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ABSTRACT 14 

An excellently exposed outcrop of Carboniferous rocks in the Cantabrian Zone (Variscan 15 

foreland fold-thrust belt in NW Iberia) displays fault-bend, fault-propagation and 16 

detachment folds. To unravel the parameters that controlled their development, we 17 

constructed detailed cross-sections and analysed them. Detachment folds exhibit the 18 

greatest amounts of layer-parallel/bulk strain, forelimb dip and forelimb/hinge 19 

thickening and the lowest interlimb angle, whereas fault-bend folds have the lowest 20 

values except for the interlimb angle, with fault-propagation folds exhibiting 21 

intermediate values. The forelimbs of all these folds show some strain and thickening, 22 

and the detachment folds also show thickening and strain in the hinge area. Mechanical 23 

stratigraphy was determined to be the main controlling factor on the fold/thrust style; 24 

ramp folds developed in thick-bedded, isotropic, relatively strong and brittle rocks, 25 

whereas detachment folds developed in a thin-bedded, anisotropic, relatively weak and 26 

ductile unit. Competent rocks and smooth bedding surfaces induced fault-bend folding, 27 

whereas less competent and rough bedding surfaces favoured fault-propagation folding. 28 

The main detachments are located at the boundaries between mechanical units with 29 

substantial changes in their mechanical properties. The size of the structures depends 30 

on the occurrence of a basal detachment, variety of lithologies with different 31 

competences and smoothness of bedding surfaces. 32 

 33 

1. INTRODUCTION 34 

Although many types of fold/thrust interaction have been described in the 35 

literature, thrust-related folds are usually classified into three basic types: fault-bend 36 

folds, fault-propagation folds and detachment folds (e.g., Suppe, 1985; Jamison, 1987; 37 

Poblet, 2004; Shaw et al., 2005; Nemcok et al., 2009; McClay, 2011; Brandes and Tanner, 38 
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2014). Fault-bend folds (Rich, 1934) form as a result of the movement of a fault block 39 

along a non-planar fault surface, which causes the bending of the fault block, and 40 

therefore, the formation of the fold. Although they usually develop in the hangingwall, 41 

they can also develop in the footwall or in both fault blocks. Fault-propagation folds 42 

(Dahlstrom, 1970) are formed contemporaneously with the propagation of a fault in a 43 

ramp situation through a series of strata, so that the shortening causes the formation of 44 

a fold near its termination. Detachment or décollement folds (Chamberlin, 1910), unlike 45 

fault-bend and fault-propagation folds, are not associated with a fault ramp, but form in 46 

relation to a thrust parallel to the layers (detachment). They can be generated near the 47 

thrust tip or in any other area along the thrust if a sharp decrease in the amount of 48 

displacement occurs. Detachment folds may be limited by a lower detachment, by an 49 

upper one or by both. These three styles of fold/thrust interaction exhibit several 50 

distinguishing features in terms of: 51 

a) Fold geometry. Assuming that thrust faults involve undeformed rocks and 52 

subsequent deformation is absent, fault-bend folds are usually open structures with 53 

gently dipping limbs, fault-propagation folds are usually tighter structures with a long, 54 

gently dipping backlimb and a shorter, steeply dipping forelimb, and detachment folds 55 

exhibit all sorts of geometries. 56 

b) Fault geometry. Fault-bend and fault-propagation folds are ramp folds, 57 

whereas detachment folds are unrelated to thrust ramps. 58 

c) Fault tip. Fault-bend folds and some detachment folds are not related to a 59 

thrust tip, whereas fault-propagation and some detachment folds are related to a thrust 60 

tip. 61 

d) Fault displacement. The fault displacement is almost constant in fault-bend 62 

folds, although it slightly decreases towards the forelimb because part of the 63 
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deformation is consumed in bending of the rocks, whereas a fault displacement gradient 64 

decreasing up to zero at the fault tip occurs in fault-propagation folds and in some 65 

detachment folds. 66 

e) Fold/fault timing. Thrust fault formation is previous to folding in fault-bend 67 

folds, but both are simultaneous in fault-propagation folds and in detachment folds. 68 

These three types of structures are common in nature and, although some fold 69 

and thrust belts exhibit one predominant style, they are usually developed in all fold and 70 

thrust belts and other tectonic settings around the world irrespective of their age (e.g., 71 

McClay, 1992, 2004; Mitra and Fisher, 1992; Anastasio et al., 1997; Lisle and Poblet, 72 

2010; Poblet and Lisle, 2011). Despite the significant differences between these three 73 

types of structures, they are often found in close spatial and temporal association with 74 

each other, and therefore, the occurrence of one or another structure demands an 75 

explanation. 76 

The main factors that control the development of fault-bend folds, fault-77 

propagation folds and detachment folds or the predominance of thrust faulting versus 78 

folding have been investigated using different sorts of techniques: fieldwork in natural 79 

examples (Chester, 2003); laboratory rock models (Chester et al., 1991); laboratory 80 

sand, plasticine and silicon putty models (Dixon and Liu, 1992; Liu and Dixon, 1995; 81 

Storti et al., 1997; Yan et al., 2016; Li and Mitra, 2017); stress models (Jamison, 1992); 82 

geometrical models (Stewart, 1996); finite element models (Albertz and Lingrey, 2012); 83 

and discrete-element models (Hughes et al., 2014) amongst others. 84 

Chester et al. (1991) concluded that the preferential development of a specific 85 

fold/thrust style depends on the fault zone drag, bending and shearing resistance of the 86 

hanging wall, shear strength of layer interfaces and loading conditions (expressed as the 87 

strength ratio of the resistance to foreland translation relative to the resistance to 88 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 5 

internal shortening of the sheet), and on the anisotropy of the layers. Thus, low strength 89 

ratios favour fault-bend folding, whereas high strength ratios favour internal shortening 90 

of the sheet; isotropic and thick units above a propagating thrust tip will shorten 91 

primarily by faulting, whereas thinly layered, anisotropic units will shorten by fault-92 

propagation folding. According to Dixon and Liu (1992), Liu and Dixon (1995), Storti et 93 

al. (1997) and Yan et al. (2016) the fold/thrust style is a function of the stage of 94 

evolution of the structures: a) they initiate as décollement folds and progressively 95 

become fault-propagation folds, and b) subsequently they become fault-bend folds by 96 

décollements breaking and ramping up and flattening into upper décollements. 97 

According to Jamison (1992) the development of a specific fold/thrust style is a 98 

competition between buckling and faulting, which are represented by instability 99 

surfaces controlled by the mechanical stratigraphy. The fold/thrust style depends upon 100 

which instability surface is intersected first by the stress path controlled by the burial 101 

depth and regional tectonics. Detachment folds develop mainly in the shallow 102 

subsurface whereas fault-bend folds dominate the deeper subsurface. Stewart (1996) 103 

concluded that amplification of a detachment fold requires filling its core with ductile 104 

material, so if it is insufficient, fold growth would be inhibited and eventual thrusting 105 

would accommodate shortening. According to Chester (2003) the mechanical 106 

interaction between the structural lithic units and boundary conditions imposed on 107 

them define the fold/thrust style. Where two units, both formed by a relatively weak, 108 

ductile, anisotropic lower section and a relatively strong, brittle, more isotropic upper 109 

section, were stacked within the thrust sheet, inverted fault–propagation folds formed in 110 

the centre of each unit, and the overall transition upward from close- to wide-spaced 111 

folds and imbricate faults developed in the multilayer. Where the upper unit was 112 

isolated, deformation was dominated by imbricate faulting with little associated folding, 113 
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and inverted fault–propagation folds did not form. According to Albertz and Lingrey 114 

(2012) mechanical stratigraphy, initial fault dip and inter-layer detachments affect fault 115 

propagation and control fold geometry. Uniform sandstones exhibit efficient strain 116 

localization and patterns of fault tip propagation, whereas uniform shales tend to inhibit 117 

fault propagation due to distributed plastic deformation, and mixed inter-layered 118 

sandstone and shale deform in a disharmonic manner. Detachments accommodate 119 

shortening by bed-parallel slip, resulting in fault-bend fold kinematics and poorly 120 

expressed fault propagation across layers. Hughes et al. (2014) concluded that frictional 121 

properties of the upper detachment and the mobility of the foreland wall exert the 122 

strongest influence on structural style. Fault dip, mechanical layer spacing, and relative 123 

mechanical layer strength all have a secondary influence. Overall material strength, the 124 

presence or absence of particle rebonding and sedimentation rate have negligible effects 125 

on structural style. They found that fault-bend folding is favoured at low fault ramp dips, 126 

with thinly spaced mechanical layers, and strong layer strength contrasts. In contrast, 127 

increased friction and a fixed foreland boundary inhibit slip on a potential upper 128 

detachment surface and encourage fault-propagation folding. Moreover, steeper fault 129 

dips, more widely spaced mechanical layers, and decreased layer strength contrast leads 130 

to structures that deform by a mixture of fault-bend and fault-propagation folding. 131 

According to Li and Mitra (2017) fold-thrust belts formed above a ductile detachment 132 

typically contain detachment folds, whereas those formed above frictional detachments 133 

contain fault-related fold complexes, such as ramp folds. 134 

While previous studies have lent significant insight into the processes governing 135 

fault-related folding style in different contractional settings, further detailed field 136 

observations of natural examples of the relationship between rock properties and 137 

structural style are of substantial value as a means of testing the applicability of 138 
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previous findings. The Cantabrian Zone (foreland fold and thrust belt of the Variscan 139 

orogeny in the NW Iberian Peninsula) (Fig. 1a) has particular value for comparative 140 

purposes because it hosts the full range of structural styles of interest, that vary both at 141 

local and regional-scale, and involves many different types of rocks. At large scale, in the 142 

western portion of the Cantabrian Zone, there is a transition from a southern region 143 

mainly dominated by thrusts to a northern zone where folds predominate (e.g., Soler, 144 

1967; Julivert and Arboleya, 1984; Alonso et al., 1991; Bulnes and Aller, 2002). Fault-145 

bend folds are the main structures in the southern region, whereas thrust-tip folds 146 

dominate in the northern one. In addition, in both regions the three types of thrust-147 

related folds coexist at smaller scale. In the southern branch of this belt, there is an 148 

excellently exposed outcrop of Carboniferous rocks, where different fold/thrust styles 149 

occur; this outcrop will be the object of study in this work. Detailed quantitative 150 

analyses of outcrops, as presented in this study, provide a rigorous basis for comparison 151 

with recent model-based studies. 152 

The methodology followed in this work includes: construction of a detailed 153 

stratigraphic section; measurement in the field of the orientation of beds, faults and fold 154 

elements, as well as fault slip and bed thickness; construction of geological cross-155 

sections with the aid of photo-geological interpretations corrected to become proper 156 

geological profiles; geometrical and fault displacement analysis; and estimations of 157 

shortening, layer-parallel strain and bulk strain using the collected data. 158 

 159 

2. GEOLOGICAL SETTING 160 

Cantabrian Zone is the name given to the foreland fold and thrust belt of the 161 

Variscan orogen in NW Iberian Peninsula developed during Carboniferous times (Fig. 162 

1a). This belt consists of an orogenic wedge that involves from Cambrian to 163 
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Carboniferous rocks, thins towards the foreland (eastwards) in cross-sectional view and 164 

is made up of different kilometre-scale thrust sheets. This belt developed under 165 

diagenetic conditions, so that only some areas were affected by metamorphism of low or 166 

very low grade, and cleavage is only present in some particular locations. Different types 167 

of thrusts systems, such as imbricate fans and duplex, and different types of thrust-168 

related folds, such as fault-bend, fault-propagation and detachment folds, are the most 169 

common structures documented in different portions of the belt (e.g., Julivert, 1971a, 170 

1979, 1981, 1983; Savage, 1979, 1981; Pérez-Estaún et al., 1988; Pérez-Estaún and 171 

Bastida, 1990; Aller et al., 2004; Alonso et al., 2009 and references therein). A number of 172 

thrusts and related folds are not in their original position but sub-vertical or overturned 173 

due to piling up of different structural units and subsequent folding. The Cantabrian 174 

Zone has an arcuate geometry around an approximately E-W axis in map view because it 175 

is located in the core of an orocline called Ibero-Armorican or Asturian Arc first 176 

recognized by Suess (1892) (Fig. 1a). The Cantabrian Mountains were uplifted during 177 

Cenozoic times due to the Alpine contraction that affected the north margin of the 178 

Iberian Peninsula (Alonso et al., 1996). This resulted in reactivation of previous 179 

Paleozoic and Mesozoic structures, and, to less extent, development of new ones (Pulgar 180 

et al., 1999).  181 

The studied outcrop is located in the southwest portion of the Cantabrian Zone 182 

and belongs to the Sobia-Bodón structural unit according to Julivert (1971a) or to the 183 

Bodón-Ponga structural unit according to Alonso et al. (2009), in the southern branch of 184 

the Ibero-Armorican Arc (Figs. 1a and 1b). In particular, the outcrop is located in the 185 

north limb of the Villasecino anticline, a kilometre-scale, tight and approximately 186 

upright anticline that strikes E–W (Figs. 1c and 1d). This regional-scale anticline is 187 

interpreted to be a Variscan fold that involves a Cambrian to Carboniferous stratigraphic 188 
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succession as can be observed in several geological maps and cross sections (e.g., De 189 

Sitter, 1962; Marcos, 1968; Martínez-Álvarez et al., 1968; Alonso et al., 1989; Rodríguez-190 

Fernández et al., 1990; Instituto Geológico y Minero de España, 2005-2011). The studied 191 

outcrop is located along the east side of a NNE-SSW local road close to the small locality 192 

of San Emiliano and to the east of Villasecino, province of León, Spain (Fig. 1c). It is an 193 

approximately 35 m long and 12 m high slope inclined about 80° to the WNW (Fig. 2a). 194 

 195 

3. MECHANICAL STRATIGRAPHY 196 

The rocks studied in the outcrop belong to the Alba (or Genicera) Fm., 197 

colloquially known as “Carboniferous griotte limestone”. Initially this formation was 198 

called "Griotte limestone" by Prado and Verneuil (1850), "Griotte marble" by Barrois 199 

(1882), and "Griotte of Puente de Alba" by Comte (1959). Ginkel (1965) renamed it as 200 

Alba Fm. Winkler Prins (1968) subdivided it into three members, which were named 201 

Gorgera, Lavandera and Canalon by Wagner et al. (1971) who also changed the name of 202 

this formation to Genicera Fm. 203 

The Alba Fm. is underlain by the Vegamián Fm., a very thin level of dark grey 204 

slates with occasional manganese nodules, cherts and sandstones, which, in turn, is 205 

underlain by the Baleas Fm. formed by coarse-grained, bioclastic limestones whose 206 

colour ranges from light grey to white with red fringes. The Alba Fm. is overlain by the 207 

Barcaliente Fm. made up of fine-grained, dark grey limestones. 208 

The three members of the Alba Fm. are described below from bottom to top (Figs. 209 

2a and 2b). In the study area, the Gorgera Mb. is formed by red, nodular, wackestone 210 

limestones (griotte facies) with scarce red slate interbeds. The Lavandera Mb. is 211 

composed of red to grey radiolarites and red, grey-greenish, beige siliceous slates. The 212 

Canalón Mb. is formed by red, nodular, wackestone limestones (griotte facies) and grey, 213 
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mudstone limestones with interbedded red and grey-greenish slates at the lower part 214 

becoming light grey, mudstone limestones with occasional grey-greenish slate interbeds 215 

up section. Marine bioclasts such as planktonic organisms, ostracods, gasteropods, 216 

trilobites and goniatites (Rodríguez-Fernández et al., 1991) are frequent. 217 

From the mechanical point of view the studied outcrop has been divided into four 218 

distinctive structural lithic units in the sense of Currie et al. (1962), i.e., packages of beds 219 

that display a characteristic reaction to deformation. These units are listed below from 220 

bottom to top (Figs. 2a and 2b). 1) Red, nodular, limestones (griotte) with occasional 221 

slate interbeds. 2) Alternations of radiolarites and slates. 3) Alternations of red, nodular, 222 

limestones (griotte) and grey limestones with interbedded slates. 4) Grey limestones 223 

with scarce slate interbeds. From the rock features point of view, the main elements 224 

employed to define these units are the lithology types, the average grain size of the 225 

rocks, the erosion resistance, the bed thickness and the morphology of the bedding 226 

surfaces. For instance, the radiolarites and slates unit and the grey limestones unit are 227 

formed by fine-grained rocks, however, the griotte limestones unit is made up of 228 

medium-grained rocks. The radiolarites and slates unit includes between 35 and 65% of 229 

competent rocks (radiolarites), whereas both the griotte limestones unit and the grey 230 

limestones unit have almost no incompetent rocks (slates). Average bedding thickness is 231 

15-20 cm for the griotte limestones unit, around 15 cm for the grey limestones unit and 232 

around 5 cm for the radiolarites and slates unit. Bedding surfaces within the griotte 233 

limestones unit are relatively rough, whereas they are smooth in the radiolarites and 234 

slates unit and in the grey limestones unit. 235 

To visualize the differences between the mechanical units defined, a normalized 236 

value between 1 and 4 has been assigned to each of the following representative 237 

parameters: average grain size, percentage of competent rocks, erosion resistance, bed 238 
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thickness and bed roughness, assuming that limestones and radiolarites are competent 239 

rocks whereas slates are incompetent rocks. Values close to 1 for a specific parameter 240 

indicate that the mechanical unit has a low value for this parameter, whereas values 241 

close to 4 indicate high numbers. They have been assigned according to the logs 242 

depicted in the stratigraphic column in figure 2b. These values have been plotted for 243 

each mechanical unit in a pentagonal diagram in which each of the radii of the pentagon 244 

represents one of the estimated parameters (Fig. 2c). In the pentagonal diagram, the 245 

unit formed by radiolarites and slates, which is supposed to be the most incompetent 246 

unit, is represented as a pentagon of small dimensions, the griotte limestones unit, an 247 

intermediate competence unit, as a larger pentagon, and the grey limestones unit, 248 

probably the most competent unit, as a triangle. The unit composed of griotte 249 

limestones, grey limestones and slates is depicted as a pentagon of intermediate size in 250 

between the griotte limestones unit and the radiolarites and slates unit since it includes 251 

a mixture of lithologies from other units.  252 

 253 

4. STRUCTURE 254 

 The general dip of the beds in the studied outcrop is approximately constant from 255 

70° to 80° to the NNE (Figs. 3a and 3b). Different types of structures, such as faults, 256 

folds, cleavage, veins and joints affect the four mechanical units described above. The 257 

main structures developed within mechanical units 1 and 4 are faults subparallel to 258 

bedding, except in some sectors where they are slightly oblique to it, and some folds. 259 

Mechanical unit 2 is bounded by detachments both towards the south-southwest and 260 

towards the north-northeast. Folds and numerous fold-accommodation faults 261 

predominate within this unit. There are almost no structures within mechanical unit 3. 262 
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Some long faults subperpendicular to the stratification cut and offset mechanical units 2, 263 

3 and 4. 264 

 265 

4.1. Original disposition of the structures 266 

The orientation of the structures and the manner they are arranged in the studied 267 

outcrop makes it difficult to interpret it from the structural point of view. Thus, folds 268 

and faults exhibit different dips and strikes, normal faults coexist with reverse faults and 269 

cross-cutting relationships between them are unclear (Fig. 3b). Considering that this 270 

outcrop is located in the north limb of the larger-scale Villasecino anticline (Figs. 1c, 1d 271 

and 4a), Masini et al. (2010a) suggested that the structures developed in the Gorgera 272 

Mb. could have been developed either before the initiation of the Villasecino anticline or 273 

during an early stage of amplification of the anticline as fold-accommodation structures. 274 

Assuming that this hypothesis is valid for the whole outcrop, in order to properly 275 

visualize the relationships between structures and bedding, as well as the relationships 276 

between different types of structures and their nature (contractional, extensional, strike 277 

slip), the geological interpretation of the outcrop was rotated 80° in a clockwise sense 278 

looking ESE around a horizontal ESE–WNW axis (Fig. 4b). The operation performed 279 

consists of rotating this portion of the north limb of the Villasecino anticline around its 280 

own fold axis as a rigid body. In the rotated geological interpretation of the studied 281 

outcrop: a) many faults become thrust faults, some of them north-directed and some of 282 

them south-directed; b) the faults bounding different mechanical units become 283 

subhorizontal detachments; and c) the geometrical relationships between folds and 284 

faults can be easily interpreted in terms of thrust-related folding in agreement with the 285 

structural style mapped in surrounding areas and in the rest of the Cantabrian fold and 286 
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thrust belt. However, the orientation of a few faults does not make sense in the rotated 287 

geological interpretation as we will discuss below. 288 

The NNE-SSW strike of the outcrop (Fig. 3) is approximately perpendicular to 289 

that of both folded bedding (Figs. 5a, 5b and 5c) and thrust surfaces (Fig. 5d). However, 290 

the outcrop face dips steeply towards the WNW (Fig. 3), whereas the fold axes are sub-291 

horizontal to gently plunging towards the WNW (Figs. 5a, 5b and 5c). Thus, the 292 

geological cross-sections constructed in the field with the help of outcrop photographs, 293 

were corrected using a Ramsay and Huber (1987) method and with the aid of the 294 

software Move (Midland Valley) to obtain profiles perpendicular to the fold axes which 295 

allow a proper visualization of the thrust-related folds identified in the studied outcrop. 296 

Since the outcrop face and the fold axes exhibit slightly different orientations in different 297 

portions of the outcrop (Figs. 5a, 5b and 5c), a geological profile for each mechanical unit 298 

was constructed using average fold axes estimated (Fig. 6). The contractional structures 299 

will be described below using the rotated and corrected geological profiles in figure 6, 300 

and the description will be carried out from south to north, that is, from the lowest to 301 

the uppermost mechanical unit. 302 

 303 

4.2. Fault-propagation fold 304 

The lowermost studied structure is a detachment that separates the griotte 305 

limestones unit from the underlying Baleas Fm. limestones through the black slates of 306 

the Vegamián Fm. Both the griotte limestones and the Vegamián Fm. slates are 307 

approximately parallel to each other. Whereas in the field the griotte limestones do not 308 

exhibit a particular intense deformation in the vicinity of the contact with the black 309 

slates, the slates are strongly deformed as evidenced by the occurrence of centimetre-310 

scale shear bands, veins and folds.  311 
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The most important structure involving the griotte limestones unit is a parallel, 312 

open anticline, with rounded geometry (Fig. 6a). Its fold width is greater than 8 m and 313 

its amplitude is greater than 2 m. This fold is asymmetric and south-vergent, so that the 314 

southern limb (forelimb) dips steeply (around 60°) and is shorter than the northern 315 

limb (backlimb) which is longer and dips moderately (around 30°). The occurrence of 316 

calcite slickensides along decimetre-spaced bedding surfaces in the fold backlimb 317 

suggest that flexural slip was one of the mechanisms responsible for the distribution of 318 

deformation within folded layers. This anticline is developed in the hangingwall of a 319 

south-directed thrust fault that dips moderately to the north and whose maximum fault 320 

displacement measured in the geological profile is almost 4 m. The lower beds of the 321 

griotte limestones unit overthrust themselves in a hangwingwall flat over a footwall 322 

ramp situation. Towards the south and up section, the thrust bifurcates into a set of 323 

smaller displacement thrusts that offset the upper beds of the griotte limestone unit in a 324 

hangingwall ramp over a footwall ramp situation. Where the main thrust bifurcates, 325 

some smaller-scale, open anticlines and synclines occur. These minor folds are 326 

interpreted as ductile structures accommodating thrust displacements up section. The 327 

main fold geometry, the fold-thrust relationships and the thrust displacement pattern 328 

suggest that the whole structure can be interpreted as a ramp fold, in particular a fault-329 

propagation fold developed over a slightly deformed footwall, with intense forelimb 330 

deformation accommodated by second-order folding and thrusting. We interpret that 331 

the main thrust responsible for the fault-propagation fold emanates from the 332 

detachment located at the base of the griotte limestones (Masini et al., 2010a, 2010b). 333 

To verify quantitatively whether this structure could be modelled as a fault-334 

propagation fold (Suppe and Medwedeff, 1990): a) the interlimb angle and the thrust 335 

ramp dip were measured and plotted on a Jamison (1987) chart for fault-propagation 336 
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folds (Fig. 7a), and b) the displacement on the fault for different horizons and the 337 

distance from each cut-off point to an arbitrary reference point measured on the fault 338 

were obtained and plotted on the Chapman and Williams (1984) graph (Fig. 8a). 339 

According to the Jamison (1987) graph, the studied fold can be interpreted as a fault-340 

propagation fold with a slight forelimb thickening, which actually occurs in the field 341 

example. According to the Chapman and Williams (1984) graph, the thrust displacement 342 

decreases up section following the typical pattern for fault-propagation folds (e.g., 343 

McConnell et al., 1997). The curved geometry of the function on the 344 

distance/displacement diagram (Fig. 8a) may be due to one the following factors: a) the 345 

thrust propagation to slip ratio (P/S) is not constant (according to Hughes and Shaw, 346 

2014 the gradient in displacement is linear in models of fault-propagation folds with 347 

constant P/S ratio), b) the smoothly curved morphology of the thrust surface (Fig. 6a), c) 348 

as we will see below, the fault-propagation fold analysed does not correspond exactly to 349 

a trishear fault-propagation fold or to a fault-propagation fold with a fixed-axial surface  350 

(according to Hughes and Shaw, 2014 the gradient in displacement is linear in those 351 

models of fault-propagation folds), or d) combinations of the factors described above. 352 

Two main characteristics of this fault-propagation fold suggest that it might be 353 

interpreted as a trishear fault-propagation fold: a) the forelimb region resembles a 354 

triangular zone of maximum deformation in terms of amount of thrust faults and folds, 355 

as well as strain (see paragraphs below), whose apex emanates from the main fault and 356 

widens up section away from it towards the south; and b) the forelimb thickness is 357 

greater than that of the backlimb reaching around 110 %. In order to unravel the 358 

evolution of this structure and quantify its controlling parameters, forward models of 359 

trishear fault-propagation folds were constructed using the modules implemented in the 360 

software Geosec based on the Erslev (1991) and Allmendinger (1998) models. The goal 361 
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was to obtain a model that emulates the geometry of the actual fault-propagation fold by 362 

iterating the values of the different parameters. The input parameters employed have 363 

been measured in the field and in the geological profile depicted in figure 6a, and 364 

derived from the lost area diagram (Fig. 9a). Unfortunately, it was not possible to obtain 365 

a model of a trishear fault-propagation fold that successfully reproduces the geometry of 366 

the actual fault-propagation fold developed in the griotte limestones in terms of crestal 367 

width, triangular zone position and forelimb dip. 368 

Since this structure could not be successfully modelled as a tri-shear fault-369 

propagation fold, we tried to model it following another type of kinematic approach. 370 

Taking into account that the layer thickness is not constant (the ratio between the 371 

backlimb thickness divided by the forelimb thickness is approximately 0.94), an attempt 372 

was made to model this structure as a fixed-axial surface fault-propagation fold with 373 

differential-bedding angular shear (Suppe and Medwedeff, 1990, Mossar and Suppe, 374 

1992). The input parameters have been measured in the field and in the geological 375 

profile depicted in figure 6a. These values have been plotted on the graph in figure 9 of 376 

Mossar and Suppe (1992). The results suggest that this structure resembles a fault-377 

propagation fold with a fixed-axial surface and a moderate amount of positive angular 378 

shear, i.e. the loose line in the layers offset by the thrust is inclined in the same direction 379 

as the thrust. This result is in accordance with the restoration of this structure shown in 380 

figure 7 of Masini et al. (2010) in which the loose line in the layers offset by the thrusts is 381 

not vertical but inclined because the lower layers have a greater length than the upper 382 

ones. However, the forelimb dip is strictly parallel to the backlimb axial surface in the 383 

theoretical models of fault-propagation folds generated according to the fixed-axial 384 

surface theory, whereas in the studied example they form an angle of approximately 10°. 385 
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To quantify the amount of layer-parallel strain experienced by the horizons 386 

involved in the fault-propagation fold we followed a strategy proposed by Groshong 387 

(2015). First we measured the unfolded bed length of various horizons involved in the 388 

fault-propagation fold (L1) as well as the width of the structure (W), in the geological 389 

profile presented in figure 6a (Table 1). Secondly we estimated the shortening 390 

undergone by the structure (S) using the lost area diagram of Epard and Groshong 391 

(1993), i.e., the slope of the best-fit function for the excess area versus height of different 392 

horizons with respect to an arbitrary reference level (Fig. 9a). Both the excess area and 393 

the height were estimated using the geological profile in figure 6a. The x value of the 394 

intersection between the best-fit function and the x axis supplies the estimated depth to 395 

detachment. Since the difference between the depth to detachment estimated from the 396 

lost area diagram and the actual depth in the field is almost 1 cm (Fig. 9a), it is 397 

reasonable to think that the lost area diagram supplied correct results, and therefore, 398 

the shortening estimate is correct. Furthermore, the fact that the estimated depth to 399 

detachment and the actual one are virtually identical validates the geological profile 400 

from the cross-sectional area point of view. The next step was estimating the initial bed 401 

length before deformation (Lo) as (Groshong and Epard, 1994): 402 

Lo = W + S      (1). 403 

Finally we estimated the layer-parallel strain each horizon suffered (Lps) using the 404 

following equation (Groshong and Epard, 1994):  405 

Lps = (L1 - Lo) / Lo     (2). 406 

The percentages of layer-parallel strain estimated for the lower horizons of the 407 

stratigraphic succession are less than 1%, and therefore, they can be neglected because 408 

they probably lie within the error range of the method (Fig. 9b). The percentages of 409 

layer-parallel strain estimated for the upper horizons increase progressively up section 410 
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from somewhat more than -1% to about -6.5%. These values are negative indicating that 411 

the current length of the horizons is less than their initial length, i.e., layer-parallel 412 

shortening occurred. The average percentage of layer-parallel strain is -2.1 %. 413 

 To estimate the bulk strain suffered by the structure we followed a methodology 414 

developed by Masini et al. (2010a). This methodology consists of the following steps. a) 415 

Placing circular markers in the deformed, geological cross-section. b) Restoring the 416 

section together with the markers. c) After restoration, the circular markers become 417 

ellipses whose axes ratio (called ellipticity coefficient), accompanied by an algebraic 418 

transformation, may be employed as a measure of strain. This ratio ranges from 1 (no 419 

deformation) to values close to 0 (strong deformation). d) Obtaining the distribution of 420 

the deformation in the deformed section performing an interpolation procedure using as 421 

input data the strain values of each marker. In the fault-propagation fold depicted in 422 

figure 6a the strain is mainly concentrated in the forelimb, especially in the uppermost 423 

beds of the stratigraphic sequence (Fig. 10a), where abundant second order thrust faults 424 

and folds occur. The minimum ellipticity coefficient achieved is 0.15. The occurrence of a 425 

certain amount of layer-parallel and bulk strain is consistent with the irregular cleavage 426 

surfaces identified in the griotte limestones in some portions of the outcrop (Masini et 427 

al., 2010a, 2010b). 428 

 429 

4.3. Detachment folds 430 

The unit composed of alternations of radiolarites and slates is mainly deformed 431 

by two, decimetre to almost metre-scale, anticlines and one syncline in between them 432 

(Fig. 6b). These kink-like to rounded, open to close folds are asymmetrical, south-433 

vergent structures, so that the southern limb of the anticlines (forelimb) is short and 434 

sub-vertical or even slightly overturned, whereas the northern limb (backlimb) is much 435 
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longer and dips from sub-horizontal to moderate. The hinge zones and the steep limbs 436 

are thickened with respect to the gently dipping limbs; the maximum thickness may 437 

reach almost 200 % in hinge zones, although values around 115-125 % are common. 438 

Second-order folds, as well as small thrusts repeating beds, folded in some cases, are 439 

partly the cause of the thickening. Disharmonies and hinge collapses have been also 440 

recognized within these folds. The major anticlines and the syncline are interpreted as 441 

detachment folds related to the main detachment level, i.e., the boundary between the 442 

radiolarites and slates unit and the underlying griotte limestones unit. Second-order 443 

detachment surfaces occur at different horizons within the stratigraphic succession. The 444 

folds involving the radiolarites and slates unit might be interpreted as a ductile shear 445 

response of southwards motion of the overlying unit formed by alternations of griotte 446 

limestones, grey limestone and slates in relation to the underlying griotte limestones 447 

unit. 448 

The radiolarites and slates unit lay above the rough top of the underlying griotte 449 

limestones unit, folded by the fault-propagation fold developed within the griotte 450 

limestones. The radiolarites and slates are approximately parallel to the griotte 451 

limestones top towards the south but are oblique to the griotte limestones top towards 452 

the north (Fig. 6b). Thus, this surface separates layers in a hangingwall flat situation 453 

over a footwall flat towards the north, and in a hangingwall ramp position over a 454 

footwall flat towards the south. Since the lowermost portion of the radiolarites and 455 

slates succession is missing towards the south, the boundary between the radiolarites 456 

and slates and the griotte limestones is partly a subtractive contact. Despite the 457 

obliquity between the hangingwall layers and the surface, we call this surface “a 458 

detachment” because it separates two mechanical units that exhibit a completely 459 

different internal structure. The geometry of the radiolarites and slates just above the 460 
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detachment may be caused by flow of ductile rocks at the base of the succession during 461 

amplification of the detachment folds involving the radiolarites and slates. The area of 462 

the inner core of detachment anticlines in whose development intervene the limb 463 

rotation mechanism increases extremely in the first stages (Fig. 11) and needs to be 464 

filled in with rocks coming from adjacent regions, e.g. adjacent synclines, causing rock 465 

flow (e.g., Wiltschko and Chapple, 1977; Homza and Wallace, 1995; Bulnes and Poblet, 466 

1999). If this hypothesis were correct, the amplification of the detachment folds 467 

developed within the radiolarites and slates probably stopped when: a) all the available 468 

ductile material in adjacent regions had already flowed (Poblet and McClay, 1996), b) 469 

the anticline forelimbs reached a sub-vertical dip and the area of the anticline inner core 470 

started to decrease (Fig. 11) but the ductile materials could not flow away from the 471 

anticline cores because this would require lifting a thick stratigraphic sequence above, 472 

or c) the shortening responsible for the development of the detachment folds ended up.  473 

The boundary between the radiolarites and slates unit and the overlying unit 474 

formed by alternations of griotte limestones, grey limestones and slates looks like a 475 

normal stratigraphic contact in most part of the outcrop, where beds are approximately 476 

parallel. However, it corresponds to an upper detachment with respect to the syncline 477 

developed in the radiolarites and slates unit in the southern part of the outcrop. 478 

Therefore, this contact behaves as a local detachment only at specific points. 479 

To determine the layer-parallel strain caused by the detachment folds we 480 

followed the methodology presented in the previous section. The layer-parallel strain 481 

was estimated for the southernmost syncline depicted in the geological profile in figure 482 

6b, which is bounded by an upper detachment. The anticlines were not used for the 483 

calculations because some folded layers in the inner core of the anticlines are cut by the 484 

lower detachment. A lost area diagram was constructed and the amount of shortening 485 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 21 

estimated (Table 1) (Fig. 9c). The difference between the depth to detachment obtained 486 

from the lost area diagram and the actual depth to detachment observed in the field is 3 487 

cm. The small difference between both depths to detachment suggests that the 488 

shortening estimate is correct and validates the geological profile from the cross-489 

sectional area point of view. Using equations (1) and (2) we estimated the initial bed 490 

length before deformation and the layer-parallel strain. The layer-parallel strain values 491 

are negative indicating that the current bed length of the horizons is lesser than the 492 

initial one, and therefore, that layer-parallel shortening took place. The percentages are 493 

relatively high in the uppermost horizons reaching -26.2 %, decreasing downsection to -494 

4.5% (Fig. 9d). The average percentage is -16.4 %. 495 

 To determine the bulk strain caused by the detachment folds we followed the 496 

methodology presented in the previous section. The strain obtained is mostly 497 

distributed in the hinge zones and in the forelimbs of the detachment folds where the 498 

maximum bed thickening occurred (Fig. 10b). The minimum ellipticity coefficient 499 

measured is 0.08. 500 

 501 

4.4. Fault-bend folds 502 

Almost no structures occur within the alternations of griotte limestones, grey 503 

limestones and slates, except for an isolated small fault-bend fold with low displacement 504 

developed in a few centimetres thick, grey limestone bed with red slates on top. Most of 505 

the fault-bend folds are developed in the overlying grey limestones unit and their main 506 

features are described below. 507 

Various grey limestone beds are folded by parallel or almost parallel, smooth 508 

anticlines, with rounded geometry and decimetre to metre sizes (Fig. 6c). These folds 509 

are asymmetrical and north-vergent, so that the northern limbs (forelimbs) dip gently 510 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 22 

(from 15° to 25°) and are shorter than the southern limbs (backlimbs) which are sub-511 

horizontal (from 5° to 10°) and longer. Their amplitude is usually smaller than their 512 

width. These folds are developed in the hangingwall of thrusts subparallel to bedding, 513 

which exhibit some segments of gentle dip to the south. The thrusts are north-directed 514 

and are responsible for centimetre to decimetre displacements in cross section view. 515 

The beds in contact with these thrusts exhibit hangingwall flats on both footwall flats 516 

and ramps, as well as hangingwall ramps on both footwall flats and ramps. The 517 

geometrical features of the folds and thrusts, and the different ramp-flat situations of the 518 

layers in relation to the thrusts point out that these structures could be interpreted as 519 

ramp folds, in particular as fault-bend folds. 520 

In order to check whether the studied structures fit the classical fault-bend fold 521 

model (Suppe, 1983), the interlimb angle of one of the fault-bend folds was plotted 522 

versus its thrust ramp dip on a specific chart for fault-bend folds (Jamison, 1987) (Fig. 523 

7b). Since the fault-bend folds developed in the upper part of the grey limestones unit 524 

are deformed by the ones developed in the lower part of this unit (Fig. 6c), we chose the 525 

less deformed structure to carry out the plot, that is the lowermost structure in the 526 

geological profile. The data plotted on the graph predict that the structures can be 527 

interpreted as fault-bend folds with constant thickness. Thus, the result is satisfactory 528 

because the actual example analysed is a parallel fold. Moreover, to ensure this result 529 

the displacement on the fault measured for different horizons was plotted versus the 530 

distance from each cut-off point to an arbitrary reference point along the fault according 531 

to the Chapman and Williams (1984) technique (Fig. 8b). The function obtained for the 532 

same fault-bend fold analysed above consists of two segments: a) the lowest constant 533 

displacement segment corresponds to beds on a hangingwall flat situation located on 534 

the upper detachment, and b) the variable displacement segment corresponds to beds in 535 
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a hangingwall ramp situation located on the thrust ramp and on the upper detachment. 536 

This pattern is in accordance with that of fault-bend folds (e.g., McConnell et al., 1997). 537 

According to Hughes and Shaw (2014), a characteristic feature of fault-bend folds is that 538 

the ratio of the displacement above the thrust bend to the displacement below the thrust 539 

bend (R) predicted by the fault-bend folding theory (Suppe, 1983) minus one is 540 

equivalent to the slope of the variable displacement segment. Taking into account the 541 

thrust ramp dip and the interlimb angle of the example analysed, the fault-bend fold 542 

theory predicts that R is approximately 0.9 for this example. Thus, 0.9 minus 1 equals -543 

0.1 and this value coincides with the slope of the linear best-fit function that fits the data 544 

in the variable displacement segment (Fig. 8b). This confirms that the analysed structure 545 

corresponds to a fault-bend fold. 546 

To estimate the percentages of layer-parallel strain related to the fault-bend folds 547 

we followed the strategy described above (Table 1). We did not calculate the layer-548 

parallel strain for all the folds, bur for the lowermost anticline depicted in the geological 549 

profile in figure 6c. The unfolded bed length, the width of the structure, the excess area 550 

and the height with respect to a reference level were measured. The lost area diagram 551 

using data from this structure supplied the amount of shortening (Fig. 9e). Then, the 552 

depth to detachment obtained using the lost area diagram was compared with the actual 553 

depth to detachment observed in the field. The difference between the actual depth to 554 

detachment and the estimated value is almost 4 cm pointing out that the shortening 555 

estimated using the lost area diagram is approximately correct and validating the 556 

geological profile from the cross-sectional area point of view. Since the estimated 557 

detachment depth is greater than the detachment depth observed in the field (Fig. 9e), 558 

the linear best-fit function has a higher slope than it would have if the estimated 559 

detachment depth were equal to that observed. This means that the shortening obtained 560 
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using the best-fit function is somewhat higher than the actual shortening. Finally, the 561 

initial bed length before deformation and the amount of layer-parallel strain were 562 

obtained employing equations (1) and (2) respectively. The values of layer parallel 563 

strain are negative indicating that the current bed length of the horizons is lesser than 564 

the initial one. The percentages are low in between -0.8 % and -2.9 % (Fig. 9f) averaging 565 

-1.9 %. The percentages of layer-parallel strain estimated for the lower horizons are 566 

lower than those estimated for the upper horizons. Since the shortening used to 567 

calculate the amount of layer-parallel strain is somewhat greater than the actual 568 

shortening, the estimated layer-parallel strain is also somewhat greater than the actual 569 

one. 570 

 To estimate the bulk strain related to the fault-bend folds we followed the 571 

strategy described above. The amount of strain is low (the minimum ellipticity 572 

coefficient estimated is 0.42) and it is concentrated in the forelimb of the folds, 573 

especially in the upper part of the stratigraphic sequence (Fig. 10c). 574 

 575 

4.5. Age and burial depth of the fault propagation fold, detachment folds and fault-576 

bend folds 577 

All the folds and related reverse faults depicted in the rotated geological profiles 578 

(Fig. 6) involve the Alba Fm. rocks of lower Carboniferous age (Fig. 2). We proposed 579 

above that these contractional structures developed before the Villasecino anticline, 580 

when beds were flat-lying, or during the initial stages of tilting of the north limb of the 581 

Villasecino anticline as fold-accommodation structures. Since the rocks affected by the 582 

studied structures are of Carboniferous age and the Villasecino anticline was developed 583 

during the Variscan orogeny of Carboniferous age, this implies that the age of the fault-584 

related folds is Carboniferous. Not all the fault-related folds are strictly simultaneous 585 
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because the fault-bend folds developed in the upper part of the grey limestones unit are 586 

deformed by the ones developed at the bottom of this unit (Fig. 6c), and the basal 587 

detachment of the radiolarites and slates unit is folded by the underlying fault-588 

propagation fold developed in the griotte limestones unit (Fig. 6b). Therefore, it seems 589 

that deformation propagated from the upper terms of the Alba Fm. rocks downwards. 590 

From a geological section across the study area by Rodríguez-Fernández et al. 591 

(1990) (cross section III-III’) we estimated that the minimum thickness of the 592 

Carboniferous stratigraphic succession involved in Variscan structures above the 593 

studied outcrop would have been around 1.5 km (Fig. 1d). However, this may be a 594 

minimum depth of burial by the time of formation of the structures. Thus, the sole thrust 595 

of the Variscan Somiedo structural unit, which crops out north, south and west of the 596 

Villasecino anticline forming a semi-tectonic window (De Sitter, 1962; Marcos, 1968; 597 

Martínez-Álvarez et al., 1968; Alonso et al., 1989; Rodríguez-Fernández et al., 1990; 598 

Instituto Geológico y Minero de España, 2005-2011) and carrying out a more than 2 km 599 

thick Paleozoic succession, is folded by the Villasecino anticline (Alonso et al., 1989; 600 

Rodríguez-Fernández et al., 1991) (Fig. 1b). Since the studied outcrop is located in the 601 

footwall of the Somiedo sole thrust, the Somiedo thrust sheet could have been also 602 

located on top of the Carboniferous succession above the studied outcrop by the time 603 

the thrust-related folds were formed. Therefore, if the studied thrust-related folds were 604 

developed before the emplacement of the Somiedo thrust sheet, then the burial depth 605 

would have been 1.5 km, whereas if they developed after the emplacement of the 606 

Somiedo thrust sheet, the burial depth would have been 3.5 km. This range is consistent 607 

with the Kübler index of illite (KI) and the conodont colour alteration index (CAI) 608 

obtained in this region (García-López et al., 1999, 2007), which indicate that the outcrop 609 

is located in a diagenetic, that is, non-metamorphic area. 610 
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 611 

4.6. Normal faults 612 

In the central portion of the outcrop, we mapped two faults gently inclined, one 613 

towards the S and another towards the N that offset the middle-upper part of the 614 

radiolarites and slates unit, the unit formed by griotte limestones, grey limestones and 615 

slates, and the lower part of the grey limestones unit (central-lower portion of Fig. 3). 616 

The offset caused by these metre-scale faults is reverse and reaches up to some 617 

decimetres. Smaller faults with similar characteristics have been recognized as well. 618 

Once the geological interpretation of the outcrop is rotated in a clockwise sense looking 619 

ESE around a horizontal ESE–WNW axis, these two main faults become conjugate 620 

normal faults with a steep dip towards the N and towards the S defining a small graben 621 

(left portion of geological profile depicted in Fig. 4b). The displacement along these 622 

normal faults decreases down-section to zero within the radiolarites and slates unit 623 

where both faults join. Up-section, the southernmost normal fault is offset by a thrust 624 

developed within the grey limestones unit (right portion of geological profile depicted in 625 

Fig. 6c). The facts that: a) these faults involve Carboniferous rocks; b) their geometry, 626 

displacement and structural relationships makes sense once the geological 627 

interpretation is rotated, pointing out that they developed before the tilting of the north 628 

limb of the Villasecino anticline; and c) they developed prior to the thrust-related folds 629 

present in the outcrop, suggest that they may be interpreted as an evidence of a possible 630 

extensional event of Early Carboniferous age previous to the Variscan orogeny. 631 

 632 

4.7. Oblique faults 633 

A few decimetre to metre-scale faults with relatively gentle dip towards the 634 

WNW have been recognized in different parts of the outcrop. The slickenfibres 635 
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developed on the fault surfaces usually exhibit a NW-SE trend regardless of the 636 

orientation of the faults indicating that the hangingwall moved towards the SE. They are 637 

oblique faults with a dip-slip (reverse) component and a subordinate strike-slip (left-638 

lateral) one. The geometry and displacement along these faults does not seem to make 639 

sense once the geological interpretation is rotated in a clockwise sense looking ESE 640 

around a horizontal ESE–WNW axis. Moreover, these faults seem to cut and offset some 641 

thrusts present in the outcrop. This suggests that these oblique faults developed after 642 

thrusting and after tilting of the north limb of the Villasecino anticline. 643 

The normal faults described above display oblique NW-SE slickenfibres on their 644 

surfaces indicating that the hangingwall moved towards the SE. The displacement along 645 

these normal faults, deduced by correlating beds on both fault blocks, is not consistent 646 

with the one they should have according to these slickenfibres. This suggests that these 647 

faults were originally normal faults later on reactivated as oblique faults. 648 

Hectometre to kilometre-scale faults, with a similar motion to that of the oblique 649 

faults described, have been mapped in surrounding areas (see for instance geological 650 

maps by Rodríguez-Fernández et al., 1990 and Instituto Geológico y Minero de España, 651 

2005-2011, and Fig. 1c). In these geological maps NW-SE faults with apparent left-652 

lateral motion and NE-SW faults with apparent right-lateral motion offset the Villasecino 653 

anticline trace. The NW-SE and NE-SW sets could be interpreted as a conjugate fault 654 

system. If this were correct, these two fault families could result from approximately N-S 655 

shortening and may be related to the final stages of development of the Villasecino 656 

anticline, to the closure of the Ibero-Armorican Arc and/or to the Alpine contraction. 657 

Thus, a) the E -W trending Villasecino anticline may have been caused by local N-S 658 

shortening assuming that the shortening responsible for its formation was 659 

approximately perpendicular to the fold trend, b) some authors attributed the formation 660 
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of the Ibero-Armorican Arc to a late Paleozoic N-S shortening that bent an initial nearly 661 

linear Variscan belt (Julivert, 1971b; Julivert and Marcos, 1973; Stewart, 1995 amongst 662 

others), and c) analysis of fault populations in Mesozoic rocks north of the study area 663 

yielded an approximately N-S shortening direction during the Cenozoic Alpine 664 

contraction (Lepvrier and Martínez-García, 1990; Uzkeda et al., 2016). 665 

 666 

5. CONTROLS ON DEVELOPMENT OF FAULT-BEND, FAULT PROPAGATION AND 667 

DETACHMENT FOLDS 668 

A large number of parameters may exert a control to a certain extent on the 669 

development of a specific fold/thrust style: mechanical stratigraphy (single layers or 670 

multilayers, strength, thickness of the cover and ductile layers, shear strength of layer 671 

interfaces, dominant members, stacking of lithologic types, weakness of the décollement 672 

layer, anisotropy, etc.), confining pressure, pore pressure, temperature, strain rate, 673 

stress state, amount of shortening, syn-tectonic sedimentation, etc. (e.g., Chester et al., 674 

1991; Dixon and Liu, 1992; Jamison, 1992; Liu and Dixon, 1995; Erickson, 1996; Stewart, 675 

1996; Storti et al., 1997; Chester, 2003; Albertz and Lingrey, 2012; Hughes et al., 2014; 676 

Yan et al., 2016; Li and Mitra, 2017). All the fault-related folds described in the studied 677 

outcrop developed in the same structural position, so that the average dip of the beds, 678 

the age of the structures and the pressure and temperature conditions when they 679 

formed were basically the same. Unfortunately, the outcrop dimensions are limited, and 680 

therefore, we cannot check whether the shortening suffered by the different mechanical 681 

units was the same or it was different. However, it is likely that all of them have 682 

undergone similar amounts of shortening accommodated in different manners. Thus, 683 

the main differences between the zones in which fault-bend, fault-propagation or 684 

detachment folds developed are: 1) the depth at which they were formed, and 2) the 685 
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rheological and some stratigraphic features of the rocks involved in the structures. In 686 

relation to the depth, it seems unreasonable that a difference of a few meters could be 687 

responsible for the formation of different types of fault-related folds. Therefore, we 688 

conclude that, at least in this particular case, the development of one or another type of 689 

fault-related fold was essentially controlled by the mechanical stratigraphy (Fig. 12). 690 

Some features of the structures developed in each mechanical unit supply 691 

information about the behaviour of the unit. Figures 12 and 13 illustrate the layer-692 

parallel and bulk strain, the forelimb dip, the supplementary angle of the interlimb 693 

angle, and the forelimb and hinge thickening in the fault-propagation fold involving the 694 

griotte limestones unit, a detachment fold involving the radiolarites and slates unit, and 695 

a fault-bend fold affecting the grey limestones unit. Regardless of the type of fold/thrust 696 

interaction, all show forelimb thickening accompanied by a certain amount of strain. The 697 

ramp folds (fault-bend and fault-propagation folds) do not show thickening or strain in 698 

the hinge area, while the detachment folds do. The fault-bend fold shows the lowest 699 

values for all parameters, the fault-propagation fold shows intermediate values, and the 700 

detachment fold shows the highest values. These figures suggest that the lowest 701 

deformation occurred in fault-bend folds, intermediate in fault-propagation folds and 702 

the greatest deformation occurred in detachment folds. These data are in accordance 703 

with the fact that the grey limestones unit is the most competent unit, followed by the 704 

griotte limestones unit, whereas the radiolarites and slates unit is the most incompetent 705 

one. 706 

The mechanical stratigraphy exerted a strong control on the position of the 707 

detachments within the stratigraphic succession. Detachments are located where abrupt 708 

changes take place in all the different properties of the rocks located above and below 709 

the boundary (see the logs in Fig. 12 and the graph in Fig. 2c). The lowermost 710 
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detachment is located within the black slates of the Vegamián Fm. below the griotte 711 

limestones unit, and the uppermost one between the griotte limestones unit and the unit 712 

formed by radiolarites and slates. Local, second-order detachments may develop at 713 

those boundaries within the stratigraphic succession where the changes in the rock 714 

mechanical properties are significant but not dramatic, such as the boundary between 715 

the radiolarites and slates unit and the unit made up of griotte limestones, grey 716 

limestones and slates (Figs. 2 and 12). Detachments do not occur at those boundaries 717 

where the changes between the rock mechanical properties are minor, such as the 718 

boundary between the unit formed by griotte limestones, grey limestones and slates and 719 

the overlying grey limestones unit (Figs. 2 and 12). These detachments are necessary to 720 

allow different types of thrust-related folds with different vergence and dimensions to 721 

be generated at different levels of the stratigraphic succession. Thus, the structures 722 

recognized at a certain depth domain cannot be extrapolated to the whole succession. 723 

 The dimensions of the fault-related folds mapped in the outcrop may be 724 

influenced by the mechanical stratigraphy as well. The graph in figure 14, based on 725 

outcrop observations, illustrates the relationship between the dimensions of the 726 

structures and three characteristics of the mechanical units: presence/absence of a basal 727 

detachment, lithological monotony/alternation of lithologies of different competence, 728 

and smoothness/roughness of the bedding surfaces. The most important discontinuity 729 

in the griotte limestones unit lies at its base, when it comes into contact with the dark 730 

slates of the Vegamián Fm. through a detachment. The internal discontinuities within 731 

the griotte limestones unit are the bedding surfaces, but there are no significant changes 732 

in the features of the different griotte limestone strata. In addition, the bedding surfaces 733 

within the griotte limestones are rough making sliding between layers difficult. The 734 

basal detachment and absence of internal mechanical contrasts/discontinuities caused 735 
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that the whole unit acted as solidary set, and therefore, a large-scale, single tectonic 736 

structure developed. As in the case of griotte limestones unit, the most important 737 

discontinuity in the radiolarites and slates unit lies at the base of the unit, when it comes 738 

into contact with the griotte limestones through a detachment. Unlike the griotte 739 

limestones unit, the radiolarites and slates unit involves alternations of lithologies. Each 740 

bedding surface separating a radiolarite layer from a slate layer is a significant internal 741 

discontinuity because of the different mechanical properties of these two lithologies. In 742 

addition, bedding surfaces are smooth allowing beds to slide between them easily. The 743 

occurrence of an important detachment forced the radiolarites and slates unit to behave 744 

as a solidary set (large-scale detachment folds that affect almost the whole unit). 745 

However, the existence of internal, efficient discontinuities and mechanical contrasts led 746 

to development of various minor, second-order structures within the unit. The most 747 

important difference between the grey limestones unit and both the griotte limestones 748 

unit and the slates and radiolarites unit is the absence of a significant detachment at its 749 

base; the radiolarites and slates unit passes gradually onto the grey limestones unit. 750 

Thus, the shortening suffered by the grey limestones unit could not be accommodated 751 

primarily along a basal detachment, and therefore, it sought other discontinuities 752 

capable of accommodating it. The most important discontinuities within the grey 753 

limestones unit are the bedding surfaces, which include some interbedded slates and are 754 

smooth allowing easy sliding between beds. As the grey limestones unit does not have a 755 

basal detachment but internal discontinuities, it shortened though small-scale 756 

structures that involved only certain layers. Regarding the unit composed of griotte 757 

limestones, grey limestones and slates, the absence of a basal detachment, the presence 758 

of lithologies of different competence and the presence of both rough and smooth 759 

bedding surfaces led to virtually no development of structures. 760 
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Ramp folds, i.e., fault-bend folds and fault-propagation folds, are developed in 761 

thick-bedded, monotonous successions of relatively strong, brittle rocks (limestones), 762 

whereas detachment folds involve thin-bedded alternations of strong and weak rocks, 763 

which constitute a relatively ductile unit (alternations of radiolarites and slates) (Fig. 2 764 

and 12). In accordance with Chester et al. (1991) amongst others, these observations 765 

confirm that shortening in isotropic, competent lithologies primarily involve faulting, 766 

whereas thinly layered, anisotropic units (alternations of competent and incompetent 767 

materials) shorten mainly by folding. The mechanical units analysed were subjected to a 768 

flexural slip mechanism, and this means that the threshold above which these bedding 769 

surfaces act as shear surfaces was exceeded. The easiness or difficulty to slide of the 770 

bedding surfaces is probably related to the morphology of the bedding surfaces, which 771 

may have influenced to a certain extent the type of fold/thrust style developed. Thus, 772 

boundaries between layers in the radiolarites and slates unit and in the grey limestones 773 

unit are frictionless or exhibit a low friction because they are generally smooth, and 774 

therefore, they are free or almost free to slip. In contrast, boundaries between griotte 775 

limestone layers are partially bonded because they are rough, and therefore, they 776 

exhibit high shear strength. In the grey limestones unit, the frictional shear strength 777 

between bedding surfaces was low and this is the reason why thrusts developed mainly 778 

along bedding surfaces forming flats and short ramps across one, or more than one, 779 

layer. Motion along these curved, staircase thrust surfaces caused fault-bend folding. In 780 

the griotte limestones unit, the lowest frictional resistance to shear occurred in the 781 

underlying black slates, and this explains why the main thrust (detachment) developed 782 

within these rocks. When the thrust ramped up across the griotte limestone layers, it did 783 

not run along bedding surfaces but cut across them, probably because the frictional 784 

resistance of these surfaces was low enough to allow these surfaces to accommodate 785 
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layer-parallel shear but not low enough to allow the thrust to run along them. On the 786 

other hand, as the hangingwall translated up the ramp, shortening was accommodated 787 

through hangingwall folding and thrust propagation, as well as second order folding and 788 

faulting near the fault tip, causing fault-propagation folding. In the radiolarites and 789 

slates unit, while bedding surfaces are smooth and have a low frictional resistance to 790 

sliding, the boundary between the radiolarites and slates unit and the underlying griotte 791 

limestones unit has an even lower frictional resistance to sliding, causing the main 792 

detachment. Some particular ductile beds within the succession have an extremely low 793 

strength leading to second-order detachment and thrusting. Consequently, shortening 794 

was accommodated by detachment folding. Figure 15 illustrates a triangular graph to 795 

show the main stratigraphic and rheologic features that control the formation of the 796 

different types of fault-related folds in the studied outcrop. 797 

 The graphs in figures 14 and 15 can be used to predict the size and/or types of 798 

fault-related folds expected in a stratigraphic sequence of known characteristics, such as 799 

in a case where only the superficial portion of the structures crop out and no subsurface 800 

data are available. The graphs can also be used in a reverse way, that is, to determine the 801 

characteristics of a stratigraphic sequence when the size and/or type of the structures 802 

are known. For example, this would be the case of subsurface fault-related folds mapped 803 

on seismic data, involving a stratigraphic sequence of unknown features because it does 804 

not crop out and no wells through it are available. When plotting the characteristics of a 805 

stratigraphic succession on the triangular diagrams, it could happen that the obtained 806 

points fall in between the vertices of the triangle. Lets us imagine an example in which 807 

the plotted points fall between fault-bend folds and fault-propagation folds, but closer to 808 

fault-bend folds. This would mean either that the types of fault-related folds expected 809 
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are hybrid structures, i.e., transported fault-propagation folds, or that fault-bend folds 810 

predominate over fault-propagation folds in the study area. 811 

 812 

6. CONCLUSIONS 813 

Mechanical stratigraphy was the main control on the occurrence of fault-bend, 814 

fault-propagation and detachment folds developed under diagenetic conditions, at an 815 

approximate burial depth of 1.5 to 3.5 km, in an homoclinal succession located in the 816 

limb of a kilometre-scale, tight anticline formed during Carboniferous times in the 817 

Cantabrian Zone (foreland fold and thrust belt of the Variscan orogen in NW Iberian 818 

Peninsula). Thus, fault-bend folds developed in grey limestones, fault-propagation folds 819 

developed in red, nodular (griotte) limestones, and detachment folds developed in 820 

alternations of radiolarites and slates. The greatest amount of layer-parallel and bulk 821 

strain, forelimb dip and forelimb/hinge thickening, and the smallest interlimb angle, 822 

took place in detachment folds. The lowest values occurred in fault-bend folds and 823 

intermediate values in fault-propagation folds. All these fault-related folds show some 824 

strain in the forelimb, although only the detachment folds exhibit thickening and strain 825 

in the hinge area. Since these mechanical units are arranged one above the other in a 826 

normal stratigraphic order, this caused a change in the structural style at depth. Ramp 827 

folds developed in thick-bedded, isotropic, competent units, whereas detachment folds 828 

developed in thin-bedded, anisotropic, incompetent units. More competent rocks and 829 

smooth bedding surfaces favoured the development of fault-bend folds, whereas less 830 

competent and rough bedding surfaces led to fault-propagation folding. The main 831 

detachments are located at the boundaries between the griotte limestones unit and 832 

underlying black slates, and between the griotte limestones unit and the radiolarites and 833 

slates unit, i.e., between mechanical units with notable changes in their mechanical 834 
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properties (grain size, percentage of incompetent rocks, erosion resistance, bed 835 

thickness and bedding roughness). The structures developed in griotte limestones are 836 

larger-scale structures that involve the entire unit, because it has a basal detachment 837 

and is a monotonous sequence with high friction, rough bedding surfaces. On the 838 

contrary, the structures developed in the grey limestones are small-scale structures that 839 

only involve some layers, since this unit does not have a basal detachment and is a 840 

monotonous sequence with low friction, smooth bedding surfaces. Both larger-scale 841 

structures, that involve the whole unit, and small-scale structures, that only involve 842 

some layers, coexist in the radiolarites and slates unit because this unit has a basal 843 

detachment and consists of alternations of lithologies of different competence with 844 

smooth bedding surfaces that act as “internal detachments”. 845 

The study carried out here indicates that mechanical stratigraphy exerts a strong 846 

influence in fold/thrust interactions, as well as in detachment positions and in the size of 847 

the structures. These points are key issues not only in the usual structural geology and 848 

mapping research tasks carried out at academia, but also in the hydrocarbon industry 849 

prior to drilling structural traps. For instance, proper identification of the fold/thrust 850 

style is essential because distinct classes of structures often have different trap 851 

geometries, hydrocarbon charge paths and reservoir strain characteristics. Correct 852 

diagnosis of fold/thrust styles is also essential in geological/geophysical surveys in 853 

charge of assessing seismic hazard, since fault slip rates of seismically-active, blind 854 

thrusts are generally inferred from patterns of uplift above fault-related folds, and 855 

different types of structures exhibit different relations between fault slip and uplift. 856 

In regions involving heterogeneous stratigraphic sequences, geologists cannot 857 

rely solely on the use of surface data to reconstruct the structures at depth because the 858 

outcropping structures may not be appropriate analogues for subsurface structures. 859 
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Thus, when constructing geological cross-sections and/or 3D models to accurately 860 

predict the geometry and relationships between the structures, a thorough 861 

understanding of the stratigraphic facies realms and their features, based on lithological 862 

information from surface outcrops, geophysical data and/or wells, is crucial. This would 863 

allow understanding the role of the mechanical stratigraphy, and therefore, may help 864 

reducing uncertainties in deciding which fold/thrust model is more appropriate to apply 865 

in the interpretation of a given structure, specially in those regions with scarce, 866 

relatively poor or irregularly distributed available subsurface data.  867 

Although we believe the approach presented here is one more step in the 868 

understanding of the causes that influence fold/thrust interaction, it should be noted 869 

that: 1) the example studied is a small-scale case with particular types of rocks, and 2) 870 

we cannot rule out that, rather than the mechanical stratigraphy, other factors such as 871 

pressure, temperature, strain rate, stress state, amount of shortening, syn-tectonic 872 

sedimentation, etc. may be controlling factors of the type of fold/thrust interaction in 873 

other regions. Therefore, this approach should be used as an additional guideline to 874 

support other structural techniques. 875 
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FIGURE CAPTIONS 1124 

Figure 1: a) Structural sketch of the Cantabrian Zone, b) structural sketch of a portion of 1125 

the Somiedo-Correcillas and Sobia-Bodón structural units (modified from Rodríguez-1126 

Fernández et al., 1990), c) geological map of the region around the studied outcrop (data 1127 

from Rodríguez-Fernández et al., 1990 and Alonso et al., 2008) with location of cross 1128 

section line A-A’, and d) geological section A–A’ across the Villasecino anticline 1129 

(modified from Masini et al., 2010a). 1130 

 1131 

Figure 2: a) Panoramic photograph of the studied outcrop displaying the stratigraphic 1132 

units. b) Stratigraphic column of the studied outcrop showing the rock main features 1133 

used to define the different mechanical units. The percentage of competent rocks has 1134 

been estimated assuming that limestones and radiolarites are competent rocks, whereas 1135 

slates are incompetent rocks. c) Pentagonal diagram relating different properties of each 1136 

mechanical unit. The values of these properties have been extracted from the logs 1137 

depicted in the stratigraphic column in b). 1138 

 1139 

Figure 3: a) Photo-geological interpretation of the studied outcrop, and b) geological 1140 

cross-section of the studied outcrop displaying the stratigraphic and mechanical units as 1141 

well as the main structures. 1142 

 1143 

Figure 4: a) Conceptual geological cross-section showing the location of the studied 1144 

outcrop within the Villasecino anticline, and b) geological cross-section of the studied 1145 

outcrop rotated as a rigid body in a clockwise sense looking ESE around the Villasecino 1146 

anticline fold axis. 1147 

 1148 
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Figure 5: Equal area projections in the lower hemisphere using the software Stereonet 1149 

of measurements of: a) bedding and a fold axis collected in the griotte limestones unit, 1150 

b) bedding and fold axes collected in the radiolarites and slates unit, c) bedding and fold 1151 

axes collected in the grey limestones unit, and d) thrust surfaces and related kinematic 1152 

indicators (striae and slickenfibres). Bedding and thrust surfaces are represented by 1153 

lines, and fold axes and kinematic indicators as dots. 1154 

 1155 

Figure 6: Geological profiles rotated in a clockwise sense showing the structures 1156 

developed in: a) the griotte limestones unit (modified from Masini et al., 2010a, 2010b), 1157 

b) the radiolarites and slates unit, and c) the grey limestones unit. The sub-surface 1158 

portion of the geological profile displayed in a) was constructed using the ‘‘projecting 1159 

faults to depth’’ technique (Roeder et al., 1978). An oblique to bedding fault in the north-1160 

northeast part of this profile was removed because it shown a certain amount of 1161 

movement out of the section. The beds in the hangingwall of this fault were redrawn in 1162 

order to display a geologically reasonable reconstruction of the structure. The profiles 1163 

are displayed from bottom a) to top c). The profile in a) is derived from the geological 1164 

section across the mechanical unit 1 in figure 3b, the profile in b) from the geological 1165 

section across the mechanical unit 2 in figure 3b, and the profile in c) from the geological 1166 

section across the mechanical unit 4 in figure 3b. Shaded area in b) illustrates the 1167 

portion of the outcrop used to carry out the shortening and layer-parallel strain 1168 

estimations. 1169 

 1170 

Figure 7: Geometrical analysis of two ramp folds from the studied outcrop using the 1171 

interlimb angle versus thrust ramp dip graphs designed by Jamison (1987). The black 1172 

dots correspond to: a) the fault-propagation fold that involves the griotte limestones 1173 
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unit, and b) a fault-bend fold that involves the grey limestones unit. Both graphs are 1174 

displayed at the same scale. The data have been collected from the geological profiles 1175 

depicted in figures 6a and 6c respectively. To measure the interlimb angle and the thrust 1176 

dip both fold limbs, as well as the thrust, have been approximated by straight lines. 1177 

 1178 

Figure 8: Fault displacement analysis of two ramp folds from the studied outcrop using 1179 

the graph designed by Chapman and Williams (1984). The parameters plotted are the 1180 

displacement on the fault for different horizons versus the distance from each cut-off 1181 

point to an arbitrary reference point measured on the fault. a) Fault-propagation fold 1182 

that involves the griotte limestones unit (data partially taken from Masini et al, 2010a, 1183 

2010b), and b) a fault-bend fold that involves the grey limestones unit. The data have 1184 

been collected from the geological profiles depicted in figures 6a and 6c respectively. 1185 

 1186 

Figure 9: Shortening and depth to detachment estimations using the lost area diagram 1187 

(Epard and Groshong, 1993) for the: a) fault-propagation fold developed in the griotte 1188 

limestones unit depicted in figure 6a, c) one of the detachment folds developed in the 1189 

radiolarites and slates unit depicted in figure 6b, and e) one of the fault-bend folds 1190 

developed in the grey limestones unit depicted in figure 6c. Plots of percentage of layer-1191 

parallel strain for different horizons for the: b) fault-propagation fold developed in the 1192 

griotte limestones unit (Fig. 6a), d) one of the detachment folds developed in the 1193 

radiolarites and slates unit (Fig. 6b), and f) one of the fault-bend folds developed in the 1194 

grey limestones unit (Fig. 6c). The arbitrary reference level used to construct the lost 1195 

area diagrams is the lower detachment in the case of the ramp folds and the upper 1196 

detachment in the case of the detachment folds. 1197 

 1198 
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Figure 10: Strain values and distribution, using the Masini et al. (2010a) methodology, 1199 

for the profiles displayed in figure 6 of the: a) fault-propagation fold developed in the 1200 

griotte limestones unit, b) detachment folds developed in the radiolarites and slates 1201 

unit, and c) fault-bend folds developed in the grey limestones unit. The profiles are 1202 

displayed from bottom a) to top c). 1203 

 1204 

Figure 11: Graph of variation of anticline core area versus shortening for symmetrical 1205 

(chevron) and asymmetrical (kink) detachment folds with different ratios of backlimb 1206 

length/forelimb length formed solely by limb rotation. The greater this ratio the more 1207 

asymmetrical the anticline. The functions illustrate the whole evolution of the anticlines, 1208 

from their initiation (shortening and core area equal to zero) up to the point in which 1209 

they become isoclinal (core area equal to zero) assuming that the backlimb versus 1210 

forelimb length ratio remains constant. The forward models of detachment anticlines 1211 

have been constructed according to Hardy and Poblet (1994) theory using the software 1212 

Detach (Wilkerson et al., 2004). The fold core area versus shortening graphs for 1213 

detachment folds are inspired in those presented by Poblet and McClay (1996) and 1214 

Poblet et al. (2004).  1215 

 1216 

Figure 12: Stratigraphic column of the studied outcrop showing the distribution of the 1217 

different types of fault-related folds and detachments, and the main features of the 1218 

structures developed within each mechanical unit. The forelimb dip, interlimb angle, 1219 

percentage of forelimb thickening with respect to backlimb thickness, percentage of 1220 

hinge thickening with respect to backlimb thickness and percentage of layer-parallel 1221 

strain refer to the most representative fault-related folds analysed in figures 7, 8 and 9. 1222 

In the case of the layer-parallel strain, absolute values have been used. 1223 
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 1224 

Figure 13: Graph relating the average percentage of layer-parallel strain, the forelimb 1225 

average dip, the inverse of the ellipticity coefficient multiplied by 10, the supplementary 1226 

angle of the interlimb angle and the average percentage of forelimb thickening and hinge 1227 

thickening with respect to the backlimb thickness for the fault-propagation fold 1228 

involving the griotte limestones unit analysed in figures 7, 8 and 9, the detachment fold 1229 

involving the radiolarites and slates unit analysed in figure 9, and the fault-bend fold 1230 

affecting the grey limestones unit analysed in figures 7, 8 and 9. These fault-related folds 1231 

are illustrated in figure 6 and the data have been taken from figure 12. In the case of the 1232 

layer-parallel strain, absolute values have been used. 1233 

 1234 

Figure 14: Triangular graph relating the structure dimensions, located in the vertices of 1235 

the triangle (large-scale structures involving the whole mechanical unit, small-scale 1236 

structures involving some beds and combination of both), and three parameters used to 1237 

define the different mechanical units, displayed as different sectors within the triangle 1238 

(presence or absence of a basal detachment, lithological monotony or alternation of 1239 

lithologies of different competence, and smoothness or roughness of the bedding 1240 

surfaces). The position of the boundaries between the different parameters is 1241 

conceptual. The triangle has been constructed considering only the situations observed 1242 

in the studied outcrop.  1243 

 1244 

Figure 15: Triangular graph relating different stratigraphic and rheologic parameters 1245 

(displayed as sectors within the triangle) versus different types of fault-related folds 1246 

(located in the vertices of the triangle). The position of the boundaries between the 1247 

different degrees or intensities of each stratigraphic and rheologic parameter is 1248 
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conceptual. The triangle has been constructed considering only the situations observed 1249 

in the studied outcrop.  1250 
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TABLE CAPTIONS 1251 

Table 1: Values of height above the detachment for the fault-propagation and fault-bend 1252 

fold and below the detachment for the detachment fold (H), unfolded bed length (L1) 1253 

and width of the structure (W) measured in the geological profiles illustrated in figure 6, 1254 

shortening (S) estimated using the lost area diagram in figure 9, and bed length before 1255 

deformation (Lo) and percentage of layer-parallel strain (% Lps) estimated using 1256 

equations (1) and (2). These values have been estimated for different horizons within: 1257 

a) the fault-propagation fold developed in the griotte limestones unit, b) a detachment 1258 

fold developed in the radiolarites and slates unit, and c) a fault-bend fold developed in 1259 

the grey limestones unit. 1260 
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FAULT-PROPAGATION FOLD 

(GRIOTTE LIMESTONES) 

DETACHMENT FOLD 

(RADIOLARITES AND SLATES) 

FAULT-BEND FOLD 

(GREY LIMESTONES) 

Horizon H L1 W S Lo % Lps Horizon H L1 W S Lo % Lps Horizon H L1 W S Lo % Lps 

H 3.64 16.63 13.45 4.37 17.82 -6.69                       

G 3.42 16.86 13.45 4.37 17.82 -5.40                       

F 3.29 17.03 13.45 4.37 17.82 -4.45 F 0,16  2.28  2.06 1.00 3.07 -25.64            

E 2.85 17.62 13.45 4.37 17.82 -1.14 E 0.25 2.27 2.09 1.00 3.08 -26.22 E  0.73 5.67 5.44  0.39 5.83  -2.71 

D 2.33 17.84 13.45 4.37 17.82 0.10 D 0.44 2.48 2.11 1.00 3.11 -20.41 D 0.67 5.66 5.44 0.39 5.83 -2.92 

C 1.60 17.98 13.45 4.37 17.82 0.88 C 0.58 2.67 2.10 1.00 3.10 -13.96 C 0.63 5.72 5.44 0.39 5.83 -1.87 

B 0.67 17.92 13.45 4.37 17.82 0.54 B 0.72 2.97 2.11 1.00 3.11 -4.52 B 0.49 5.78 5.44 0.39 5.83 -0.83 

A 0.01 17.70 13.45 4.37 17.82 -0.67 A 0.86 2.85 2.09 1.00 3.09 -7.88 A 0.25 5.75 5.44 0.39 5.83 -1.44 
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• An outcrop, where different types of fault-related folds appear, is analysed  

• The outcrop is located in the Cantabrian Zone (NW Iberian Peninsula) 

• Three mechanical units can be differentiated 

• The influence of several factors on the different structural styles is assessed  

• Alike deformation conditions led to diverse structures depending on the rheology 


