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INTRODUCTION

Since the early reference work of Gillcrist et al. (1987), 
many studies have documented how inheritances exert 
a strong control on subsequent deformation stages (e.g. 
Cooper and Williams, 1989; Coward et al., 1989, 1991; 
Butler et al., 2006; Frizon de Lamotte et al., 2009). Great 
attention has been dedicated to the role played by inherited 
fault networks (e.g. De Gracianski et al., 1989; Thomas and 
Coward, 1995; Tavarnelli, 1996; Macedo and Marshack, 
1999; Carrera et al., 2006; Henza et al., 2011; Tavani et 
al., 2013; Tavani and Granado, 2015; Granado et al., 2016) 
or the rheological properties (e.g. Hillis, 1956; Davis and 
Engelder, 1985; White et al., 1986; Boyer, 1995; Butler 

et al., 2006) at all scales of observation. In this sense, the 
reactivation and/or linkage of previous mesostructures is 
also commonly observed during the transition from one 
tectonic regime to the subsequent ones (e.g. Engelder 
and Geiser, 1980; Dyer, 1988; Olson and Pollard, 1989; 
Cruikshank et al., 1991; Willemse et al., 1997; Wilkins 
et al., 2001; Silliphant et al., 2002; Graham Wall et al., 
2003; Bergbauer and Pollard, 2004; Crider and Peacock, 
2004; Myers and Aydin, 2004; Agosta and Aydin, 2006; 
Blenkinsop, 2008; Brogi, 2011; Tavani et al., 2011a, b). 
A key observation arising from these studies is that the 
relationship between the stress field and the mesostructural 
deformation pattern can be assessed in the presence 
of previously-developed mesostructures. Accordingly, 
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The Asturian Basin is located on the coastline of the North Iberian Margin. This basin is dissected by long-lived 
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the Upper Cretaceous to Cenozoic Alpine convergence. In the Conejera cove, the NE-striking and SE-dipping 
Conejera Fault displays a remarkable example of contractional deformation, promoted by the mechanical contrast 
within the Lower to Middle Jurassic stratigraphic series. Field observations and structural analysis carried out in 
this study reveal: i) a first system of orthogonal cross-joints oblique to the Conejera Fault and other major onshore 
boundary faults, ii) a second system of meso-extensional faults parallel to the Conejera Fault, and developed 
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defining the relationships between different mesostructures 
such as folds and fractures (i.e. including joints, faulted 
joints, faults, veins and pressure solution seams) in poly-
deformed rocks is a powerful tool to decipher the tectonic 
history of an area.

The outcrop presented in this study has been described 
in detail by Uzkeda et al. (2013) in terms of its geometries 
and broad kinematics. Our aim is to complement their study 
by providing further evidence of structural development 
arising from detailed mesostructural analysis of the 
Conejera Fault blocks. Insights into the extensional history 
of the studied section have been gained and compared 
with other coetaneous Late Jurassic-Early Cretaceous 
extensional basins also incorporated in the Pyrenean 
orogeny and related Iberian intraplate belts. Throughout 
the manuscript, the terminology proposed by Butler 
(1989), McClay (1989, 1995) and Williams et al. (1989) 
will be used when referring to the structural styles related 
to inversion tectonics.

GEOLOGICAL SETTING

The E–W-elongated Asturian Basin is a Late Jurassic-
Early Cretaceous extensional basin of the North Iberian 
Margin whose southernmost part crops out in Asturias (Fig. 
1A). Filled by thick Permian to Mesozoic successions, it is 
bounded and dissected by E-, NE- and NW-striking faults, 
most of them involving the underlying Variscan basement 
(Lepvrier and Martínez-García, 1990). The larger onshore 
faults are the E-striking Llanera and Ribadesella faults, 
the long NW-striking Ventaniella Fault, and a series of 
shorter NE-striking faults such as the Villaviciosa Fault 
(Fig. 1A), amongst others. The Asturian Basin formed 
during the predominant extensional tectonic regime that 
affected the Iberian plate and the North Atlantic, from the 
late Carboniferous collapse of the Variscan orogen until the 
onset of Late Cretaceous convergence between Eurasia-
Africa (Arthaud and Matte, 1977; Dallmeyer and Martínez-
García, 1990; Lepvrier and Martínez-García, 1990). Onset 
of rifting is recorded by fault-bound sedimentation during 
Stephanian-Permian (Dallmeyer and Martínez-García, 
1990; Lepvrier and Martínez-García, 1990). Rifting 
renewed during a second and main Late Jurassic-Early 
Cretaceous rifting episode, culminating with the opening 
of the Bay of Biscay (Sibuet et al., 1971, 2007; Arthaud 
and Matte, 1977; Boillot, 1984; Dallmeyer and Martínez-
García, 1990; Lepvrier and Martínez-García, 1990; Ferrer 
et al., 2008; Roca et al., 2011; Grobe et al., 2014; Tugend 
et al., 2014; Cadenas et al., 2017). These two rifting 
events were separated by a period of relative quiescence 
with sedimentation spanning from Late Triassic to Middle 
Jurassic, characterised by the onset of evaporitic tidal flats 
and carbonate ramps (Valenzuela et al., 1986; Barrón et 

al., 2006). Docking of the Iberian and Eurasian plates 
during the Late Cretaceous to Cenozoic deformed and 
uplifted the North Iberian Margin by the reactivation of 
the major bounding faults (Lepvrier and Martínez-García, 
1990; Alonso et al., 1996, 2007; Álvarez-Marrón et al., 
1996; Gallastegui et al., 1997; Gallastegui, 2000; Muñoz, 
2002; Roca et al., 2011; Carola et al., 2013). As a result, 
the Asturian Basin was inverted (Uzkeda et al., 2016) 
with the Mesozoic cover remaining largely attached to its 
autochthonous Variscan basement (Pulgar et al., 1999). 
Unconformities found in Late Cretaceous-Paleocene and 
Middle Eocene sediments, as well as post lower Oligocene 
sediments preserved in the footwall of basement thrust 
slices evidence the thick-skinned deformation of the 
Asturian Basin in both the offshore and onshore domains 
(Boillot et al., 1979; Alonso et al., 1996; Álvarez-Marrón 
et al., 1996; Riaza-Molina, 1996; Pulgar et al., 1999; De 
Vicente et al., 2007).

THE CONEJERA FAULT BLOCKS
 
Stratigraphy and brief structural description 

The Conejera cove locates East of the village of 
Tazones and the Villaviciosa estuary (Fig. 1B). Along the 
studied section, the rocks exposed consist of well-bedded 
nodular limestones and alternating marls and limestones 
belonging to the pre-rift Lower to Middle Jurassic (late 
Sinemurian to early Bajocian) Rodiles Formation (Fm.) 
(Figs. 2; 3). The Rodiles Fm. has been subdivided into the 
Buerres and the Santa Mera members (mbs.) (Suárez-Vega, 
1974; Valenzuela et al., 1986). The Buerres Member (Mb.) 
is constituted by nodular limestones with interlayered 
limestone beds and marls arranged in decimetre to metre-
thick beds, deposited in a shallow carbonate ramp; the 
Santa Mera Mb. is made up of limestones and marls in 
rhythmically-arranged centimetric to decimetric planar-
parallel beds, deposited in a restricted carbonate ramp to 
open shelf environment (Valenzuela et al., 1986; Robles 
et al., 2004). Unconformably above, the Upper Jurassic 
Kimmeridgian units of the La Ñora Fm. (Suárez-Vega, 
1974; Valenzuela et al., 1986; Schudack and Schudack, 
2002) were regionally deposited, but are poorly exposed 
above the Conejera cove cliffs (Pignatelli et al., 1973, Fig. 
1B). This formation consists of conglomerates, sandstones 
and clays deposited in alluvial fans and valley infills (Fig. 
3) deposited at the onset of the Upper Jurassic-Lower 
Cretaceous rifting (Valenzuela et al., 1986; Lepvrier and 
Martínez-García, 1990).

The Conejera Fault is in close proximity to the larger 
basement-involved Villaviciosa Fault (Fig. 1A). The 
Conejera Fault dips to the SE and is parallel to the NE-
striking basement-involved fault system of the Asturian 
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Basin (Lepvrier and Martínez-García, 1990). The 
Conejera Fault is most likely detached along the shallow 
Rhaetian-Hettangian evaporites of the Gijón Fm. (Uzkeda 
et al., 2013), but may have been kinematically linked to 
a basement fault striking parallel; this is the structural 
style found in the offshore region (Zamora et al., 2017). 

Although its hanging-wall displays a significant shortening, 
the Conejera Fault presents an extensional fault offset, 
juxtaposing the upper member of the Rodiles Fm. above 
its lower member (Fig. 2). This indicates that the Conejera 
Fault was either not inverted or only mildly inverted during 
the Alpine convergence, since the null point (Williams et al., 
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FIGure 1. A) Geological map of the onshore Asturian Basin. LLF: Llanera Fault; NF: Naranco Fault; RF: Ribadesella Fault; VcF: Villaviciosa Fault; VF: 
Ventaniella Fault. Modified from Lepvrier and Martínez-García (1990) and Pulgar et al. (1999). B) Geological map of the study area. CF: Conejera 
Fault. Modified from Pignatelli et al. (1973).
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1989; Turner and Williams, 2004), if at all present, would 
be located above the fault plane outcrops. In the hanging-
wall and the footwall of the Conejera Fault, the Rodiles 
Fm. shows evidences of intense contractional deformation 
represented by reactivated extensional faults, tight folds 

and thrusts, and pressure solution seams. This deformation 
decreases away from the fault (i.e. in a buttressing 
deformation gradient; Fig. 2) but is significantly controlled 
by the different layering and mechanical properties of the 
Buerres and the Santa Mera mbs. The lower member is 
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FIGure 2. The studied Conejera Fault blocks at Conejera cove. A) On the hanging-wall (left) younger units are juxtaposed to older units on the footwall 
(right), indicating an extensional offset of the Conejera Fault. Orange backpack at centre right on gravel beach for scale. B) Photo interpretation. 
The outcrop has been divided according to the deformation patterns related to the mechanical stratigraphy. CZ: Central Zone; PFZ: Pseudo-flower 
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much less influenced by the layering that the upper one, 
in which the marl and organic shale interbeds behave as 
effective detachment layers. In the following sections, 
the outcropping Conejera Fault blocks and the observed 
structures are described and analysed in detail.

The Conejera Fault

The outcropping Conejera Fault dips about 55º to the 
SE (Fig. 4A, B). It consists of 5–40cm-thick fault core of 
carbonate breccias enclosed in a fault gouge made up of 
strongly smeared marls with a fault-parallel fabric. The 
upper boundary of these fault rocks is a discrete planar 
surface of constant strike and dip (Fig. 4B), whereas the 
lower one is a rather irregular surface.

Footwall deformation

The footwall of the Conejera Fault is characterized 
by a 3–4m-thick damage zone. The upper boundary of 
the damage zone is well defined by the base of the fault 
core breccias, whereas the lower boundary is diffuse, and 
defined by the progressive disappearance of the fault-
related deformation (Fig. 5). However, a set of trough-
going extensional faults parallel to the Conejera Fault 
delimit a volume of substantially strained rocks (Fig. 4); 
away from these faults, strain progressively diminishes. 
In the damage zone, most of the fractures are synthetic to 
the Conejera Fault, but also some antithetic fractures are 
present (Figs. 4C; 5). In the footwall to the Conejera Fault, 
beds of the Buerres Mb. display a constant dip of about 25º 
to the NW. Widespread pressure solution seams are parallel 
to bedding (Fig. 5C, D) and most likely related to burial. 
Within the damage zone, bedding shows a top-to-the SE 
bed-parallel slip along the contacts between the limestone 
layers, and flow along the marl beds (Figs. 4; 5). This layer-
parallel motion is related to the extensional displacement 
of the Conejera Fault, accommodated through a wide fault 
zone as reported for other rift settings (e.g. Jackson et al., 
2006; Wilson et al., 2009).

Apart of this deformation, the footwall rocks close to 
the Conejera Fault appear deformed by joints and small 
displacement faults; additional pressure solution seams are 
also present, and strike at high angles to bedding. The small 
displacement faults (i.e. mesofaults) abut against or sole 
along bed boundaries, and consistently show extensional 
displacements in the order of centimetres-decimetres (Fig. 
5A, C). These mesofaults are steeply-dipping, trend NE-
SW and dip in the same and the opposite senses to the 
Conejera Fault (Fig. 4C) at 60–70º to bedding (Fig. 5). 
In fact, these mesofaults define a conjugate fault system, 
having their acute dihedral angle broadly perpendicular 
to bedding. Despite the observed offsets, most of these 
mesofaults display a tooth-shaped cross-sectional geometry 

(Fig. 5C), indicating their reactivation as pressure solution 
planes. Additional pressure solution seems strike almost 
perpendicular to bedding. These features are indicative 
of layer parallel-shortening, post-dating the extensional 
kinematics of the Conejera Fault.

Hanging-wall deformation

The hanging-wall block has been divided into several 
deformation domains in order to ease its description and 
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interpretation. The subdivision takes into account the 
mechanical stratigraphy of the two members of the Rodiles 
Fm., the observed structural styles, and the contractional 
deformation gradient (Fig. 2B). In this sense, the 
deformation gradient increases towards the Conejera Fault, 
but it is also directly related to the mechanical stratigraphy 
involved. The Santa Mera Mb. attained most of the 
observable contractional strain and is partially detached 
from the underlying Buerres Mb. by thin-skinned thrusts 
(Fig. 2). On the other hand, the Buerres Mb. is affected 
by steeply-dipping extensional faults and well-developed 
joints, but is devoid of any significant compressional 
mesostructures. According to the structural styles and 
deformation gradient, the Santa Mera Mb. deformation has 
been subdivided as follows: a leading anticline, directly 
juxtaposed to the Conejera Fault, a central zone, and a 
pseudo-flower zone (sensu McClay, 1989, 1995). The 
underlying Buerres Mb. outcrops at the hanging-wall’s 
trailing edge. All these zones are analysed in depth in the 
following sections.

Santa Mera Mb. deformation

Leading anticline

This is the leading zone of contractional deformation of 
the Conejera hanging-wall block (Fig. 6). It is characterized 
by a complex mesostructural deformation pattern which 
includes: reactivated extensional faults, thrusts, joints, 
foliations, folds, pressure solution seams and carbonate-
filled veins. Tectonic thinning and thickening of beds is 
common in this structural domain and has been taken into 
account during tentative bed correlations (Fig. 2B). Despite 
the structural complications, the broad bedding attitude 
describes a NE-striking and NW-verging anticline (Fig. 
6). Its forelimb dips steeper to the NW and its lower parts 
consist of two bedding panels divided by a SE-dipping axial 
surface, which is broadly parallel to the Conejera Fault. 
However, the forelimb of the leading anticline is affected 
by several SE-directed backthrusts that nucleate at the 
Conejera Fault and propagated upward into the hanging-
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wall along the marl beds (Figs. 6; 7A). Carbonate veins 
occur parallel to the sheared marl horizons interlayered 
between the mud limestone beds, thus, defining the location 
of slip surfaces, and indicating fluid circulation during 
shortening. These faults show displacements in the order 
of few meters, accommodating space problems developed 
during tightening of the structure. Some of these thrusts 
in fact displace and post-date the SE-dipping axial surface 
(Fig. 6). In the anticline hinge, single-layer triangle zones 
are also present (Fig. 7B).

The southeastern limb (i.e. backlimb) of the leading 
anticline is also affected by small-displacement thrusts that 

offset both bedding and upright faults and form a thrust 
stack of carbonate beds (Fig. 6). However, bed correlations 
in this sector still indicate the presence of extensional 
offsets (Fig. 2B). A fault-bounded block preserving 
relatively ‘undisturbed’ bedding can be recognised. 
Bedding within this block dips about 50º to the NW (i.e. 
toward the Conejera Fault) and is bounded by two faults 
with ca. 60º cut-off angles (Fig. 6). This isolated fault-
bound block displays a well-developed pressure solution 
cleavage perpendicular to the limestone beds (Fig. 7C); the 
pressure solution seams abut against the marl interlayers, 
which in turn display a strong bed-parallel fabric. As 
shown by the plotted mesostructural data, the orientation of 
the pressure solution seams roughly strikes parallel to the 
Conejera Fault and the central zone faults (Figs. 2; 8). In 
the lower reaches of the leading anticline, cleavages strike 
ENE-WSW, sub-parallel to the Conejera Fault (Fig. 6).

Central Zone (CZ)

The Central Zone is limited by two concave-to-the NW 
faults (Fig. 8A, B). These two faults bound a zone of NW-
dipping and partially dismembered limestone and marl 
beds. In the upper parts of these concave faults, bedding 
dips in opposite direction, whereas in their lower reaches 
bedding dips towards the same direction as the faults. 
The origin of these structures is analysed in the following 
sections.

‘Pseudo-flower’ Zone

This zone is bound by the CZ to the NW, and extends to 
the SE, including a series of compressional and extensional 
features. The extensional features are represented by two 
extensional faults displaying a ramp-flat-ramp geometry 
(Fig. 2) within the Santa Mera Mb. Across these extensional 
faults, dark shale layers become thicker and more abundant 
towards the Conejera Fault. These two extensional faults 
seem to branch downwards into a single steeply-dipping 
to overturned extensional fault within the Buerres Mb. 
(Figs. 2; 9). In addition, several thrusts occur within the 
Santa Mera Mb. shale layers, internally detaching it, and 
overall, decoupling the contractional deformation from the 
underlying Buerres Mb. (Figs. 2; 9). In the lower reaches 
of the outcrop (Fig. 9B), a steeply-dipping to upright fault 
displays an apparent reverse slip. No striations along the 
fault surface have been found to properly constrain its 
kinematics but the associated cut-off angles and drag folds 
are indicative of an extensional origin. A SE-directed thrust 
has a thrust-related anticline affecting strongly folded and 
broken up limestone and marl beds, whereas in the upper 
reaches, several thrusts propagate along the shale layers. 
In fact, the lower extensional fault is by-passed by the 
SE-directed thrust mentioned above (i.e. a by-pass back-
thrust sensu McClay, 1989, 1995). Above these structures, 
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FIGure 7. Detailed photos of the thrusts and pressure solution 
cleavage present in the leading anticline of the Conejera Fault 
hanging-wall. A) Upright low-angle to bedding SE-directed thrusts. 
B) Triangle zone of bedding-detached thrusts. C) Normal to bedding 
pressure solution seams; pencil for scale. See Figure 6 for location.
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incompetent beds of the Santa Mera Mb. tighten upwards 
into a NW-directed thrust-related anticline (Fig. 9A). This 
upper anticline and its associated syncline at the rear are 
also cut by other NW-directed thrust (i.e. a hanging-wall 
directed thrust) with an associated fault-propagation fold.

Buerres Mb. deformation 

Beneath and SE of the Pseudo-flower Zone, the Buerres 
Mb. layers (Figs. 2; 10) dip into the Conejera Fault, and are 
devoid of any significant contractional mesostructures; no 
compressional cleavage has been found throughout these 
dipping layers. Hence, it is an excellent area to investigate 
the local pre-shortening deformation pattern. In this part 
of the hanging-wall, extensional fault zones outcrop on 
well exposed NW-dipping panels. These upright faults 
are NE-striking, and affect a rather massive carbonate 
sequence with thin interbedded layers of marls. Although 
these faults are steeply-dipping to upright, offset of beds 
and associated fault drag are unequivocally extensional, 
with development of hanging-wall synclines, footwall 
anticlines, and breached monoclines, accompanied by bed 
thinning and stretching along fault zones and around the 
fault-tip regions (e.g. Schlische, 1995; Hardy and McClay, 
1999; Fig. 10A, B). Their cut-off angles to bedding are 
remarkably high (i.e. above 60º) and no significant tilting 
of beds is observed away from the dragged areas.
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fault
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E xtens ional fault T hrus t fault
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by-pass
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FIGure 8. The structure of the Central Zone (CZ) consists of two 
major concave-to-the-NW extensional faults (thick red lines) 
bounding a series of faulted and dismembered NW-dipping beds. 
Backpack on the gravel beach for scale. See Figure 2 for location. 
Lower hemisphere equal area projection of great circles to faults and 
poles to bedding.

FIGure 9. Pictures of the Conejera Fault hanging-wall pseudo-
flower. The structure is bound to the NW by the concave-to-the NW 
extensional fault of the Central Zone (Fig. 8) and to the SE by a basal 
SE-directed back-thrust. The pseudo-flower is constituted by a series 
of NW- and SE-directed thrusts and open to tight folds detached in 
the marl and organic rich layers. A) General view of the outcrop. B) 
Detail of the SE-directed by-pass thrust, and a rotated extensional 
fault located in its footwall that affects the Buerres Mb. Yellow 
notebook for scale. For location, see respectively Figures 2 and 9A.
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The NW-dipping layers of the Buerres Mb. also show 
a well-developed network of joints and incipient faults 
(Fig. 10B). This fault-fracture network is constituted by: 
three joint sets striking ESE-WNW, N-S and NW-SE (i.e. 
hereafter referred to as sets 1, 2 and 3, respectively; see 
Fig. 10B, C), along with the above-mentioned set of NE-
striking faults. The mesostructural fracture pattern formed 
by joint sets 1, 2 and 3 is not straightforward to recognise as 
a limited deviation from near mutual perpendicularity can 
be observed on the stereoplot (Fig. 10C). In outcrop, set 1 
is the best developed, with longer thoroughgoing joints (i.e. 
systematic set), whereas joints belonging to sets 2 and 3 
commonly abut against set 1 (i.e. cross-joint sets). In fact, 
sets 1 and 2 are also perpendicular to bedding as it can be 
appreciated in the stereoplot projection depicted in Figure 
10C, (i.e. poles to bedding lie on the joints’ big circles 

intersection). The pattern displayed by bedding and the 
joint sets 1 and 2 gives place to an orthogonal cross-joint 
assemblage (e.g. Gross, 1993; Bai et al., 2002). In addition, 
joints belonging to set 1 have attained some vertical 
displacement that dies out at their tips (Fig. 10D). Joints 
belonging to set 3 are at high angles to bedding, but slightly 
deviate from near mutual perpendicularity with set 1.

To further investigate the observed mesostructural 
pattern, bedding along with the four fracture sets has been 
restored to its pre-extension and pre-shortening attitude by 
rotating the NW-dipping bedding (along with the fractures) 
back to the horizontal (Fig. 10E). Once bedding is restored, 
joint sets 1 and 2 become upright, normal to bedding, and 
clearly mutually perpendicular (Fig. 10E). Set 1 becomes 
ESE-striking (i.e. striking about N100E), whereas set 2 
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FIGure 10. Structure of the Buerres Mb. in the Conejera Fault hanging-wall. A) Cross-section view along the southeast part of the Conejera cove 
outcrop showing the general structure of the Buerres Mb. limestones and their relationship with the overlying Santa Mera Mb. layers. Yellow notebook 
for scale. B) Frontal view of a of a Buerres Mb. limestone bedding surface showing 3 joint sets, some incipient extensional faults and the drape 
folds developed over one of the larger extensional faults outlined in Figure 10A; C) Stereoplot with the present day orientation of joints (black, green 
and blue great circles), faults (red great circles) and poles to bedding. D) Detail of the orthogonal cross-joint system, with a mesofault developed by 
linkage and reactivation these joints. E) Stereoplot with the orientation of joints and faults once bedding is restored to the horizontal. All projections 
are lower hemisphere equal area stereoplots.
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becomes NNE-striking (i.e. striking about N015E). On 
the other hand, set 3 joints become NNW-striking and 
steeply ENE-dipping, and not perpendicular to bedding. 
Faults become NE-striking, NW-dipping, and oblique to 
all joint sets. These joints are folded over the hanging-wall 
synclines and footwall anticlines associated to these NE-
striking extensional faults, providing key relative-timing 
constraints. A proposed origin for the described fracture 
pattern is addressed in the following section.

DISCUSSION

Extensional kinematics of the Conejera Fault blocks

Lack of a well-developed suite of fault zone striations 
or any fault structures with kinematic meaning hampers 
proper assessment of the Conejera Fault kinematics. 
However, we have been able to broadly differentiate two 
deformation episodes from the mesostructural deformation 
pattern of the Conejera Fault and related hanging-wall 
and footwall blocks (Fig. 11). The observed deformation 
pattern corresponds to that of an extensional fault whose 
hanging-wall and footwall have undergone compressional 
deformation. But once the post-extensional deformation is 
removed, several key features can be highlighted. In the 
footwall, we have found evidence of the development of 
a fault-damage zone, including pressure solution seams 
parallel to bedding, conjugate extensional faults and 
bed-parallel shearing; both are consistent with a vertical 
principal stress: the first probably related to burial, and 
the last two associated with extensional kinematics. In the 
hanging-wall, the steeply-dipping to overturned, and the 
concave-to-the NW faults, become oppositely-dipping to 
the Conejera Fault and display a clear extensional offset 
upon restoration. Similar structural styles and kinematics 
have been defined in other inverted rift settings (McClay 
et al., 1989; Carrera et al., 2006) and in sandbox analogue 
models of positive basin inversion (McClay, 1989, 1995; 
Granado et al., 2017). The geometry of the exposed 
hanging-wall extensional faults corresponds to a ramp-flat-
ramp style; minor changes in the stratigraphy of the Santa 
Mera Mb. across these mesoscale extensional faults have 
been found, suggesting a certain control of faulting in the 
sedimentation of the Santa Mera Mb.

In addition, four fracture systems have been appreciated 
in the Buerres Mb. of the Conejera Fault hanging-wall block 
(i.e. joint sets 1, 2, 3 and faults). Once bedding is restored 
to the horizontal, it becomes clear that sets 1 and 2 are both 
mutually perpendicular as well as normal to bedding (Fig. 
10). As revealed by our structural analysis, once rotated, 
these joint sets are neither parallel nor perpendicular to the 
NE-striking Conejera Fault and the other extensional faults 
in its footwall and hanging-wall. In the simplest plane 

strain case scenario, the observed orthogonal cross-joint 
system deviates from a theoretically expected assemblage 
related to extension (i.e. one joint set normal to the main 
extensional faults, and one set parallel to them; Jaeger and 
Cook, 1979; Fossen, 2016). In addition, the joints are also 
folded by the drape folds developed above the extensional 
faults in the Conejera hanging-wall Buerres Mb. layers, 
thus, indicating that these joints pre-date layer titling and 
the extensional faulting. Careful observation also indicates 
that the hanging-wall NE-striking normal faults developed 
by linkage of this orthogonal cross-joint system too (Fig. 
10E). These observations support a growth model from 
joints to sheared joints evolving into extensional faults 
(e.g. Wilkins et al., 2001).

Contractional kinematics

The contractional deformation pattern in the Conejera 
fault blocks is represented by a system of contractional 
folds, thrusts and pressure solution seams with a 
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predominant NE to ENE trend (Figs. 11; 12). The normal 
stratigraphic separation observed for the Conejera Fault 
and the shortening distribution in the hanging-wall and 
footwall blocks indicate that the contractional reactivation 
of the Conejera Fault was limited or even not mechanically 
favourable. The described contractional deformation has 
been strongly controlled by: i) the mechanical stratigraphy 
contrasts between the upper and lower members of the 
Rodiles Fm. and ii) the inherited extensional architecture. 
The contractional deformation pattern is, therefore, broadly 
consistent with a buttressing deformation style (e.g. Butler, 
1989). Upon shortening, folding of the multilayered Santa 
Mera Mb., development of footwall- and hanging-wall 
directed thrusts (McClay, 1989) and associated thrust-
related folding took place (Fig. 12A). The Conejera 
Fault blocks also attained bulk strain close to the fault as 
indicated by pressure solution seams in both the hanging-
wall and footwall. The orientation of this pressure solution 

is consistent with shortening parallel to bedding. In the 
footwall block, pressure solution was concentrated on 
the planes of previously developed conjugate extensional 
faults, as well in other planes normal to bedding (Fig. 
5). The relationships between these reactivated faults, 
and solution seams and the footwall bedding suggest 
that pressure solution developed during the layer-parallel 
shortening prior to the northwards tilting of the footwall 
beds.

In the absence of fault plane striations on the Conejera 
Fault, the attitude of these pressure solution seams and 
the orientation of the compressive folds and thrusts in the 
hanging-wall can be used as a proxy for the direction of 
Alpine convergence. Lack of any remarkable strike-slip 
related structure within the studied fault zones, along with 
the substantial parallelism between the extensional faults 
and the contractional structures (Figs. 4; 5; 6), suggest 
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that Alpine shortening could have been oriented at high 
angles to the NE-striking faults (Fig. 12B). However, 
the orientation of these contractional structures may also 
result from a local reorientation of the regional maximum 
compressive stress (i.e. σ1) near the pre-existing NE-
striking Conejera Fault.

Regional contextualization

Normal offset across the Conejera Fault took 
place either in Middle Jurassic times, based on minor 
stratigraphic thickness changes in the Dogger series 
(Uzkeda et al., 2013), or during the Upper Jurassic-
Lower Cretaceous rifting episode (Valenzuela et al., 
1986; Lepvrier and Martínez-García, 1990). Although 
the relationships between the Kimmeridgian strata, the 
Lower-Middle Jurassic carbonates and the Conejera Fault 
are not fully exposed on the studied section, we favour 
the Upper Jurassic-Lower Cretaceous age for the main 
extensional movement based on its regional evidence. 
Unconformities revealed by seismic data in the offshore 
domain, indicate the onset of compressional deformation 
in the Asturian Basin as early as late Santonian (Upper 
Cretaceous) protracting until the Miocene (Riaza-Molina, 
1996; Gallastegui, 2000; Ferrer et al., 2008). Onshore, 
Alonso and Pulgar (2004) and De Vicente et al. (2007) 
indicated movement along NE-striking basement-involved 
faults during Alpine compression with both NW- and SE-
directed reverse fault kinematics. The activity of some of 
these onshore basement-involved faults is dated as post 
lower Oligocene based on the ages of the overridden 
footwall strata (De Vicente et al., 2007). Given the lack 
of a sedimentary record of these ages around the Conejera 
cove, the time of contractional deformation cannot be 
precisely determined. 

One interesting outcome of our work comes from 
the hanging-wall pattern of joints. Joints are commonly 
used to decipher the orientation of the regional stress 
field, its temporal and spatial evolution (see Engelder 
and Geiser, 1980; Dyer, 1988; Olson and Pollard, 1989; 
Bai et al., 2002). Given the here demonstrated relative-
timing deformation pattern at Conejera cove, and the 
well-constrained timing of events in the Asturian Basin 
and Bay of Biscay (e.g. Sibuet et al., 1971, 2007; Arthaud 
and Matte, 1977; Boillot, 1984; Valenzuela et al., 1986; 
Dallmeyer and Martínez-García, 1990; Lepvrier and 
Martínez-García, 1990; Álvarez-Marron et al., 1996; 
Gallastegui, 2000; Ferrer et al., 2008; Roca et al., 2011; 
Grobe et al., 2014; Tugend et al., 2014), the best plausible 
timing for the generation of the observed orthogonal cross-
joint pattern (i.e. sets 1 and 2) should correspond to the 
incipient stages of Late Jurassic-Early Cretaceous rifting 
(Fig. 12 C). Once rotated, set 1 joints strike ESE-WNW (i.e. 
about N100E), almost parallel to the E-trending Asturian 

Basin axis and the main basin bounding faults (i.e. the 
onshore Llanera and Ribadesella faults), whereas the joint 
set 2 becomes roughly perpendicular to these faults (i.e. 
NNE-SSW; Fig. 12D). The presence of two perpendicular 
sets of joints striking about N015E and N100E allows 
defining the regional stretching direction. Because these 
two mutually perpendicular sets represent a classical 
orthogonal pattern, they can be interpreted as having 
developed in areas -or during periods- of negligible stress 
perturbation. Therefore these joints must have developed 
in the suprasalt sedimentary cover, prior to the reactivation 
of the underlying basement faults. Thus, the regional 
σ3 would have been parallel to the predominant N015E 
extensional fracture set, very similar to the stretching 
direction suggested by Tavani and Muñoz (2012) in the 
Basque-Cantabrian Basin (i.e. N020E). Given the scarcity 
of similar studies in the Asturian Basin, we compare here 
our results to previous mesostructural studies from other 
Late Jurassic-Early Cretaceous basins of North Iberia, 
such as the Basque-Cantabrian and the Cameros basins 
(Fig. 13). In this regard, Soto et al. (2008) and Oliva-Urcia 
et al. (2013) define by means of the AMS technique (i.e. 
Anisotropy of the Magnetic Susceptibility) a predominant 
NE- to N-stretching direction that they assign to the Late 
Jurassic-Early Cretaceous development of these basins, an 
interpretation that is in good agreement with that presented 
in this work.

The origin of the NNW-striking joints of set 3 remains 
speculative, though. Set 3 joints share a similar orientation 
to those reported by Uzkeda et al. (2016) for the Asturian 
Basin; they could be considered as belonging to the same 
fracture system as set 2 and constitute as well part of 
the abutting joints of the orthogonal cross-joint system. 
However, set 3 joints are not perfectly perpendicular to 
bedding nor to set 1 joints. For this reason, set 3 joints could 
correspond to: i) the same Late Jurassic-Early Cretaceous 
rifting, or ii) the early Alpine shortening which would have 
been parallel to this joint set, and, therefore, indicating a 
SSE-directed direction of shortening.

CONCLUSIONS

The studied structures at Conejera cove correspond to 
the Conejera Fault and its hanging-wall and footwall blocks. 
The Conejera Fault is a NE-striking cover extensional fault 
detached along the uppermost Triassic to lowermost Jurassic 
evaporites, and may have been kinematically-linked to a 
basement-involved fault located beneath these evaporites. 
Although the Conejera Fault displays an extensional offset, the 
observed structural styles and deformation patterns indicates 
that the hanging-wall and footwall blocks have undergone 
contractional deformation during Alpine shortening. Field 
observations and structural analysis have revealed as well 
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that: i) onset of extensional faulting may have started as early 
as coeval to the sedimentation of the Santa Mera Mb. Such 
extensional architecture imposed a significant control on the 
subsequent compressional deformation, broadly decoupling 
deformation between the Santa Mera and the Buerres mbs., ii) a 
system of orthogonal cross-joints oblique to the Conejera Fault 
and other major onshore faults was developed in the incipient 
stages (i.e. pre-faulting) of Late Jurassic-Early Cretaceous 
rifting as a response to the remote stretching stress field, iii) 
a second system of meso-extensional faults parallel to the 
Conejera Fault was subsequently developed by the reactivation 
and linkage of the orthogonal cross-joints system, iv) a system 
of contractional folds, thrusts and pressure solution seams with 
a predominant NE to ENE trend was developed during the 
following shortening phase, v) an obliquity between the here 
inferred direction of Late Jurassic-Early Cretaceous stretching 
(i.e. about N015E) and the onshore boundary faults of the 
Asturian Basin is indicated. The contractional structures are 
broadly parallel to the NE-striking Conejera Fault and suggest 
a roughly SSE- to SE-oriented Alpine convergence.
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