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Abstract 14 

We constructed a geological map, a 3D model and cross-sections, carried out a structural analysis, 15 

determined the stress fields and tectonic transport vectors, restored a cross section and performed a 16 

subsidence analysis to unravel the kinematic evolution of the NE emerged portion of the Asturian 17 

Basin (NW Iberian Peninsula), where Jurassic rocks crop out. The major folds run NW-SE, normal 18 

faults exhibit three dominant orientations: NW-SE, NE-SW and E-W, and thrusts display E-W 19 

strikes. After Upper Triassic-Lower Jurassic thermal subsidence, Middle Jurassic doming occurred, 20 

accompanied by normal faulting, high heat flow and basin uplift, followed by Upper Jurassic high-21 

rate basin subsidence. Another extensional event, possibly during Late Jurassic-Early Cretaceous, 22 

caused an increment in the normal faults displacement. A contractional event, probably of Cenozoic 23 
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age, led to selective and irregularly distributed buttressing and fault reactivation as reverse or strike-24 

slip faults, and folding and/or offset of some previous faults by new generation folds and thrusts. 25 

The Middle Jurassic event could be a precursor of the Bay of Biscay and North Atlantic opening 26 

that occurred from Late Jurassic to Early Cretaceous, whereas the Cenozoic event would be 27 

responsible for the Pyrenean and Cantabrian ranges and the partial closure of the Bay of Biscay. 28 

 29 

Keywords 30 

Normal fault, reverse fault, reactivated fault, inversion tectonics, basin inversion, Jurassic, Asturian 31 

Basin 32 

 33 

1. Introduction 34 

The Asturian Basin is a Permian-Mesozoic extensional basin, located in the NW portion of the 35 

Iberian Peninsula, partially inverted during the Cenozoic as a result of an Alpine age contractional 36 

event that caused the elevation of the Cantabrian Mountains, the formation of the Pyrenean chain to 37 

the E and the partial closure of the Bay of Biscay to the N (Figure 1). The main features of this 38 

basin have been previously described, however, there is still a lack of understanding of the 39 

relevance as well as the precise age of the extensional and contractional structures that define the 40 

current framework of the basin, especially of its eastern sector (e.g., Beroiz et al., 1972a, 1972b; 41 

Pignatelli et al., 1972; Suárez Rodríguez, 1988; Lepvrier and Martínez-García, 1990; Riaza Molina, 42 

1996; Alonso et al., 2009; Cadenas, 2013; Martín et al., 2013; Uzkeda, 2013; Uzkeda et al., 2013). 43 

In order to characterize the different structures and the modes of inversion, relating them to the 44 

influence exerted by old extensional faults as well as the behaviour of inherited structures, we 45 

constructed a geological map, a 3D model and several cross sections, and performed a structural 46 

analysis of the study area, that is, the NE emerged portion of the Asturian Basin where Jurassic 47 
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rocks crop out (Figure 1). In addition, we attempted to gain insight regarding the evolution of the 48 

Asturian Basin by carrying out a comprehensive analysis of the study area which includes 49 

determining the tectono-thermal regime, the stress field, the tectonic transport vectors and the 50 

amounts of extension and contraction during the different events. 51 

Apart from the purely scientific perspective, the Jurassic rocks exposed in the study area are also 52 

interesting from the points of view of hydrogeology (Menéndez Casares et al., 2004), engineering 53 

geology (Gutiérrez Claverol et al., 2008), hydrocarbon source rocks with type II kerogen (Soler et 54 

al., 1981; Valenzuela et al., 1986; Valenzuela, 1988; Suárez-Ruiz, 1989; García-Ramos and 55 

Gutiérrez Claverol, 1995; Suárez-Ruiz and Prado, 1995; Riaza Molina, 1996; Borrego et al., 1997; 56 

García-Ramos et al., 2006, 2008; Bádenas et al., 2013), jet jewellery (e.g., Campón et al., 1978; 57 

Suárez-Ruiz et al., 2006; García-Ramos et al., 2008), vertebrate dinosaur palaeontology (Ruiz-58 

Omeñaca et al., 2006; Lockley et al., 2007) and heritage protection and conservation (Carcavilla et 59 

al., 2010; García-Ramos, 2013). Unravelling the structure of these rocks is also important because a 60 

hydrocarbon investigation permit has been requested by an oil company to explore the subsurface 61 

beneath the study area, which, in turn, belongs to a Spanish State reserve acreage for CO2 storage. 62 

 63 

2. Geological setting 64 

The studied area is situated in the NE part of the emerged portion of the Asturian Basin (Figure 1), 65 

located in the N continental margin of Iberia. This basin has an infilling of Permian-Mesozoic 66 

materials unconformably overlying a Palaeozoic basement of Cambrian to Carboniferous age. 67 

These basement rocks are involved into a fold-and-thrust belt located in the foreland of the Variscan 68 

Orogen of W Iberia, known as Cantabrian Zone, generated mainly during the Carboniferous. The 69 

Cantabrian Zone, as well as hinterland portions of the orogen, displays an orocline geometry around 70 

an approximately E-W axis called Asturian or Ibero-Armorican Arch and the Asturian Basin sits on 71 

top of the N branch of the arch. The basement, as well as the Permian and part of the Mesozoic 72 
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deposits, have undergone diverse extensional episodes related to a Permian-Triassic continental 73 

rifting (e.g., Suárez Rodríguez, 1988; Lepvrier and Martínez-García, 1990; Riaza Molina, 1996; 74 

García-Ramos, 1997) and to the Late Jurassic-Early Cretaceous opening of the Bay of Biscay and 75 

North Atlantic (e.g. Lepvrier and Martínez-García, 1990; Riaza Molina, 1996; Aurell et al., 2002, 76 

2003; Uzkeda et al., 2013). These rocks, in conjunction with the remaining Mesozoic and Cenozoic 77 

deposits, were deformed during the Alpine contraction resulting from the convergence of the 78 

Iberian and Eurasian plates that, in this region, took place during the Cenozoic (Alonso et al., 1996; 79 

Riaza Molina, 1996). It caused uplift and partial inversion of the Asturian Basin through 80 

reactivation of previous structures (e.g., Julivert et al., 1971; Lepvrier and Martínez-García, 1990; 81 

Alonso et al., 1996; Riaza Molina, 1996; Pulgar et al., 1999; Uzkeda et al., 2013). The evolution of 82 

the area continued with the episodic uplift of marine abrasion platforms (Flor, 1983; Mary, 1983; 83 

Álvarez-Marrón et al, 2008 amongst others) and neotectonic activity such as occasional outcrop-84 

scale faulting (Gutiérrez Claverol et al., 2006) and small magnitude earthquakes (López-Fernández 85 

et al., 2004). 86 

 87 

3. Stratigraphy 88 

Five Jurassic lithostratigraphic units were identified in the study area, one of them divided into two 89 

members. From older to younger they are (Figure 2): 90 

1) The Gijón Fm. has a Rhaetian (Upper Triassic) to Lower Sinemurian age (Suárez Vega, 1974; 91 

Barrón et al., 2002, 2006). It is a 250 m thick predominantly carbonate unit (grey limestones, 92 

magnesian limestones and dolostones) with several levels of claystones and marls, evaporites and 93 

dissolution carbonate breccias. The recorded facies associations can be interpreted as deposited in a 94 

sabkha to hypersaline coastal lagoon environment in a tidal flat system, gradually evolving to a 95 

bioclastic and oolitic bar-lagoon complex (Valenzuela et al., 1986; Aurell et al., 2002; González et 96 

al., 2004; García-Ramos et al., 2006). 97 
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2) The Rodiles Fm., which is assigned to the Upper Sinemurian to Lower Bajocian (Suárez Vega, 98 

1974), is divided into the Buerres and the overlying Santa Mera members (Valenzuela et al., 1986). 99 

The Buerres Mb. has an Upper Sinemurian age (Suárez Vega, 1974; Comas Rengifo and Goy, 100 

2010; Goy et al., 2010), consists of alternations of grey nodular limestones and less abundant marls, 101 

and its thickness is around 61 m. The age of the Santa Mera Mb. ranges from Pliensbachian to 102 

Lower Bajocian, although the age of its top varies from Lower Pliensbachian to Lower Bajocian 103 

(Suárez Vega, 1974; Fernández-López and Suárez-Vega, 1981). It is an alternation of grey marls 104 

and limestones with similar abundances of both lithologies (Bádenas et al., 2012), including 105 

important levels of black shales of Pliensbachian and Lower Toarcian age (García-Ramos et al., 106 

1992, 2011; Suarez-Ruiz and Prado, 1995; Bádenas et al., 2013). The thickness of Santa Mera Mb. 107 

ranges from 50 m to over 152 m. The Rodiles succession was deposited on a carbonate ramp at 108 

diverse depths, from above fair weather wave base to below storm wave base. The black shale 109 

episodes accumulated in local intrashelf depocentres possibly generated by differential subsidence 110 

due to vertical movements. 111 

3) The Vega Fm. has been attributed to the Kimmeridgian (Schudack and Schudack, 2002). It is a 112 

130 m thick unit composed of alternating white, grey and reddish sandstones, with red mudstones 113 

and some conglomeratic beds, ordered in minor fining-upward cycles. They represent fluvial 114 

deposits formed by ephemeral and highly sinuous streams separated by inter-channel areas with 115 

calcareous paleosols (calcretes) (Gutierrez and Sheldon, 2012) and sporadic ponds with high 116 

microbial activity which gave rise to grey limestones with oncoids. These ponds were partly fed by 117 

a number of freshwater carbonate-rich springs coming from faulted zones that affected the 118 

limestones and dolomites of the underlying Jurassic units (García-Ramos et al., 2010a, Arenas et 119 

al., 2015; Delvene et al., 2016; Lozano et al., 2016). This unit lies unconformably over the Rodiles 120 

Fm. 121 

4) The Tereñes Fm. was deposited during the Late Kimmeridgian (Schudack and Schudack, 2002). 122 

This unit is formed by dark grey marls with interbedded shell beds of brackish invertebrate fauna 123 
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(bivalves, gastropods and ostracods) and, more sporadic, grey sandstones and limestones. Several 124 

beds with high concentrations of organic matter are common in its lower part forming black shales. 125 

The sedimentary environment responsible for this unit is a shelf lagoon separated from the open 126 

ocean by a threshold or barrier of tectonic origin that impeded the entry of stenohaline fauna 127 

(García-Ramos et al., 2010b; Fürsich et al., 2012). Its thickness oscillates between 60 and 160 m, 128 

possibly because of transition to the Vega and Lastres formations and fault activity simultaneous 129 

with its deposition. 130 

5) The Lastres Fm., Kimmeridgian in age (Dubar and Mouterde, 1957; Olóriz et al., 1988; 131 

Schudack and Schudack, 2002), is composed of sandstones, mudstones and marls with occasional 132 

conglomeratic lenses. The depositional environment consists of coastal wetlands including fluvial-133 

dominated deltas prograding on a shelf lagoon. The short-term transgressive events are recorded by 134 

laterally extensive shell beds with abundant bivalves and gastropods (Valenzuela et al., 1986; 135 

García-Ramos et al., 2006). The minimum thickness of this formation is about 350 m. 136 

 137 

4. Map-scale structure 138 

Detailed geological mapping and structural data collection (Figure 3) were carried out. Both were 139 

the foundation for the construction of a 3D structural model (Figure 4) created using the dip-140 

domains method in 3D (Fernández et al., 2004). Both the geological map and the 3D model were 141 

employed to generate several geological cross-sections. In addition, we performed a geological 142 

photointerpretation of detailed aerial photographs of the tidal portion of the coast, shot from a small 143 

plane, to improve the geological map and study the orientation of the fractures (faults and joints). 144 

Since bedding usually dips from 10° to 25° to the NE in the study area, rocks become progressively 145 

older landwards, i.e. to the SW (Figure 3). However, close to some faults beds there are sub-vertical 146 

dips. 147 
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Most map-scale faults included in the 3D geological model exhibit normal displacements (Figure 148 

4). The normal faults strike typically NW-SE, NE-SW and E-W to ESE-WNW (Figures 3 and 5a). 149 

The two largest faults mapped, located in the E of the study area, strike NW-SE and are illustrated 150 

in cross-sections A-A’ and B-B’ (Figure 6). The one located to the NE also appears in cross-section 151 

C-C’, whereas the other does not as it bends to an E-W direction just to the S of cross section line 152 

B-B' (Figure 3). The southwestern fault dips about 60º-70º to the NE, whereas the northeastern fault 153 

dips about 50º to the SW, although its dip decreases in cross section C-C’. The northeastern fault, 154 

which exhibits more displacement than the southwestern fault, is interpreted as the main one with 155 

the other one as a related antithetic fault. The maximum fault displacement (around 250 m) occurs 156 

in section B-B' decreasing along strike. Normal faults with NE-SW strikes are especially abundant 157 

in the western sector of the study area. The best map-scale examples are two faults that crop out 158 

along La Conejera Inlet and dip in opposite senses (Figure 3 and section 1-1’ in figure 7). The 159 

northwestern fault dips about 55º-75º to the SE and displays a fault separation of 60-65 m, whereas 160 

the southeastern fault dips from 45º to 80º to the NW and has a fault separation of 45 m. The two 161 

most significant E-W to ESE-WNW faults at map-scale are located at El Sable and Lastres beaches, 162 

to the N and to the E of the study area respectively (Figure 3, sections A-A’ and B-B’ in figure 6, 163 

and sections 2-2’ and 4-4’ in figure 7). The northern one dips around 70º to the N and exhibits a 164 

normal fault displacement of about 45 m, and the eastern one dips around 50º to the N and its 165 

estimated displacement is about 100 m. 166 

Reverse faults are much less abundant than normal faults and run mainly E-W (Figure 5b). 167 

Cartographic-scale, reverse faults can be found in the eastern portion of the study area at the Lastres 168 

Beach and to the E of La Griega Beach (Figure 3). These faults dip from moderately to steeply to 169 

the N and exhibit displacements around 10-15 m (sections B-B’ and C-C’ in figure 6). 170 

Concerning the folds, they have orientations similar to those of the faults. Except for the smooth 171 

folds parallel to the NE-SW faults that crop out at La Conejera Inlet located to western part of the 172 

studied area, and the WNW-ENE syncline that crops out at the Lastres and La Griega beaches to the 173 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
 
 
 

ACCEPTED MANUSCRIPT

8 

E of the study area, cartographic-scale folds display NW-SE axial traces (Figure 3). One of the most 174 

significant NW-SE folds runs from the Lastres Beach to El Sable Beach. In the hangingwall of a 175 

large NW-SE normal fault described above, bed dips increase as approaching the fault, reaching 176 

values close to 40º and depicting a rollover anticline geometry (sections A-A’ and B-B’ in figure 6, 177 

and section 4-4’ in figure 7). The fold is a gentle (interlimb angle about 150º), rounded and 178 

relatively asymmetric structure with a steeper northeastern limb. Other NW-SE, map-scale folds 179 

have been mapped in the central sector of the study area (Figure 3). They are gentle (interlimb 180 

angles over 160º), upright structures with rounded geometry and low half-wavelength/amplitude 181 

ratio (section 3-3’ in figure 7). 182 

 183 

5. Minor scale structures 184 

5.1. Faults 185 

5.1.1. Normal faults 186 

Most faults in the studied area are normal faults. They show four preferred orientations: NE-SW, 187 

NW-SE, E-W and NNW-SSE (Figure 8a), similar to the larger scale ones (Figure 3). The kinematic 188 

indicators identified on the fault surfaces (striae) of all the different sets indicate an approximately 189 

dip-slip movement. The NE-SW set is frequent in the western part of the study area, being relatively 190 

scarce in the rest. Their strikes range from N040E to N070E and they dip from 45º to 90º to both the 191 

NW (more common) and the SE. The NW-SE faults are the most numerous in the eastern portion of 192 

the study area. They strike from N030W to N060W and dip between 35º to almost vertical to the 193 

NE (more frequently) and to the SW. Much less common are the E-W faults, which may dip 194 

between 45º and 90º either to the S or, more commonly, to the N. The least abundant normal faults 195 

are the NNW-SSE ones, which are mainly restricted to the southeastern portion of the studied 196 

region. They strike around N010W and dip from 40º to 80º to the E and to the W. 197 
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5.1.2. Reverse faults 198 

The reverse faults have a dominant E-W strike, ranging from N060E to N110E, with a maximum 199 

between N070E and N080E (Figure 8b). Their dips, both to the N (more common) and to the S, 200 

have a wide range, from 5º to about 80º. Their kinematic indicators (striae) point out a dip-slip 201 

movement, although a small strike-slip component has been identified on some fault surfaces. There 202 

are other reverse faults with strikes such as NE-SW, NW-SE and even N-S, much less frequent than 203 

the E-W faults (Figure 8b). The NE-SW faults, whose strikes vary from N020E to N060E, dip both 204 

to the NW and to the SE (more commonly) between 10º and almost 70º. The only recorded striae 205 

indicate a dip-slip movement with a slight right-lateral strike-slip component. Two NW-SE reverse 206 

faults dipping to the SW (30º and 80º) have been measured. Only one N-S reverse fault, whose dip 207 

is 75º to the E, has been recognized in the field. 208 

5.1.3. Right-lateral faults 209 

These dextral faults commonly strike NW-SE, dipping around 50º to both the NE and the SW 210 

(Figure 8c). It is possible that these right-lateral faults correspond to reactivated normal faults since 211 

faults with this orientation showing two superposed movements are described below. There are also 212 

WNW-ESE faults to the W of the study area, whereas in the eastern region faults have NNW-SSE 213 

strikes. The WNW-ESE faults strike from N040W to N090W and dip to both the N and the S with 214 

values over 55º. Their striae indicate almost pure strike-slip movements. The NNW-SSE faults are 215 

less frequent, exhibit strikes ranging from N000E to N040W and dip mainly to the W between 40º 216 

to almost vertical, being more common the higher values. Their surfaces contain strike-slip striae 217 

with a minor dip-slip, commonly reverse, component. 218 

5.1.4. Left-lateral faults 219 

The most common left-lateral faults strike NE-SW, although faults with NNE-SSW orientation 220 

occur as well (Figure 8d). This strike coincides with one of the orientations for the normal faults. It 221 

is therefore possible that some of them resulted from reactivation of older normal faults. The NE-222 
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SW faults strike around N060E and dip to both the SE and the NW, with values that vary from 40º 223 

to 70º. Their striae indicate a strike-slip movement which can have a small reverse dip-slip 224 

component. The NNE-SSW faults have strikes ranging from N010E to N020E and dips over 60º to 225 

the W or E. 226 

5.2. Reactivated faults 227 

5.2.1. Normal and right-lateral faults 228 

These faults show two sets of striae pointing to an old normal dip-slip movement and a later 229 

approximately pure strike-slip one (Figure 8e). Two fault sets have been identified: WNW-ESE and 230 

NNW-SSE. The WNW-ESE fault set is the most frequent and their dips range from 40º to 60º to the 231 

SSW. The NNW-SSE fault set is restricted to the eastern portion of the study area and dip around 232 

50º-65º to the WSW. Despite the lack of superposed kinematic indicators associated with the 233 

cartographic-scale normal faults with these strikes (Figure 3), they might have been also reactivated 234 

as right-lateral faults.  235 

5.2.2. Normal and left-lateral faults 236 

Their predominant strike is NE-SW (Figure 8f), coincident with that of some major normal faults 237 

which might have also undergone an approximately pure strike-slip reactivation. These faults dip 238 

between 35º and over 60º to the SE. Two other normal faults reactivated as left-lateral faults with 239 

different orientation were found, a N-S fault that dips around 50º to the E, and an E-W fault that 240 

dips 80º to the S. 241 

5.2.3. Normal and reverse faults 242 

Only two faults display kinematic indicators pointing to a normal displacement and a sub-parallel, 243 

approximately dip-slip reverse displacement. The first one is a WNW-ESE striking fault that dips 244 

steeply to the NNE, and the second one has a WSW-ENE strike and dips to the NNW (Figure 8g). 245 
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5.3. Folds 246 

More than 30 folds were analysed with sizes in the metric to decametric range (Figure 9). They are 247 

located preferentially in the hangingwalls of steep dipping faults. The fold axes and axial surfaces 248 

are sub-parallel to the strike of the faults, and in general, the fold axes are sub-horizontal and the 249 

axial planes sub-vertical. This spatial relationship between folds and faults might be regarded as a 250 

buttressing effect in some cases, so that the orientation of the folds would be controlled not only by 251 

the main stresses direction but also by the trend of the faults nearby. The folds measured have two 252 

preferred orientations: E-W and NE-SW. 253 

The E-W folds are the most abundant and exhibit fold axes ranging between WNW-ESE to WSW-254 

ENE (stations 2, 3, 5, 6, 8 to19 in figure 9 and figures 10a, 10b, 10c, 10d and 10f). In general, they 255 

are open to gentle folds with moderately dipping limbs, steeply inclined to sub-vertical axial planes 256 

and gently plunging to sub-horizontal fold axes. They are usually parallel, rounded and relatively 257 

symmetric folds, although examples of highly asymmetric folds occur as well (Figure 10c). One of 258 

the most representative examples of relationships between folds and E-W faults can be found at La 259 

Griega Beach in the southeastern part of the study area (stations 8 and 10 in figure 9). At locality 8 260 

a metre-scale anticline (Figure 10d) with two second-order folds (one syncline and one anticline) in 261 

its southern limb crop out (geological map and section A-A’ in figure 10f). All these folds are 262 

bounded by two sub-vertical E-W faults to the N and to the S. These folds are open and have 263 

steeply dipping to upright axial planes and gently plunging to sub-horizontal fold axes. The plunge 264 

of the metre-scale anticline is responsible for the scissor movement along the southern bounding 265 

fault (compare section A-A’ and B-B’ in figure 10f). We interpret that these folds resulted from a 266 

buttressing effect within the two sub-vertical faults. 267 

The best examples of NE-SW folds are located in the sunken block of a steeply dipping reverse NE-268 

SW fault to the W of La Griega Beach (station 7 in figure 9). The two anticlines are gentle folds 269 

slightly tighter than the open syncline in between them, especially the one close to the fault (Figure 270 
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10e). They exhibit steeply dipping (anticlines) to sub-vertical (syncline) axial planes and sub-271 

horizontal fold axes, except for one of the anticlines which plunges gently. All the folds are 272 

relatively rounded, parallel and symmetric structures; the northern limb of the southernmost 273 

anticline is sub-parallel to the fault. 274 

5.4. Joints 275 

In general, joints form orthogonal systems composed of two families (Figure 11) whose orientation 276 

varies depending on the region. To the E of the study area the two sets strike approximately N-S 277 

and E-W, whereas to the W they strike NW-SE and NE-SW. Joints are best developed in the 278 

limestones of the Rodiles Fm. and in the sandstones of the Vega Fm. The N-S joints strike between 279 

N030W and N020E, and dip from 65º to 90º both to the W (more commonly) and to the E. The E-280 

W joints appear typically accompanying the previous ones (Figure 8h). Their strikes range from 281 

N070E to N120E and they dip over 70º to the N or to the S. The NW-SE joints strike ranges 282 

between N040W and N070W, and they dip steeply (over 70º) mainly to the NE. The strike of the 283 

NE-SW joints, developed in the same outcrops as the previous ones, ranges from N030E to N060E 284 

and their dip between 70º and 85º both to the NW (more common) and to the SE. 285 

 286 

6. Tectonics-sedimentation relationships and age of structures 287 

The age of some faults has been deduced from: a) variation in the age of the top of the Rodiles Fm., 288 

b) thickness changes of the Rodiles and Tereñes formations, and c) occurrence of hot spring-related 289 

microbialites and associated breccias within the Vega Fm. 290 

6.1. NE-SW faults 291 

The age of the NE-SW normal faults located in La Conejera Inlet (Figure 3 and section 1-1’ in 292 

figure 7) has been estimated by comparison of two stratigraphic columns constructed by Suárez 293 

Vega (1974). In the uplifted fault block (footwall) the Rodiles Fm. top has an Upper Toarcian age 294 
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(Lower Jurassic), whereas in the sunken fault block (hangingwall) it reaches a Lower Bajocian age 295 

(Middle Jurassic) (section A-A´ in Figure 12). Additionally the hangingwall series is 30 m thicker 296 

than the footwall succession. This supports a possible normal fault activity during this period; the 297 

fault could have started to be active at some point between the Upper Toarcian and the 298 

Kimmeridgian (Late Jurassic), i.e., before the sedimentation of the unconformably overlying Vega 299 

Fm. (Uzkeda et al., 2013). In particular, it could have started in Aalenian times (Middle Jurassic), 300 

when rapid lateral facies and thickness changes, suggesting important fault reactivation, became 301 

common throughout the Asturian Basin (Fernández-López and Suárez Vega, 1974; Valenzuela et 302 

al., 1989). Considering the amount of present-day, normal displacement along this NE-SW fault, it 303 

must have also been active after the unconformity between the Rodiles and Vega Fm. Summarizing, 304 

this NE-SW fault would have been active during sedimentation of the upper part of the Rodiles Fm. 305 

before sedimentation of the Vega Fm. (from Late Early Jurassic to Late Jurassic) and again during 306 

or after sedimentation of the Vega Fm. 307 

6.2. NW-SE faults 308 

Two stratigraphic columns drawn by Suárez Vega (1974) around the Lastres and La Griega 309 

beaches, separated by a large NW-SE normal fault (Figures 3 and 6), show that the age of the 310 

Rodiles Fm. top in the uplifted fault block (footwall) is Middle Toarcian (Lower Jurassic), whereas 311 

it reaches the Lower Bajocian (Middle Jurassic) in the sunken fault block (hangingwall), where this 312 

stratigraphic unit is 30 m thicker (section B-B’ in Figure 12). Thus, the fault might have been 313 

synchronous with the sedimentation of the upper part of Rodiles Fm. (Middle Toarcian to Lower 314 

Bajocian) or posterior to its sedimentation and previous to that of the unconformably overlying 315 

Vega Fm. Therefore, this fault would have acted approximately at the same time as the NE-SW 316 

fault described above. The Tereñes Fm., of Kimmeridgian (Late Jurassic) age, also exhibits 317 

thickness variations on both fault blocks (sections A-A’ and B-B’ in figure 6); its thickness is about 318 

60-70 m in the footwall, whereas it is greater than 100 m in the hangingwall. In spite of the 319 

particular facies of the Tereñes Fm., this thickness change can be attributed to the activity of this 320 
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normal fault contemporaneous to the Tereñes Fm. deposition. This major fault also offsets the 321 

Lastres Fm.; thus, the fault would have also been active during or after the sedimentation of the 322 

Lastres Fm. We can conclude that this NW-SE fault would have been active continuously or 323 

intermittently during sedimentation of the upper part of the Rodiles Fm. and during sedimentation 324 

of the Tereñes Fm. (from Late Early Jurassic to Late Jurassic), and during or after sedimentation of 325 

the Lastres Fm. 326 

6.3. E-W faults 327 

Some E-W faults located in the Lastres and La Griega beaches (Figure 3) display evidence of 328 

having been active during deposition of the Vega Fm. According to García-Ramos et al. (2010a), 329 

Arenas et al. (2015) and Lozano et al. (2016) the carbonate deposits with abundant oncoids and 330 

associated breccias that crop out in this area within the Vega Fm. are related to fault activity for the 331 

following reasons: a) they consist of lacustrine and palustrine facies located close to the faults that 332 

are not typical of the arid environment responsible for the Vega Fm., requiring a carbonate-rich 333 

spring, fed by the underlying carbonate units; b) the breccias associated with the oncoids could be 334 

attributed to fault activity; and c) the orientation of the relatively high-gradient gullies associated 335 

with these spring-fed water currents is different from the main axial siliciclastic fluvial system in 336 

the region, pointing to a certain topographic control by the fault. Summarizing, these E-W faults 337 

would have been active during deposition of part of the Vega Fm. of Kimmeridgian age (Late 338 

Jurassic). 339 

6.4. Structural chronology 340 

In addition to the absolute ages of the main faults presented above, we have attempted to establish a 341 

relative timing for other structures developed in the study area. 342 

As the strike of some joints varies along the limbs and hinge of the folds but keep an approximately 343 

constant angular relationship with bedding (Figure 13a), we suggest that some joints might be older 344 

than some folds. Nevertheless, it could be that bedding acted as a mechanical anisotropy which 345 
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deflected the joint forming stresses, and therefore, joints would be younger than folds. No 346 

conclusive temporal relationships between joints and faults have been established. 347 

Unfortunately, we have not been able to identify field cross-cutting relationships between the 348 

different sets of normal faults. However, there is evidence of: a) normal faults reactivated as reverse 349 

and strike-slip faults (Figures 8e, 8f and 8g), b) normal faults cut and offset by thrusts (Figures 13b 350 

and 13c; Figure 11 in Alonso et al., 2009), and c) contractional folds and thrusts resulting from 351 

buttressing against older normal faults (Figure 10f; Figures 19a and 20 in Uzkeda et al., 2013). 352 

These three observations point to normal faults pre-dating the reverse and strike-slip ones. The 353 

temporal relationship between reverse and strike-slip faults is unclear. 354 

The temporal relationship between folds and faults is complex. Some folds have been interpreted as 355 

rollover folds contemporaneous with normal faults (sections A-A’ and B-B’ in figure 6, and section 356 

1-1’ in figure 7). However, it is also common to find normal faults offset along bedding planes as a 357 

consequence of flexural-slip occurred during folding and sets of originally parallel normal faults 358 

varying their dip depending on the structural position they occupy within a fold (Figure 13b) 359 

indicating that some folds, probably of contractional origin, postdate normal faults. We believe that 360 

contractional folds and reverse faults/thrusts are simultaneous in a broad sense because we have 361 

observed the following relationships: a) contractional folds developed after reverse faults/thrusts 362 

(figure 13b illustrates thrusts varying their dips as passing from one fold limb to the fold hinge and 363 

to the other fold limb); b) contractional folds coeval to reverse faults/thrusts (section B-B' in figure 364 

6 illustrates a fault-propagation fold related to a thrust verging to the SW); and c) contractional 365 

folds initiated before reverse faults/thrusts (in figure 13c a thrust offsetting both limbs of a syncline 366 

is displayed, so that the thrust is slightly folded by the syncline but much less folded than the rocks 367 

involved in the fold). 368 

To conclude, the temporal sequence of development of the structures from older to younger would 369 

broadly be: 1) extensional structures including various sets of normal faults and related folds 370 
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(rollovers), the NW-SE faults being the oldest set to initiate and the E-W faults the youngest set to 371 

develop; and 2) contractional structures including folds (some of them related to thrusts) developed 372 

slightly before, during and after the development of reverse faults and thrusts. The main effects of 373 

the contractional event on some of the previous extensional structures consisted of reactivation of 374 

extensional faults, extensional faults deformed by folds and offset by thrusts and buttressing effects. 375 

The strike-slip faults may have been active in a late period during the contractional event. 376 

 377 

7. Stress analysis 378 

We performed a stress analysis using the kinematic indicators collected on fault surfaces. Given that 379 

the area has undergone at least two different tectonic events, it is necessary to separate the data. The 380 

first group contains normal faults whose striae show approximately pure normal dip-slip movement, 381 

together with reactivated faults including two superposed generations of striae whose older motion 382 

corresponds to a normal slip. The second group is formed by faults whose kinematic indicators 383 

denote a reverse dip-slip or strike-slip movement, since we assumed that both movements took 384 

place during the same tectonic event, together with reactivated faults whose younger striae indicates 385 

reverse or strike-slip motion. We used the software FaultKin v. 5.2.4, developed by Richard W. 386 

Allmendinger, which is based on the kinematic method of Marrett and Allmendinger (1990). This 387 

software is appropriate for the study area because it is suited to regional studies in which the 388 

principal axes orientation is more important than their magnitudes. This software assumes that the 389 

principal incremental shortening and extension axes for a particular fault lay in the “movement 390 

plane” containing the slip vector and the normal vector to the fault plane, and at 45° to each of the 391 

vectors. The contouring of the shortening and extension axes of a fault array is carried out using the 392 

procedure of Kamb (1959). The directional maxima of the shortening and extension axes of the 393 

fault array is estimated using Bingham distribution statistics for axial data. 394 
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7.1. Stress field during the extensional event 395 

All the available extensional kinematic indicators have been plotted in Figure 14a. The main 396 

extensional axis would be almost N-S and sub-horizontal (007/07). Most of the fault P and T axes 397 

are within the correct field, thus, the principal axes calculated would explain reasonably well the 398 

different sets of normal faults mapped in the studied area. However, we also performed a stress 399 

analysis separating the kinematic indicators coming from three different regions to check whether 400 

we obtained a uniform field stress or local variations occur. To the W of the study area (Figure 14b) 401 

normal faults tend to be NE-SW and include NW-SE striae. The principal extensional axis obtained 402 

would plunge gently to the NNW (342/15). In the central area (Figure 14c) normal faults strike 403 

ESE-WNW to E-W and include NNE-SSW striae. The principal extensional axis obtained is almost 404 

N-S and sub-horizontal (195/09). To the E of the study area (Figure 14d) most of the faults strike, 405 

approximately, NW-SE and have NE-SW striae. The result is a principal extensional axis gently 406 

plunging to the NE (048/07). According to these results, we conclude that local deviations occur 407 

although the principal average extensional axis has a general N-S component. Several hypotheses, 408 

and combinations of them, can be proposed to account for this feature: a) the orientation of the 409 

stress field responsible for all the normal faults was approximately constant, but the orientation of 410 

the faults in each region was conditioned by local heterogeneities such as an inherited structural 411 

framework (Lepvrier and Martínez-García, 1990). b) The orientation of the stress field responsible 412 

for the normal faults was not constant but ranging from NNW-SSE to NE-SW. c) The present-day 413 

fault distribution was caused by large-scale folding along a sub-vertical axis located to the S of the 414 

study area that occurred before the contractional event, since the orientation of the compressional 415 

stress field is approximately constant all along the study area as shown below. Unfortunately, we 416 

have no data to support or discard these three options since: a) no pre-Jurassic rocks crop out in the 417 

study area to check the influence of inherited structures; b) no data are available to prove that a 418 

stress field with different orientations through time and/or space occurred; and c) no paleomagnetic 419 

data are available to check the occurrence of rotations about vertical axes. 420 
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7.2. Stress field during the contractional event 421 

Using all the available contractional kinematic indicators as input data we obtained a sub-horizontal 422 

N-S principal compressive axis (351/08) (Figure 14e). The presence of a moderately dipping 423 

intermediate principal axis would indicate a contractional setting with a marginal strike-slip 424 

component. We also performed a stress analysis for two separated regions. To the W of the study 425 

area the method provided a sub-horizontal N-S principal compressive axis (352/05) (Figure 14f). 426 

More to the E the analysis resulted in a sub-horizontal NNW-SSE principal compressive axis 427 

(344/05) similar to the previously obtained (Figure 14g). Thus, no variation of the principal 428 

compressive axis occurs within the study area. 429 

 430 

8. Restoration of a geological cross-section 431 

8.1. Choice of the geological cross-section 432 

A geological cross-section to be properly restored must contain the tectonic transport direction. 433 

Therefore in a region where the structural framework resulted from more than one tectonic event it 434 

is necessary to identify the tectonic transport vectors for each of the events. Thus, we analysed the 435 

fault kinematic indicators for the extensional event and those for the contractional event in the study 436 

area (Figure 15). Additionally, the folds were analysed separately, as it is not always possible to 437 

determine during which event they were formed. The general orientation of the tectonic transport 438 

directions deduced using fault kinematic indicators on normal fault surfaces is N-S, although it 439 

exhibits a local deviation towards the E of the study area. The kinematic indicators of reverse faults 440 

provide a range for the tectonic transport vector around a N-S direction. The strike-slip faults, many 441 

of which correspond to reactivated normal faults, yield wider ranges but most of them are consistent 442 

with the N-S direction. The minor fold axes, assumed to be perpendicular to the tectonic transport 443 

direction, indicate broadly a N-S tectonic transport direction with slight variations, from NNW-SSE 444 

to NNE-SSW (Figure 9). The axes of major (map-scale) folds point to a NE-SW tectonic transport 445 
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direction in the central portion of the study area that passes to NNW-SSE to the E and to the W of 446 

the study area  (Figure 15). 447 

The differences between the tectonic transport directions deduced for the extensional and 448 

contractional events are relatively small and range from NNE-SSW to NE-SW with an average 449 

direction around N020E-N030E. Thus, we constructed a geological section across the eastern part 450 

of the study area following this direction which, in addition, it is sub-perpendicular to the main 451 

faults and folds in this region (Figure 16a). This cross section has been included in a regional 452 

section across the Asturian Basin constructed using data from previous sections (e.g. Beroiz et al., 453 

1972a; Suárez Rodríguez, 1988; Alonso et al., 1996; Pulgar et al. 1999) (Figure 16b). The regional-454 

scale section shows that the Mesozoic sequence has a regional dip of 7º to the NNE in the study 455 

area and surrounding regions. Thus, the section across the study area has been rotated 7º following a 456 

counter clockwise sense looking WNW before its restoration (Figure 16a). 457 

8.2. Extension and shortening estimations 458 

The restoration to the pre-contractional post-extensional stage, carried out using the flexural slip 459 

algorithm, is founded on the following assumptions: 1) no variation in the main fault geometry 460 

during contraction took place, although fault tilting is allowed; 2) plane-strain deformation is 461 

assumed although it may not be completely true since a certain strike-slip component during the 462 

contractional event may have taken place in the case of faults oblique to the contractional tectonic 463 

transport direction; 3) the geometry of the hangingwall of the main fault during the extensional 464 

event was a rollover anticline. 465 

The restoration to the pre-inversion/post-extensional stage yielded a minimum shortening value of 466 

122 m (3% shortening). Comparing this restored stage with the total restoration an extension 467 

magnitude of 500 m can be estimated (13% extension). 468 

 469 
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9. Subsidence analysis 470 

We followed the strategy described in Allen and Allen (2013) amongst others to decipher the 471 

subsidence history of the study area through the method of backstripping. The ages of the 472 

stratigraphic units were taken from Dubar and Mouterde (1957), Suárez Vega (1974), Fernández-473 

López and Suárez-Vega (1981), Olóriz et al. (1988), Barrón et al. (2002, 2006), Schudack and 474 

Schudack (2002), Comas Rengifo and Goy (2010), and Goy et al. (2010). The thicknesses were 475 

measured in the field, on the geological map and along sections, except for the Gijón and Lastres 476 

formations that were taken from the estimations made by Suárez Vega (1974), Valenzuela et al. 477 

(1986) and González et al. (2004). The c coefficients, that determine how porosity diminishes with 478 

burial depth, densities and surface porosities were estimated using the Sclater and Christie (1980) 479 

and Schmoker and Halley (1982) values for different lithologies taking into account the percentages 480 

of different lithologies established using the stratigraphic sections of Suárez Vega (1974) and 481 

Valenzuela et al. (1986) for each Jurassic stratigraphic unit. The minimum and maximum water 482 

depths during sedimentation were estimated based on the sedimentary environments assigned to 483 

each stratigraphic unit by Valenzuela et al. (1986) and García-Ramos and Gutiérrez Claverol 484 

(1995). 485 

Two functions were obtained (Figure 17), one corresponding to the “total” subsidence (after 486 

removing the compaction effect) and another one corresponding to the “tectonic” subsidence (which 487 

takes into account bathymetric variations and assumes Airy isostasy). The “total” subsidence curve 488 

(Figure 17a) can be divided into four portions: an old one of approximately 10 My during the 489 

uppermost Triassic and lowermost Early Jurassic (Gijón Fm.) in which the subsidence rate is 490 

relatively fast, an intermediate period of around 30 My until Middle Jurassic (Buerres and Santa 491 

Mera members) in which subsidence is slower, an approximately 10 My period from Middle 492 

Jurassic to the lowermost Late Jurassic (hiatus separating the Rodiles and Vega formations) with no 493 

subsidence at all, and a young period of less than 10 My during Late Jurassic (Vega, Tereñes and 494 

Lastres formations) in which subsidence continues with a relatively fast rate and becomes even 495 
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faster towards younger ages. The “tectonic” subsidence curve (Figure 17b) reflects a regular and 496 

moderate subsidence for around 40 My from the uppermost Triassic to Middle Jurassic 497 

(sedimentation of the marine Gijón and Rodiles formations), a rapid uplift of approximately 10 My 498 

duration from the Middle Jurassic to the lowermost Late Jurassic (occurrence of a hiatus), and a 499 

renewed subsidence period for approximately 10 My during Late Jurassic (sedimentation of the 500 

continental Vega Fm.) with a pace comparable to that previous to the basin uplift and a tendency to 501 

become faster during the deposition of the Tereñes and Lastres formations returning to marine 502 

conditions. 503 

 504 

10. Structural evolution 505 

The basement of the study area belongs to the Cantabrian Zone, i.e. the outermost zone of the 506 

Iberian Variscan Massif (Lotze, 1945; Julivert et al., 1972). The main Variscan structures are thrusts 507 

and related folds developed during the Carboniferous and they have an approximately NE-SW trend 508 

in the study area (Figures 1 and 18a) as they belong to the northern branch of the Asturian or Ibero-509 

Armorican Arc. These structures are visible in the Palaeozoic outcrops a few kilometres to the SE 510 

of the studied region (Beroiz et al., 1972a, 1972b). 511 

The Asturian Basin initiated its development during Permian and Triassic times. At this time a 512 

continental rift defined the main structural directions of the basin: NW-SE, NE-SW and E-W 513 

(Suárez Rodríguez, 1988; Lepvrier and Martínez-García, 1990) (Figure 18b). Given the coincidence 514 

between the orientation of some Permian-Triassic faults and that of previous Late Palaeozoic 515 

structures it is possible that not all the faults were of new generation but some of them (especially 516 

the NE-SW oriented) might come from the reactivation of older ones. After a period of relative 517 

tectonic quiescence during most of the Early Jurassic, interpreted as thermal subsidence related to 518 

the Permian-Triassic continental rifting event, an extensional period took place from the oldest 519 

Early Jurassic to the middle Late Jurassic. During this event the NW-SE faults were the first set to 520 
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be active (Figure 18c), then the NE-SW ones (Figure 18d) and, finally, the E-W faults (Figure 18e), 521 

including some overlap in time (Figure 17b). Fault-related folds, such as rollovers, would have been 522 

created by the activity of these faults. Some of the NW-SE faults might correspond to the 523 

reactivation of Permian-Triassic normal structures, whereas some of the NE-SW faults could be 524 

reactivated Variscan thrusts. The activity of these faults during this extensional event, compatible 525 

with a N-S main extensional axis, was accompanied by a rapid basin uplift causing its emersion, a 526 

hiatus and an unconformity, and by high thermal flow (Figure 17b). The fault activity started before 527 

the hiatus and extended after it. Although the global sea level rose during this period (e.g., Haq et 528 

al., 1987; Hallam, 1988), the basin uplift suffered was enough to pass from marine conditions 529 

(Rodiles Fm.) to a continental environment (Vega Fm.). The heat flow caused the maturity of the 530 

organic matter present in the sediments (Suárez-Ruiz, 1989), the generation of microbialites within 531 

the Vega Fm. related to hydrothermal springs (e.g., Lozano et al., 2016) and is consistent with the 532 

185±28 Ma age (Late Triassic–lowermost Late Jurassic) attributed to the hydrothermal fluids 533 

responsible for fluorite mineralizations documented in the Asturian Basin to the E and W of the 534 

study area (Sánchez et al., 2006; 2010). This uppermost Early Jurassic-middle Late Jurassic 535 

tectono-thermal extensional event could be interpreted as an embryonic stage of the later Bay of 536 

Biscay and North Atlantic opening. The approximately simultaneous activity of faults with different 537 

orientations, coupled with basin emersion due to uplift and high thermal flow, could be explained 538 

assuming large-scale doming (Pujalte et al., 2014). Basin subsidence resumed at a fast rate during 539 

the Late Jurassic possibly related to the proper Bay of Biscay and North Atlantic opening from Late 540 

Jurassic to Early Cretaceous (Pujalte et al., 2004). This event was recorded in the study area as an 541 

increment in the normal displacements along some NE-SW and NW-SE faults since the Middle 542 

Jurassic displacements estimated for them are smaller than their current normal displacements. The 543 

succession of extensional events proposed for the study area is similar to that documented in 544 

adjacent regions such as the Basque-Cantabrian Basin (e.g., Robles et al., 2004), Iberian Basin 545 
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where they are slightly older (e.g., Salas and Casas, 1993), and Bristol Channel Basin (e.g., Van 546 

Hoorn, 1987; Ziegler, 1989). 547 

During the Cenozoic, the Alpine contraction resulting from the convergence between the Iberian 548 

and Eurasian plates was responsible for the generation of the Pyrenean Range to the E of the study 549 

area (e.g., Boillot and Capdevila, 1977), the partial closure of the Bay of Biscay to the N (e.g., Le 550 

Pichon and Sibuet, 1971), the uplift of the Cantabrian Mountains to the S (e.g., Alonso et al., 1996) 551 

and the partial inversion of the Asturian Basin (Figure 18f). In the study area this contractional 552 

event caused reactivation of some normal faults, whereas others were offset by contractional faults, 553 

deformed by contractional folds and/or responsible for a buttressing effect. Depending on the angle 554 

between the N-S shortening and the inherited normal faults, they were more prone to be reactivated 555 

as either reverse (normal faults approximately perpendicular to the N-S compressional vector) or 556 

strike-slip faults (where they formed a more acute angle). The type of fault reactivation was also 557 

influenced by the fault dip; faults oblique to the N-S shortening vector acted as reverse if they had 558 

gentle dips and as strike-slip when they had steeper dips. The older NW-SE normal faults tended to 559 

be reactivated as right-lateral faults, whereas the NE-SW were more likely to move as left-lateral. 560 

The competence contrast between the rocks in both blocks of the inherited faults had also influence 561 

in the response to the contractional event. Thus, faults separating relatively incompetent materials in 562 

the hangingwall from more competent rocks in the footwall operated, commonly, as buttresses 563 

instead of being reactivated. Buttressing is also favoured where previous faults exhibit E-W strikes, 564 

although different orientations such as NE-SW are possible too, and steep dips above 50°-60°. The 565 

N-S shortening caused new folds, some of them related to contractional faults and some unrelated, 566 

and some of them due to buttressing. Additionally, a certain amount of tightening of the pre-567 

existing, extensional rollover folds occurred. 568 

 569 
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11. Conclusions 570 

The Jurassic rocks of the studied area, located to the NE of the emerged part of the Asturian Basin, 571 

are affected by small-scale faults (normal, reverse, thrust and strike slip) and folds, though, normal 572 

faults predominate. The largest structures are two NW-SE normal faults and an associated rollover, 573 

and NW-SE open folds. Deformation is small so that bedding dips gently to the N, except for some 574 

areas close to some faults, where folds crop out approximately parallel to the strike of the faults. 575 

The temporal relationships between the structures indicate that normal faults and related folds 576 

predate a second generation of structures including thrusts, folds and reactivation of old structures. 577 

From the Late Triassic to the lower part of the Middle Jurassic basin tectonic subsidence, 578 

interpreted as thermal subsidence related to a Permian-Triassic rifting event, took place in the study 579 

area. From the uppermost Early Jurassic to the middle Late Jurassic a N-S, with local variations 580 

ranging from NE-SW to NW-SE, extensional tectono-thermal event occurred. It caused NW-SE, 581 

NE-SW and E-W normal faults, some of them including rollover folds, which could result from the 582 

reactivation of older Variscan or Permian-Triassic features, high thermal flow, and tectonic uplift of 583 

the marine basin with its consequent emersion and generation of a stratigraphic hiatus. This tectono-584 

thermal event may have consisted of doming related to an embryonic stage of the later Late Jurassic 585 

to Early Cretaceous Bay of Biscay and North Atlantic opening, which caused fast-rate basin 586 

tectonic subsidence and an increment in the normal displacement along some previous normal 587 

faults. Nevertheless, the total amount of extension in the study area is small about 13%. Finally, a 588 

N-S to NNW-SSE contractional event, probably related mainly to the Cenozoic Alpine convergence 589 

between the Iberian and Eurasian plates, which caused the Pyrenean and Cantabrian ranges plus the 590 

partial closure of the Bay of Biscay, was responsible for a mild and irregularly distributed basin 591 

inversion which reached about 3% shortening. As a result, previous normal faults were selectively 592 

reactivated as reverse and/or NW-SE right- and NE-SW left-lateral strike-slip faults, offset by 593 

contractional faults, deformed by contractional folds and/or affected by buttressing, and new 594 

approximately E-W reverse faults and folds, some of them related to thrusts, were generated. 595 
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Deciphering the main features, relationships and relative timing of the structures in the best exposed 596 

portions of the Asturian Basin, such as the cliffs within the study area, may assist with the 597 

geological mapping of less well exposed inland parts of the basin and with the geological 598 

interpretation of the commercial seismic data acquired by the oil industry in the offshore portion of 599 

the basin (e.g., Riaza Molina, 1996). Furthermore, given that some Jurassic beds in the study area 600 

have been considered hydrocarbon source rocks because they exhibit high concentrations of organic 601 

matter and occasionally have provided bitumen inside brachiopod shells, joints and septarian 602 

concretions (e.g., Valenzuela, 1988), understanding their structural configuration may serve as an 603 

analogue for unconventional hydrocarbon plays. 604 

 605 
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Figure captions 838 

Figure 1. Structural sketch of the Asturian Basin and surrounding areas (modified from Alonso et 839 

al., 2009) showing the position of the study area (red rectangle) and the cross section X-X’ in figure 840 

16b. 841 

Figure 2. Stratigraphic column showing the age, lithologies and sedimentary environment of the 842 

Jurassic units that crop out in the study area (modified from García-Ramos and Gutiérrez Claverol, 843 

1995 based on Valenzuela et al., 1986). 844 

Figure 3. Geological map of the studied region showing the location of the cross sections illustrated 845 

in figures 6 and 7, and the location of the stations in figure 9. 846 

Figure 4. a) View towards the S and b) towards the N of the 3D geological model of the study area 847 

constructed using the software Gocad. 848 

Figure 5. Weighted rose diagrams for the major a) normal faults and b) reverse faults mapped 849 

within the study area that illustrate the orientation of the faults versus their map length in meters. 850 

Figure 6. Geological sections A-A’, B-B’ and C-C’ across the eastern portion of the study area. See 851 

location in figure 3. 852 

Figure 7. Geological sections 1-1’ to 4-4’ across the whole study area. See location in figure 3. 853 

Figure 8. Equal area projections (left) and rose diagrams (right) for: a) normal faults; b) reverse 854 

faults; c) right-lateral faults; d) left-lateral faults; e) normal faults reactivated as right-lateral faults; 855 

f) normal faults reactivated as left-lateral faults; g) normal faults reactivated as reverse faults; and h) 856 

joints. The black circles in the equal area projections and white circles in the rose diagrams 857 

correspond to the kinematic indicators. 858 

Figure 9. Equal area projections of the folded bedding (black circles) identified in the field, 859 

including the fold axes (white circles) as well as the faults nearby (thin black lines). Stations 1 and 2 860 
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are located in the northwestern part of the study area, stations 3 and 4 in the northern-middle part, 861 

and stations 5 to 19 in the southeastern part. See figure 3 for location of the stations. 862 

Figure 10. Geological photo-interpretations of folds developed on the a) marls of the Tereñes Fm., 863 

E of the Lastres Beach (station 5 in figure 9); b) and c) alternations of limestones and marls of the 864 

Rodiles Fm., E of La Griega Beach (stations 11, 12 and 18 in figure 9); d) marls of the Tereñes Fm., 865 

La Griega Beach (station 8 in figure 9); and e) marls of the Tereñes Fm., E of the Lastres Beach 866 

(station 7 in figure 9). f) Simplified geological map of a small region in La Griega Beach (station 8 867 

in figure 9). The scale is approximate. 868 

Figure 11. Field aspect of two sets of joints developed on a bedding surface in the sandstones of the 869 

Vega Fm. in the Lastres Beach. The scale is approximate. 870 

Figure 12. Structural sketch of the study area showing the main faults and the position of four 871 

stratigraphic columns constructed by Suárez Vega (1974) used to build the 3D geological model 872 

depicted in figure 4. In section A-A’ the stratigraphic columns called “Rodiles W”, located in the 873 

footwall of a NE-SW fault, and “Santa Mera NE”, located in the hangingwall of the same fault, are 874 

compared. In section B-B’ we compare the stratigraphic columns called “La Griega E”, located in 875 

the hangingwall of a NW-SE fault, and “Lastres Beach”, located in the footwall of the same fault. 876 

The names of the stratigraphic columns correspond to the original ones given by Suárez Vega 877 

(1974). 878 

Figure 13. a) Geological interpretation of a photograph mosaic taken from a plane showing the 879 

variation in the orientation of the joints (white lines) depending on their position within a 880 

decametre-scale fold developed in the Vega Fm. sandstones in the Lastres Beach. b) and c) 881 

Geological interpretation of an anticline and a syncline respectively including some faults both 882 

developed in the alternations of limestones and marls of the Rodiles Fm. at La Conejera Inlet. The 883 

scale is approximate. 884 
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Figure 14. Equal area projections including fault planes (thin black lines), their striae (black circles 885 

with arrows indicating their displacement sense), kinematic axes (red circles for T axes and blue 886 

circles for P axes), extensional (grey regions) and compressive (white regions) stress fields, and 887 

orientations of the principal axes (labelled black squares) for the extensional (a to d figures) and 888 

contractional (e to g figures) events. a) Projection of all the collected data, b) data from the western 889 

part of the study area, c) data from the central part of the study area, d) data from the eastern part of 890 

the study area, e) projection of all the collected data, f) data from the western part of the study area 891 

and g) data from the eastern part of the study area. 892 

Figure 15. a) Structural sketch of the study area showing the main faults and the position of the 893 

stations established to determine the orientation of the tectonic transport vectors shown in b). b) 894 

Structural sketch of the study area showing the main faults and folds and the mean tectonic 895 

transport directions obtained using local tectonic transport directions from faults and folds. The 896 

section line of the geological cross-section I-I´ depicted in figure 16a is indicated. 897 

Figure 16. a) Deformed, present-day geological section I-I’ across the study area, rotated cross-898 

section and cross sections restored to different stages using the algorithm flexural slip within the 899 

software Geosec. See location of the geological cross-section I-I’ in figure 15b. b) Regional 900 

geological section X-X’ across the Asturian Basin resulting from merging the geological section 901 

across the study area I-I’ depicted in a) (orange rectangle) with geological cross-sections from 902 

Beroiz et al. (1972a), Suárez Rodríguez (1988), Alonso et al. (1996) and Pulgar et al. (1999). The 903 

lower, filled cross-section shows the complete regional section including the depth to the 904 

detachment, whereas the upper, unfilled cross-section is a zoom in of the black square in the lower 905 

section showing the regional dip for the Mesozoic beds. See location of the regional cross-section 906 

X-X’ in figure 1. 907 

Figure 17. Curves of: a) “total” subsidence and b) “tectonic” subsidence for the study area from 908 

Late Triassic to Late Jurassic. The “tectonic” subsidence curve includes error curves. The graph 909 
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depicted in b) includes the climax of thermal flow (data taken from Suárez-Ruiz, 1989) and periods 910 

of fault activity indicating the main orientation of the faults. The motion of NE-SW faults after 911 

sedimentation of the Vega Fm. and the motion of NW-SE faults during or after sedimentation of the 912 

Lastres Fm. have not been displayed in the graph because of the uncertainties in the accurate ages. 913 

Curves of global sea level taken from Hallam (1988) (curve 1) and Haq et al. (1987) (curve 2) have 914 

been included at the bottom of both figures. Ages based on the International Commission on 915 

Stratigraphy (2015).  916 

Figure 18. Cartoons without scale indicating active and inactive faults at different times depicting 917 

the structural evolution of the study area: a) Carboniferous, b) Permian-Triassic, c) Middle 918 

Toarcian, d) Late Toarcian, e) Kimmeridgian and f) Cenozoic. The Carboniferous (Variscan) thrusts 919 

orientation was taken from Beroiz et al. (1972a, 1972b) and the Permian-Triassic faults orientation 920 

was obtained from Suárez Rodríguez (1988) and Lepvrier and Martínez-García (1990). 921 
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a) Carboniferous b) Permian-Triassic

d) LateToarcian

e) Late Jurassic (Kimmeridgian)

c) Middle Toarcian

f) Cenozoic
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HIGHLIGHTS 

 

- Middle Jurassic normal faulting, high heat flow and basin uplift caused doming 
- Increment in the normal faults displacement during Jurassic-Cretaceous 
- Cenozoic contraction led to buttressing, fault reactivation and new folds and thrusts 
- The Middle Jurassic event could be a precursor of the Bay of Biscay opening 
- The Cenozoic event caused Cantabrian ranges uplift and Bay of Biscay partial closure 




