares) (Bandujo)

12

Fig. 10. a) Photograph and b) photogeological interpretation of tilted conju-
gate normal faults in the Baselgas outcrop (Devonian Moniello Fm.) where the
maximum fracturing areal intensity has been obtained. Blue lines: bedding, red
lines: normal faults. See Figs. 3 and 15 for location. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

to the fault showing moderate dips. The asymmetry of these folds is
consistent with normal fault motion when bedding is rotated to the
horizontal and the faults rotated accordingly (Fig. 8). Relay ramps be-
tween normal faults have been occasionally identified. The surfaces of
these faults can be either smooth or rough; in the latter case, small rock
fragments may remain along the fault, surrounded by it (Fig. 11). These
faults exhibit a metre-scale or smaller size, and produce maximum dis-
placements of the layers in the centimetre-decimetre range. In some
outcrops, we have observed that the offset along a fault, which is
maximum in its central part, progressively decreases until it becomes
null at its upper and lower tips (Fig. 12). The fault displacement ac-
commodation in fault terminations can occur as gentle folds affecting
the layers where faults tip are located or as fractures and veins very close
to the fault tips (Fig. 11). Three types of kinematic criteria have been
identified on the fault surfaces, although they are extremely rare: fault
striations, fault slickensides and small calcite-filled pull-aparts. All the
criteria indicate that they are dip-slip faults.

In many outcrops, two families, forming a conjugate system, are
observed (red lines in the photogeological interpretations in Figs. 10 and
12, and red lines in the equal-area projections in Fig. 15). This conjugate
fault system is responsible for small horsts and grabens, such that neither
family predominates over the other. The acute angle of the conjugate
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Fig. 11. a) Photograph and b) photogeological interpretation of a tilted normal fault and zoom of its lower tip in the Baselgas outcrop (Devonian Moniello Fm.). Blue
lines: bedding, red line: normal fault. See Figs. 3 and 15 for location. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

fault system ranges from approximately 30 to 50°. In some outcrops,
such as the ones near Vega de Los Viejos and San Emiliano, after rotating
bedding and faults, four fault families can be identified. Two of these
families form the conjugate fault system mentioned above (red lines in
the equal-area projections in Fig. 15), while the other two form a
different conjugate system (green lines in the equal-area projections in
Fig. 15). These two conjugate fault systems are approximately perpen-
dicular to each other. The temporal relationships between the two
conjugate fault systems have not been established because cross-cutting
or other type of criteria are lacking.

The main criteria employed to group all these faults as part of the
same deformation event is not their orientation, which as described
above is variable, but rather other parameters such as their normal ki-
nematics in regions where bedding is subhorizontal or once bedding has
been rotated to the horizontal, their similar characteristics in terms of
frequency, geometry, dimensions, displacement, and conjugate fault
systems, and especially their age, which is described below.

3.4.2. Timing of the normal faults

The structure of the regions where these normal faults have been
mapped consists mainly of folds and thrusts, which can reach kilometric
dimensions and displacements. Their orientation varies from NE-SW in
the northern part of the study area to N-S in the central part, to E-W in
the southern part (Figs. 3 and 15). A spaced cleavage, whose orientation
is consistent with that of the folds, has been locally recognized; it could
be interpreted either as an axial-plane cleavage or as a cleavage resulting
from layer-parallel shortening in the initial stages of fold development.
These structures have been described in the study area by Pello Muniz
(1974), Martinez-Alvarez et al. (1975), Pello Muniz et al. (1976),
Rodriguez-Fernandez and Navarro Vazquez (1982, 1991), Bastida et al.
(1984), Leyva et al. (1984), Alonso et al. (1989), Bastida and Gutiérrez
(1989), Bulnes (1995), Bulnes and Marcos (2001) and Bulnes and Aller

(2002) amongst others.
Based on the following criteria, we conclude that the normal faults
developed prior to the folds and thrusts.

i) There are normal faults cut and offset by thrust faults. In some
cases, such as in Fig. 12, thrust faults may be tilted by folds
developed during later stages.

ii) There are normal faults cut and offset by bedding surfaces that
underwent flexural slip consistent with the folds (Fig. 9). The
fault slickensides indicating flexural slip, developed on the
bedding surfaces, are approximately perpendicular to the fold
axes and the motion sense along the bedding surfaces is consis-
tent with the expected motion in flexural-slip anticlines and
synclines.

iii) There are hangingwall anticlines adjacent to normal faults,
interpreted as a result of buttressing (Fig. 13). The fault
displacement of a reference horizon indicates normal faulting;
however, the same reference horizon at the crest of the anticline
adjacent to the fault is located at a higher elevation than the
regional elevation defined for the same horizon. This points out
that the normal faults were prior to the development of the folds.

iv) There are tilted conjugate normal faults in fold limbs (Figs. 8-12).
Since the bedding surfaces approximately bisect the obtuse angle
between the conjugate normal faults, the faults acquire an almost
symmetrical arrangement when the bedding is placed in a hori-
zontal position. The fact that bedding bisects the obtuse angle
between the normal faults suggests that these faults developed
when bedding was horizontal, and therefore, it indicates that
normal faulting predates folding.

v) There are normal faults on both limbs of the same fold (Fig. 14d
and e, 14j and 14k, and 14l and 14m) that acquire the same
orientation once, using the fold axis, the layers are rotated to a



M. Bulnes et al.

Fig. 12. a) Photograph and b) photogeological interpretation of tilted conju-
gate normal faults in the San Emiliano N outcrop (Carboniferous Alba Fm.) cut
and offset by tilted thrust faults slightly oblique to bedding. Blue lines: bedding,
red lines: normal faults, orange lines: thrust faults. See Figs. 3 and 15 for
location. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Journal of Structural Geology 202 (2026) 105564

horizontal position and the normal faults are rotated accordingly
(Fig. 15). This points out that the normal faults developed before
folding.

vi) Some normal faults are folded.

vii) There are fold-related cleavage surfaces developed in one of the
normal fault blocks that terminate against the normal fault sur-
face. Considering the offset caused by the fault, these cleavage
surfaces do not appear where they should be expected to occur in
the other fault block. Therefore, we conclude that the cleavage
surfaces are not offset by the fault, but abut it. This points out that
the normal fault predates cleavage, and therefore, folding.

In some outcrops, only one of the aforementioned criteria has been
identified, while in others, more than one criterion has been recognized.
For example, tilted conjugate normal faults cut and offset by thrust faults
been observed at the San Emiliano N outcrop (Fig. 12), normal faults cut
and offset by flexural slip and affected by buttressing phenomena have
been identified at the Vega de los Viejos N outcrop, and tilted conjugate
normal faults and fold-related cleavage surfaces that abut against
normal fault surfaces has been observed at the Baselgas outcrop (Figs. 10
and 11). No normal faults reactivated as reverse faults have been
recognized in any of the outcrops.

The studied normal faults cut and offset Devonian and Mississipian
rocks. The thickness of the layers offset by the faults is approximately the
same in the hangingwall and in the footwall, indicating no growth
faulting, i.e., no syn-extensional sedimentation (Figs. 8-13). Therefore,
we conclude that the faults developed after the deposition of the
Devonian and Mississipian rocks. The syntectonic sediments and the
unconformities mapped in the southern part of the Cantabrian Zone led
Alonso (1987) to assign a Pennsylvanian age to some contractional
structures. Thus, since the normal faults postdate the youngest rocks cut
and offset by them, and predate the contractional structures, their age
may be constrained during the lower part of the Pennsylvanian.

3.4.3. Origin of the normal faults

At first glance, some faults developed on the dipping limbs of the
folds, which currently exhibit an apparent reverse movement
(Figs. 8-12), may be interpreted as fold-related thrusts. However, as
previously mentioned, some of these faults are cut and offset by bedding
surfaces that have undergone flexural slip related to the folds, some of
them are a barrier for the development of fold-related cleavage surfaces,
and some of them are folded, pointing out that these faults predate the
folds. In addition, the conjugate faults acquire an approximately

Fig. 13. a) Photograph and b) photogeological interpretation of a fold formed by buttressing in relation to a normal fault in the Vega de los Viejos N outcrop
(Carboniferous Barcaliente Fm.). Blue lines: bedding, red lines: normal faults, green line: regional of a bedding surface. See Figs. 3 and 15 for location. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Baselgas Castafiedo del Monte Bandujo Linares Vega de los Viejos N
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San Emiliano N San Emiliano S Fault: Bedding
N N La Mortera 7 4
|) m) Tellego 3 1
Tenebredo 6 3
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Bandujo 8 4
Linares 3 1
Vega de los Viejos N 5 6
Vega de los Viejos S 6 5
San Emiliano N 4 3
San Emiliano S 3 6

Fig. 14. Equal-area projections of the normal faults (orange lines) and bedding (black lines) measurements taken in the studied outcrops. The number of mea-
surements plotted in each projection are listed in the table. See Figs. 3 and 15 for location of the outcrops. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

symmetrical arrangement when bedding is placed in a horizontal posi-
tion indicating that they were formed when bedding was approximately
horizontal (Fig. 15). Moreover, the fact that some normal faults are
oblique to the fold limbs, and that families of faults with similar orien-
tations have been mapped in some outcrops, such as the San Emiliano
and the Vega de los Viejos outcrops (Fig. 14), despite that the folds
responsible for their tilting have different trends, indicate that the
normal faults and folds are unrelated.

We interpret that most of these normal faults are old longitudinal
flexural normal faults related to the footwall flexure caused by the fold-
and-thrust belt during its advance towards the foreland. The following
arguments support this hypothesis. When bedding is restored to a hor-
izontal position and the faults are rotated accordingly, they become
normal faults and the strike of most of them is perpendicular or oblique
to the available data on the tectonic transport direction of the overlying
thrust sheets determined by Gutiérrez Alonso (1992), Bulnes (1995),
Bulnes and Marcos (2001), Caldera Grau (2016) and de Paz Alvarez
(2023) (Fig. 15). In addition, the faults are prior to the thrusts and folds,
and formed when bedding was horizontal in the layers within the
pre-Variscan stratigraphic succession (Figs. 9-13). Moreover, the
normal faults are much less abundant and are shorter than the folds and
thrusts, and exhibit small displacements, which points out that they
derive from small extension values. Those normal faults that exhibit the
same characteristics as those described above, except that once rotated
their strike is approximately parallel to the tectonic transport vectors
(Fig. 15), have been interpreted as transverse normal faults. Their pre-
cise origin will be discussed later.

We cannot rule out that the normal faults studied here might belong
to an ancient extensional event prior to the development of the fold-and-
thrust belt. Nevertheless, if they were normal faults related to an ancient
extensional event that took place prior to any other deformation, it is
very likely that the resulting normal faults would have developed with
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an approximately consistent orientation. If that were the case, once
incorporated into the fold and thrust belt, they would have maintained a
constant angular relationship with the contractional tectonic transport
vectors throughout the region. However, this is not the case. Moreover,
no extensional events older than the Variscan contractional event have
been described in the study area.

3.5. Orogenic front trend, thrust propagation sequence, flexure tightness,
oblique/lateral structures and uncertainties

3.5.1. Trend of the fold-and-thrust belt front

Once rotated to their initial attitude, the strikes of the longitudinal
flexural normal faults show the orientation of the fold-and-thrust belt
front, i.e., the Cantabrian Zone front, when their overlying thrust sheets
were the frontal ones. The old orogenic fronts shift from E-W and NE-SW
in the northern branch of the Ibero-Armorican (or Asturian) Arc, to N-S
in the central part, to NW-SE in the southern branch, so that a large
variation is observed from north to south. This pattern outlines the core
of the Ibero-Armorican or Asturian Arc (Figs. 3 and 15).

The strikes of the longitudinal normal faults mapped form an angle
comprised between 90° and 30° with the tectonic transport vectors
obtained from their overlying thrust sheets (Figs. 15 and 16a). In the
southern branch of the Ibero-Armorican Arc, where the tectonic trans-
port vectors display a NE-SW direction, the angle between the strike of
the longitudinal normal faults and the tectonic transport vectors ranges
from 90° to approximately 75°. However, in the northern branch of the
Arc, where the tectonic transport vectors exhibit a WNW-ESE direction,
the angles between the strike of the normal faults and the tectonic
transport vectors range from approximately 65 to 30° (Figs. 15 and 16a).

In order to better visualize the shape of the orogenic fronts in the
past, the tectonic transport vectors used for the studied outcrops have
been rotated around a vertical axis so that all of them share a NO40°E



M. Bulnes et al. Journal of Structural Geology 202 (2026) 105564

Tellego
[

CANTABRIAN SEA

—}— Antiform
—+ synform
Fault
—== Strike-slip fault
—A_ Variscan thrust
—A— Alpine thrust
Transport direction of the thrust sheets
e—> Gutiémez-Alonso (1992)
—> Bulnes & Marcos (2001)
== Caldera Grau (2016)
de Paz Alvarez (2023)
tructural units overlying the localities analysed
Geological domains
[ Precambrian (Narcea Anticlinorium core)
[ Bodén-Ponga Unit
[ Somiedo Unit [ Uppermost Carboniferous

= Longitudinal flexural normal faults
" . Transverse flexural normal faults
zolc and Cenozoie g === Tectonic transport vector direction

Fig. 15. Structural sketch of the western part of the Cantabrian Zone (modified from Alonso et al., 2009a) including tectonic transport vectors plotted by De Paz
Alvarez (2023) collected from different authors. The equal-area projections of each studied outcrop show the normal faults rotated to their original attitudes (red and
green lines) and the tectonic transport vector obtained from the overlying structural unit (blue arrow). (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 16. a) Structural sketch of a portion of the western part of the Cantabrian Zone (modified from Alonso et al., 2009a) including the traces of the fold-and-thrust
belt front in the studied outcrops resulting from the analysis of longitudinal flexural normal faults, as well as tectonic transport vectors obtained from the literature.
Same legend as in Fig. 15 b) Structural sketch of the western part of the Cantabrian Zone once all the tectonic transport vectors in the studied outcrops have been

rotated to NO40°E along with the traces of the fronts of the fold-and-thrust belt.
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orientation, and the traces of the orogenic fronts have been rotated
accordingly (Fig. 16b). This orientation of the reference tectonic trans-
port vector has been adopted following the reconstruction of De Paz
Alvarez (2023). Although the available data are limited—since the pri-
mary objective of this article is to demonstrate the usefulness of studying
flexural normal faults and applying this approach to some outcrops in
the Cantabrian Zone—the results obtained point out that the belt front
was more rectilinear and more perpendicular to the tectonic transport
vector in the southern branch of the Arc, where the maximum angle
between the strike of different portions of the orogenic front is 15°, than
in the northern one, where the angle is 35°. The angle between the trend
of the longitudinal flexural normal faults and the tectonic transport
vector, as well as the reconstruction depicted in Fig. 16b, show that the
ancient orogenic front was more advanced toward the foreland in the
northern branch than in the southern one. De Paz Alvarez (2023) ob-
tained a similar thrust configuration by using a different method which
consisted of rotating the axial traces of folds related to frontal ramps.

3.5.2. Thrust propagation sequence

The normal faults identified in all the studied outcrops, located in
different thrust sheets, predate the folds and thrusts (Figs. 8-13). This
means that each new thrust sheet developed on a previously flexed and
normal faulted footwall. Thus, this is diagnostic of a forward-breaking or
“piggy-back” thrust propagation sequence. The thrust emplacement
sequence deduced here is consistent with that inferred by Pérez-Estatin
et al. (1988), Pérez-Estatin and Bastida (1990) and Aller et al. (2004),
among others, using criteria such as the age of syn-tectonic strata and
cross-cutting relationships between contractional structures.

3.5.3. Flexure curvature, dip of the flexure inclined limb and flexure
interlimb angle

Many limestones studied here exhibit relatively similar Schmidt-
hammer rebound values. Thus, the measurements of fracturing in-
tensity carried out at different outcrops are more or less comparable. The
maximum fracturing areal intensity due to longitudinal flexural normal
faults is approximately 3 m~! and has been obtained in the Baselgas
outcrop, located in the north branch of the Ibero-Armorican or Asturian
Arc, made up of Moniello Fm. limestones (Table 2 and Fig. 10). The
fracturing areal intensity estimated in other outcrops is lower. These low
values suggest that both the flexure curvature and the dip of the flexure
inclined limb were very gentle, and that the flexure interlimb angle was
very high when these normal faults were formed. These low numbers
might also suggest that the weight of the fold-and-thrust belt was rela-
tively low. This conclusion makes a lot of sense considering that the
analysed normal faults occur in thrust sheets that belong to the western
part of the foreland fold-and-thrust belt. In other words, these thrust
sheets are relatively far from the foreland and, therefore, when they
were emplaced, the fold-and-thrust belt was still at an intermediate
stage, with several thrust sheets yet to be emplaced eastwards.

3.5.4. Oblique/lateral thrust structures

Once the stratification has been rotated to a horizontal position,
along with the faults, the San Emiliano and Vega de los Viejos outcrops,
all located in the southern branch of the Ibero-Armorican Arc, reveal the
occurrence of two systems of conjugate normal faults with different
strikes. These faults are: faults perpendicular and oblique to the tectonic
transport vectors of the overlying thrust sheets, i.e., longitudinal faults
(red lines in the equal-area projections in Fig. 15), and faults approxi-
mately parallel to the tectonic transport vectors, i.e., transverse faults
(green lines in the equal-area projections in Fig. 15). Transverse faults
have not been recognized in the rest of studied outcrops.

To look for the cause of the transverse normal faults in the San
Emiliano outcrops we have examined the geological features of their
overlying thrust sheet in the available geological maps (e.g., Bastida
et al.,, 1984; Alonso et al., 1989; Suarez-Rodriguez et al., 1988-89;
Instituto Geoldgico y Minero de Espana, 2021). The thrust sheet that
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overlies the San Emiliano outcrops is called Somiedo (green units in the
map depicted in Fig. 17). This thrust sheet includes an ENE-WSW lateral
ramp, of more than 10 km length, that places the Aralla-Rozo thrust slice
to the southeast over the Villar-Robledo thrust slice to the northwest
(Alonso et al., 1989), causing an abrupt and significant along-strike
change in the internal structure of this thrust sheet. Three points,
based on the spatial position and orientation of the lateral ramp and of
the transverse faults, suggest a possible genetic relationship between
both structural elements.

i) A hypothetical prolongation of the lateral ramp towards the
northeast runs across the studied San Emiliano outcrops (see the
map in Fig. 17), i.e., the spatial position of both the lateral ramp
and the transverse faults is consistent.

ii) The lateral ramp trace on the geological map trends approxi-
mately NO65°E, while the strike of a bisector plane of the con-
jugate transverse normal faults in the San Emiliano outcrops is
approximately NO45°E (Fig. 15), i.e., the directions of the lateral
ramp and transverse faults are relatively coincident.

iii) The transverse normal faults described only appear in the San
Emiliano S outcrop (Figs. 14 and 17). According to the direction
and motion sense of the tectonic transport vector of the overlying
thrust sheet, i.e., the Somiedo thrust sheet (Fig. 17), as well as the
orogenic front trend deduced from these outcrops (Fig. 16b), the
San Emiliano S outcrop was closer to the fold-and-thrust belt
front, and therefore, to the lateral ramp of the Somiedo thrust
sheet, than the San Emiliano N outcrop.

Thus, we propose that these transverse normal faults in the San
Emiliano outcrops are flexural normal faults related to an old transverse
foredeep flexure, not preserved nowadays. This transverse foredeep
flexure would have been caused by the presence of the lateral ramp in
the Somiedo thrust sheet, when it was the frontal thrust sheet of the
Cantabrian fold-and-thrust belt. The proximity of the transverse normal
faults to the lateral ramp is consistent with the fact that transverse
flexures caused by lateral ramps are usually smaller in scale than lon-
gitudinal flexures parallel to the front of fold-and-thrust belts.

In an attempt to deduce the cause responsible for the transverse
normal faults in the Vega de los Viejos outcrops, we have examined the
geological features of the overlying thrust sheet, called Narcea. To the
south and west of the studied outcrops, detrital rocks and coals from the
uppermost Pennsylvanian (Stephanian) (brown rocks in the maps
depicted in Figs. 1, 3 and 15,16a and 17), deposited after the Variscan
orogeny climax, lay unconformably on a portion of the Narcea thrust
sheet (e.g., Navarro Vazquez and Rodriguez-Fernandez, 1982; Bastida
et al., 1984; Alonso et al., 1989; Instituto Geologico y Minero de Espana,
2021) preventing its internal structure from being properly observed.
However, there are two arguments supporting an important along-strike
change within the Narcea thrust sheet.

i) According to Alonso et al. (2009b), south of the Stephanian deposits,
there is a single main thrust within the Narcea thrust sheet, while to
the north of these deposits, there are two main thrusts (thrusts within
the Precambrian rocks—pink colour—in the map depicted in Fig. 3).

ii) According to the geological maps constructed by Alonso et al. (1989)
and Instituto Geologico y Minero de Espana (2021) the width of the
Narcea thrust sheet is considerably greater to the north of the Ste-
phanian deposits than to the south (Figs. 3 and 17).

These along-strike variations of the Narcea thrust sheet may be due
to the occurrence of an oblique ramp. Thus, the Stephanian deposits are
bounded to the south-southwest by a fault that also involves the pre-
Variscan succession (e.g., Navarro Vazquez and Rodriguez-Fernandez,
1982; Bastida et al., 1984; Alonso et al., 1989; Instituto Geoldgico y
Minero de Espana, 2021). Part of this fault is oblique to the strike of the
Variscan structures, but it seems to follow the strike of the Variscan
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Fig. 17. Geological map of the southwestern part of the Cantabrian Zone (modified from Alonso et al., 1989), showing the lateral ramp responsible for overthrusting
the Aralla-Rozo slice on the Villar-Robledo slice, both located in the Somiedo thrust sheet overlying the San Emiliano outcrops, and the oblique ramp within the
Narcea thrust sheet overlying the Vega de los Viejos outcrops. The black rectangles show the location of the San Emiliano N, San Emiliano S, Vega de los Viejos N and
the Vega de los Viejos S outcrops. The equal-area projections of these outcrops show the longitudinal and transverse normal faults, once rotated to their original

attitudes, and the tectonic transport vectors of their overlying thrust sheets.

structures both to the northwest and to the southeast (Instituto Geo-
logico y Minero de Espana, 2021) (Fig. 17), suggesting that it might have
been a Variscan oblique thrust ramp, of approximately 30 km length,
later on reactivated. Similarly to the San Emiliano outcrops, the trans-
verse normal faults appear only in the Vega de los Viejos S outcrop
(Figs. 14 and 17). According to both the direction and motion sense of
the tectonic transport vector of the overlying thrust sheet, i.e., the
Narcea thrust sheet (Fig. 17), as well as the trend of the fold-and-thrust
belt front deduced from these outcrops (Fig. 16b), the Vega de los Viejos
S outcrop was closer to the fold-and-thrust belt front and to the oblique
ramp of the overlying thrust sheet, than the Vega de los Viejos N
outcrop. This supports a possible genetic relationship between the
transverse normal faults and the oblique ramp.

Thus, we propose that the transverse normal faults in the Vega de los
Viejos outcrops may be flexural normal faults related to an old trans-
verse foredeep flexure, probably overprinted by the contractional
structures. This flexure was caused by the described oblique ramp in the
overlying Narcea thrust sheet when it was located at the frontal part of
the fold-and-thrust belt. Again, the proximity of the transverse normal
faults to the lateral ramp supports the hypothesis that transverse flexures
produced by oblique structures are smaller than longitudinal flexures
parallel to the fold-and-thrust belt front.

3.5.5. Influence of the Ibero-Armorican Arc closure, Permian-
Mesozoic extension and Cenozoic (Alpine) contraction on the
Variscan orogenic front directions, thrust propagation sequence and
oblique/lateral thrust structures

Some studies have suggested that the closure of the Ibero-Armorican
or Asturian Arc, which occurred by the end of the Palaeozoic, led to the
formation of all or part of the so-called radial folds or to the reactivation
of previous lateral folds, resulting in fold interference patterns, and even
to the reactivation of thrust surfaces in various localities of the Canta-
brian Zone (e.g., Julivert, 1971; Julivert and Marcos, 1973; Julivert and
Arboleya, 1984; Pérez-Estatn et al., 1988; Van der Voo et al., 1997; Weil
et al., 2000).

Studies on the characteristics of the Permian-Mesozoic extensional
events that affected the Cantabrian Zone have been primarily conducted
in the northern portion of the Cantabrian Mountains, as it is where most
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post-Variscan rocks affected by these events crop out unconformably
over the Variscan basement. These extensional tectonics events resulted
in a set of faults distributed throughout the region, some of which likely
resulted from the reactivation of faults inherited from the Variscan
cycle. Most faults exhibit relatively small vertical displacements (e.g.,
Lepvrier and Martinez Garcia, 1990; Uzkeda, 2013; Odriozola, 2016;
Uzkeda et al., 2016, 2025; Magan, 2017, 2024), although a few ones
reached larger vertical displacements around a few hundred meters (e.
g., Alonso et al., 2016; Uzkeda et al., 2025).

Regarding the effects of the Alpine orogeny of Cenozoic age, in the
northern part of the Cantabrian Mountains, where post-Variscan rocks
have been preserved, reverse faults and strike-slip faults with generally
small displacements, as well as open folds, have been documented (e.g.,
Lepvrier and Martinez Garcia, 1990; Uzkeda, 2013; Alonso Lopez, 2014;
Odriozola, 2016; Uzkeda et al., 2016, 2025; Magan, 2017, 2024; Magan
et al., 2022). However, some faults reach vertical displacements of
around 0.5 km (Alonso et al., 1996, 2009a; Pulgar et al., 1999). A crustal
scale section across the Cantabrian Mountains reveals a frontal thrust
ramp at depth with a dip of approximately 15°, involving almost the
entire Cantabrian Mountains except for its northern margin. This thrust
ramp caused maximum uplifts slightly exceeding 5 km according to the
geological cross-sections depicted in Alonso et al. (1996, 2009a) and
Pulgar et al. (1999). At the southern edge of the Cantabrian Mountains,
near its boundary with the Alpine foreland basin, a frontal anticline
related to the deep thrust ramp developed, accommodating about 10 km
of displacement. This fold caused a noticeable southwards rotation of
the Variscan structures, along a subhorizontal approximately E-W axis
(Alonso et al., 1996, 2009a; Pulgar et al., 1999). The degree of Alpine
reactivation of the Variscan structures developed in Palaeozoic rocks
depends on the angle they form relative to the major principal axis (61)
of the Alpine stress field, which in this region is approximately N-S
(Lepvrier and Martinez Garcia, 1990; Uzkeda, 2013; Uzkeda et al.,
2025). Thus, some Variscan structures striking E-W, i.e., approximately
perpendicular to the direction of maximum Alpine compressive stress,
accommodated Alpine shortening through fold tightening as well as
thrust reactivation and verticalization (Pulgar et al., 1999). Some
Variscan thrusts and other faults with NE-SW and NW-SE trends were
reactivated as oblique-slip faults or strike-slip faults during the Alpine
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orogeny. The Alpine shortening, irregularly distributed within the
Palaeozoic rocks, has been estimated to reach a value of approximately
20 % (Pulgar et al., 1999).

In the outcrops analysed here, no significant folds, nor faults, have
been identified whose development could be unequivocally attributed to
the Ibero-Armorican Arc closure, Permian-Mesozoic extension and/or to
the Cenozoic contraction. Only one structure, briefly described below,
deserves to be mentioned. In the San Emiliano N outcrop, a thrust fault
has been identified whose orientation and layer displacement are
consistent with the Variscan structuring of the outcrop and its sur-
roundings. However, the thrust surface exhibits slickensides not
compatible with the layer displacement (Masini et al., 2010a; Bulnes
et al., 2019). It is highly likely that this thrust fault was reactivated
during the Ibero-Armorican Arc closure, the Permian-Mesozoic exten-
sion and/or the Cenozoic contraction. We believe this structure has not
exerted sufficient influence to warrant consideration when rotating the
stratification and the normal faults to determine their original attitude.
This is because the reactivation has been minor, insufficient to, for
instance, counteract the Variscan reverse offset and convert the thrust
into a different type of fault. The fact that rotating the normal faults
yields results consistent with the tectonic transport vector of the over-
lying Variscan thrust sheet appears to support this assumption.

It is possible that some Variscan folds observed in different outcrops
were tightened and that some Variscan thrust surfaces were reactivated
during the Ibero-Armorican Arc closure and/or Alpine contractional
event. Therefore, while the cross-cutting relationships between folds
and thrusts and normal folds presented here are coherent, these might
have been influenced by these younger events. Nevertheless, the fact
that the conjugate faults become normal faults with nearly symmetrical
positions when the stratification is rotated to horizontal—indicating
that they formed before any tilting of the stratification—and that
rotating the normal faults to their original attitude when the stratifica-
tion was horizontal yields results consistent with the direction of tec-
tonic transport vectors of the thrust sheets in this region, gives us
confidence in the observations made and the procedures applied. Thus,
we believe the post-Variscan structures have no clear influence on
determining the directions of the Variscan orogenic front, the propa-
gation sequence of Variscan thrust sheets and the presence of oblique/
lateral structures.

4. Conclusions

The load caused by the advance of a fold-and-thrust belt towards the
foreland induces a foredeep flexure. We propose that this flexure am-
plifies due to a combination of hinge migration and limb rotation, and
that its hinge zone undergoes tangential longitudinal strain. These
mechanisms cause the development of longitudinal flexural normal
faults in the hinge zone that are progressively incorporated into the
flexure inclined limb as the active axial surface migrates relative to the
rocks. Additionally, the original arcuate shape of the fold-and-thrust
belt, as well as the presence of lateral/oblique structures, can lead to
the development of transverse normal faults. The main criteria to
recognize flexural normal faults and differentiate them from other types
of normal faults, especially when they formed in the early or interme-
diate stages of the fold-and-thrust belt development, are their relative
timing with respect folds and thrusts, their angular relationship with
bedding, their fault kinematics, their slip/frequency/length compared to
those of the folds and thrusts, the age of the rocks cut and offset by the
normal faults, the angle between the strike of the normal faults and the
contractional tectonic transport vector, and their spatial position. The
study of flexural normal faults is a powerful tool for collecting infor-
mation about the age of the fold-and-thrust belt and the foredeep
flexure, the trend of the fold-and-thrust belt front, the type of thrust
propagation sequence, the degree of tightening of the foredeep flexure,
rates of deformation propagation across and along strike, and the vari-
ation of these parameters both across and along strike. In order to obtain
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these results, a set of very simple techniques has been designed based on
the analysis of syn-extensional beds related to the normal faults or dated
normal faults, the strike of the normal faults, temporal relationships
between normal faults and thrusts and folds, fracturing intensity mea-
surements, and distance between dated normal faults measured both
across and along strike.

Our approach has been applied to a natural fold-and-thrust belt to
ascertain some of the issues mentioned above. The belt chosen is the
Cantabrian Zone, which is the foreland fold-and-thrust belt of the
Variscan orogen in the NW portion of the Iberian Peninsula, located in
the core of the Ibero-Armorican or Asturian Arc. The pre-folding and
pre-thrusting normal faults mapped in various Cantabrian-Zone thrust
sheets have been interpreted here as flexural normal faults linked to
foredeep flexures caused in intermediate stages of emplacement of the
fold-and-thrust belt. These flexures have not been preserved due to
overprinting by later folds and thrusts. The trend of the old orogenic
front deduced from the strike of the longitudinal flexural normal faults
exhibits an arc-shaped arrangement, consistent with the geometry of the
Ibero-Armorican or Asturian Arc. The results obtained indicate that the
orogenic front was more linear in the Arc southern branch than in the
northern one, and that the front was more advanced towards the fore-
land in the northern branch. The relative temporal relationship between
the flexural normal faults and contractional structures indicates that the
thrust propagation sequence was a forward-breaking or “piggy-back”
sequence. This result agrees with the thrust propagation sequence
deduced in the literature using other techniques. The low areal intensity
of fracturing due to longitudinal flexural normal faults suggests that the
flexure curvature and the dip of the flexure inclined limb were very
gentle, while the flexure interlimb angle was very high. This might
indicate that the fold-and-thrust belt weight at the time of formation of
these normal faults was low. The transverse flexural normal faults, found
in the southwestern part of the Cantabrian Zone, have been correlated
with a lateral and an oblique thrust ramp. This points out that the tec-
tonic load due to the fold-and-thrust belt advance was variable along
strike.

All the criteria and methodology presented in this study, and applied
to the Cantabrian Zone foreland fold-and-thrust belt, can be applied in
similar settings.

Care must be taken when performing outcrop-scale restorations of
fold/thrust structures in fold-and-thrust belts developed according to a
forward-breaking thrust propagation sequence. In these regions, layer-
cake stratigraphy may not be always the best template, as beds may
be cut and offset by flexural normal faults developed prior to the
contractional structures. This could introduce anomalies in the restored
sections, which should not be attributed to the section viability. Rather,
these anomalies may result from the original layers attitude.
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