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9 ABSTRACT

10 The NNW-SSE trending Teruel Basin rift is the largest Late Miocene-Quaternary 

11 extensional intracontinental structure located within the central-eastern Iberian Chain 

12 (Spain). The structural and morphotectonic study carried out in the central-northern part 

13 of this half graben basin (north of Teruel city) has allowed us to analyse rift 

14 segmentation, deformation partitioning and rift evolution. The results are mainly based 

15 on calculating vertical displacements (fault throw and bending) produced by the main 

16 border and intrabasin fault zones in two geomorfological-stratigraphical markers, the 

17 Intramiocene Erosion Surface (IES; 11.2 Ma) and the Fundamental Erosion Surface 

18 (FES; 3.5 Ma). While the first marker reveals deformation from rift initiation under an 

19 E-W extension, the second one records vertical displacements associated to a second, 

20 Late Pliocene–Quaternary rifting stage characterized by a nearly multidirectional 

21 extension regime with prevailing ENE-WSW trending σ3. Despite along-axis rift 

22 segmentation in three structural domains (northern, central and southern) and 

23 distribution of deformation among border and intrabasin faults in central and southern 

24 domains, a consistent total slip rate (post-IES) of 0.09 mm/a has been accommodated on 

25 distinct transects across the basin, suggesting a homogeneous crustal-scale extension 
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26 process in the region. The results also reveal that slip rates for the Late Pliocene-

27 Quaternary stage (0.11-0.18 mm/a) are higher than for the Late Miocene-Early Pliocene 

28 one (0.04-0.07 mm/a). Slip rate increase has been correlated to (i) the likely westward 

29 propagation of deformation from the Valencia Through, and (ii) the change in the 

30 regional stress field, both enhanced by crustal doming affecting central-eastern Iberia, 

31 as well as a scenario of progressive fault linkage. Throw vs distance graphs suggest that 

32 the main faults are in a transient stage towards coalescence, less advanced within the 

33 southern domain. Regional Late Pliocene-Quaternary uplift, concomitant with 

34 increasing slip rates in the Teruel Basin rift, has caused the basin to rise, so that synrift 

35 sedimentation only took place in highly-subsiding residual basins until the region 

36 became exorheic and the basin was incised by the present-day fluvial network.

37 Keywords: half-graben, rift segmentation, erosion surface, slip rate, distributed 

38 deformation. 

39 1. Introduction

40 Rift basins are generally controlled in one or both margins by segmented fault 

41 zones with either en-échelon, zigzag or sinusoidal arrangement, in which distinct types 

42 of geometric and mechanical interaction between adjacent segments can be observed 

43 (e.g. Cartwrigth et al., 1995; Willemse, 1997; Crider et al., 1998; Gupta and Scholz, 

44 2000). Initiation and evolution of borders faults result from a combination of different 

45 factors that strongly control the dynamics of the sedimentary basins such us structural 

46 inheritance, remote stress field, stress perturbations, or kinematics of fault segment 

47 interaction (e.g. He and Zheng, 2016; Fossen and Rotevatn, 2016; Ezquerro et al., 2019; 

48 Liesa et al., 2019a). Although individual fault segments have been considered as the 

49 basic components in analysis of regional extension, a more complete study of the 
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50 overall geometry and transport directions in fault zones and rifts is also crucial for 

51 unraveling the extensional history of related sedimentary basins (e.g. Crider et al., 1998; 

52 Childs et al., 2003; Antolín et al., 2007, Blandon et al., 2015). 

53 Activation of deformation structures, relief evolution and basin infill are 

54 genetically-related and mutually-dependent processes during formation and 

55 development of extensional basins. Erosion history of high reliefs created by fault 

56 activity is mirrored in the sedimentary infill. Rift zones have widely aroused the interest 

57 of sedimentologists and petroleum geologists owing to their potential as mineral, water 

58 or hydrocarbon reservoirs (Olsen, 1995; Douglas et al., 2000; Rowland and Sibson, 

59 2004; Allen and Allen, 2005; He and Zheng, 2016). Besides, tectonicists are concerned 

60 by the role of rifting processes in lithosphere dynamics and seismic hazard assessment, 

61 with particular regard to interaction between active fault segments (e.g. Wesnousky, 

62 2008; Biasi and Wesnousky, 2016; Simón et al., 2017). 

63 The eastern Iberian Chain is an intraplate region within Iberia that has 

64 undergone extension since mid Miocene times (e.g. Simón et al., 2012), in a similar 

65 way to other worlwide intraplate extensional systems (e.g. Contreras et al., 2000; Sharp 

66 et al., 2000; Jackson et al., 2002; Jolivet et al., 2013). Intraplate areas usally undergo 

67 low-rate of tectonic and seismic activity, so that the time window covered by the 

68 historical seismic record is usually not long enough to include evidence of large 

69 earthquakes (e.g. Lafuente et al., 2014; Simón et al., 2015). In such cases, detailed 

70 geometrical and kinematical studies including the interpretation of incremental slip 

71 rates, and hence the possibility of approaching the progressive bulk deformation have 

72 provided critical data for assessing seismic hazard (Simón et al., 2016). 

73 The Teruel Basin constitutes the largest Neogene extensional macrostructure 

74 within the central-eastern Iberian Chain (NE of Iberian Plate). This region offers a good 
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75 opportunity for studying the formation and development of a rift basin due to the good 

76 observation conditions of faults, as well as of pre- and syntectonic sedimentary and 

77 geomorphological markers (specifically, a sequence of planation surfaces and 

78 pediments).This contribution presents the results of a structural and morphotectonic 

79 study in the central-northern Teruel Basin half graben. Our aim is threefold: i) to 

80 characterize the rift structure, paying especial attention to the geometry of the main 

81 faults and fault segments at a mapping scale; ii) to determine the vertical displacements 

82 and the slip rates of the active faults, as well as their evolution through time, and iii) to 

83 elaborate an evolutionary model that integrates the growth and interaction of tectonic 

84 structures, the changes into the relief, and the basin stratigraphy and geometry. Our 

85 results greatly contribute to improve the knowledge on the onset and development of rift 

86 basins, as well as on the complex interplay between extensional tectonic processes, 

87 relief evolution and basin stratigraphy in intracontinental rifts.

88 2. Geological setting

89 The Iberian Chain is a NW-SE trending, 450 km long mountain range located in 

90 the eastern Iberian Peninsula (Fig. 1). This chain is characterized by an heterogeneous 

91 ensemble of fold-and-thrust belts, which represents the positive tectonic inversion of the 

92 Mesozoic Iberian Basin (Capote et al., 2002; Liesa et al., 2018). During the Mesozoic, 

93 the Iberian Basin evolved through successive rifting phases controlled by the North 

94 Atlantic opening and the westwards Tethys propagation (Álvaro, 1987, Salas y Casas, 

95 1993, Capote et al., 2002). As a consequence, the Iberian Basin was divided into 

96 different sub-basins controlled by large NW-SE and NE-SW faults (Álvaro et al., 1979; 

97 Vegas et al., 1979; Capote et al., 2002; Soria et al., 2000; Liesa, 2011a; Capote et al., 

98 2002; Antolín-Tomás et al., 2007; Liesa et al., 2019b). Later on, the structural inversion 

99 of the Iberian Basin roughly initiated during the Mesozoic-Cenozoic transition due to 
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100 the convergence between the Africa and Eurasia plates, and a double-vergence 

101 intraplate chain was built (Álvaro et al., 1979; Guimerà and Álvaro, 1990; Capote et al., 

102 2002). The most intense compressional deformation occurred during the Late Oligocene 

103 (González and Guimerà, 1993, Simón et al., 1998, Casas et al., 2000, Liesa and Simón, 

104 2009), but evidence of compression until the Early/Late Miocene boundary is 

105 pervasively recorded in meso-scale structures (Simón and Paricio, 1988; Ezquerro and 

106 Simón, 2017). The orientation of compressive stress fields varied along time, with four 

107 main recorded directions: SE-NW, NE-SW, SSE-NNW and NNE-SSW (Liesa and 

108 Simón, 2009). 

109 Since the Miocene, a new extensional phase associated to the Valencia Trough 

110 rifting took place, and the deformation propagated onshore, from the Mediterranean Sea 

111 to the central part of the Iberian Chain (Fig. 1) (Álvaro et al. 1979, Vegas et al., 1979). 

112 Under this framework, both reactivation of the main inherited Mesozoic faults and 

113 formation of new normal faults occurred (Simón, 1982, 1989; Ezquerro, 2017), the 

114 basal detachment level of the overall extensional system being located at 13-15 km-

115 depth (Roca and Guimerà, 1992). Fault activity during Neogene and Quaternary times 

116 implies crustal extension of up to ~ 36 km (factor β = 1.2) perpendicular to the main 

117 structures. The maximum extension occurred in the central part of the Valencia Trough, 

118 where the crust thickness is diminished up to ~14 km (contrasting with ~30 km in the 

119 central Iberian Chain; Roca and Guimerá, 1992).

120 The extensional phase can be divided into three stages according to the stress 

121 regime and the macrostructures development. During the first one, Early Miocene, 

122 NNE-SSW grabens in the eastern Maestrazgo and the southern Teruel Basin formed 

123 (Fig. 1) (Simón, 1982; Anadón and Moissenet, 1996). During the second stage, since 

124 the Late Miocene to the Early Pliocene, the northern sector of the Teruel Basin, a large 
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125 half-graben, was developed (Moissenet, 1983; Simón, 1983; Ezquerro, 2017) (Fig. 1). 

126 In the last stage (Late Pliocene-Quaternary) almost all faults within the eastern Iberian 

127 grabens have been reactivated, while a new, NNW-SSE trending graben (Jiloca Graben) 

128 has developed (Fig. 1) (Simón, 1989). In the first two stages, the direction of maximum 

129 extension (3) was E-W to ESE-WNW (under a triaxial extensional regime), while 

130 during the third stage the stress regime was ‘multidirectional’ extension with ENE-

131 WSW 3 trajectories (Simon 1982, 1983, 1989; Cortés, 1999; Capote et al., 2002; 

132 Arlegui et al., 2005, 2006; Liesa, 2011a; Ezquerro, 2017; Ezquerro and Simón, 2017; 

133 Liesa et al., 2019a).

134 The Neogene Teruel Basin is an NNE-SSW enlongated rift valley located in the 

135 central part of the Iberian Chain that breaks the contractive structure of this one. Its 

136 southern sector (Mira-Teruel) is an asymmetric graben that, through a transition zone 

137 (nearby Teruel city), passes to a half-graben in the northern sector (Teruel-Perales de 

138 Alfambra, Figs. 1, 2). The transition area is complicated due to the articulation with the 

139 Jiloca Basin, through an ensemble of diversely oriented faults: Concud, Tortajada, 

140 Teruel and Valdecebro faults (Fig. 2). The eastern margin of the northernmost Teruel 

141 Basin is controlled by an overall N-S trending structure (El Pobo Fault Zone) that, in 

142 detail, is made by NNE-SSW and NNW-SSE alternating en-échelon and zigzag fault 

143 segments (Moissenet, 1983, Simón et al., 2012; Ezquerro, 2017; Ezquerro et al., 2019; 

144 Liesa et al., 2019a). The footwall block comprises Triassic and Jurassic rocks cut by a 

145 dense Mesozoic fault network and affected by Cenozoic NW-SE and NE-SW trending 

146 folds (Fig. 2) (Liesa, 2011a,b; Ezquerro, 2017; Liesa et al., 2019a,b). In the hanging-

147 wall block, Neogene deposits are tilted towards the eastern active margin, forming a 

148 gentle but widely recognizable rollover monocline. 



7

149  The Teruel Basin infill in its northern sector consists of a ~500 m-thick 

150 endorheic continental series including clastics, carbonates and evaporites (Moissenet, 

151 1983; Ezquerro, 2017) (Fig. 1b). Basin paleogeography consisted in alluvial fans fed 

152 from the two margins, and passing towards the center to freshwater or saline lakes 

153 (Godoy et al., 1983a,b; Moissenet, 1983; Alonso-Zarza et al., 2000; Ezquerro, 2012, 

154 2017; Ezquerro et al., 2014). Based on both grain-size vertical variations and tectono-

155 sedimentary features, ten stratigraphic megasequences (M1 to M10) integrating six 

156 genetic units (TN1 to TN6) have been recently established by Ezquerro (2017) (Fig. 2). 

157 This author, throughout a review of numerous mammal sites (e.g. Alcalá et al., 2000) 

158 providing ages in Mein Neogene zone scale (MN zones; e.g. Mein et al., 1990), and 

159 magnetostratigraphical profiles (Krijgmans et al., 1996; Garcés et al., 1999; Opdyke et 

160 al., 1997; Ezquerro et al., 2016) distributed along the basin stratigraphy, has bracketed 

161 the age of the sedimentary infill between the earliest Vallesian (middle Miocene, ca. 

162 11.2 Ma) and the latest Villafranchian (Late Pliocene-Early Pleistocene, ~ 1.8 Ma) (Fig. 

163 1b).

164 During the Neogene, extensive erosion surfaces bevelling the compressional 

165 structures developed, whose remnats appear at different heights either on the upthrown 

166 block or in the basin floor. Two large planation surfaces have been traditionally defined 

167 around the Teruel Basin (Gutiérrez and Peña, 1976; Peña et al., 1984; Sánchez-Fabre et 

168 al., 2019): (i) Intramiocene Erosion Surface (IES, middle Miocene), generally 

169 recognized in the upper part of the main reliefs, and (ii) Fundamental Erosion Surface 

170 (FES, Miocene-Pliocene transition), easily recognizable as a vast planation at lower 

171 heigths. They could be overall identified, respectively, with the Iberian Chain Surface  

172 and the Lower Pliocene SurfaceLower Pliocene Surface by Pailhé (1984), and the S1 

173 and S2 by Gutiérrez and Gracia (1997). 
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174 The formation of these regional planation surfaces represents milestones in the 

175 evolution of the northern Teruel Basin, since they have been correlated, respectively, 

176 with the beginning and the end of the endorheic filling occupying most of the basin (e.g. 

177 Simón, 1983; Ezquerro, 2017). When the El Pobo Fault Zone (Fig. 2) was activated 

178 during the Late Miocene, the IES became the basin floor and therefore the basal 

179 unconformity between the Neogene infill and the more deformed Mesozoic rocks 

180 (Gutiérrez and Peña, 1976). Concerning the FES, it has been classically correlated with 

181 sedimentary levels in the range of Lower to Upper Pliocene (Gutiérrez and Peña, 1976; 

182 Simón, 1982). 

183 Quaternary pediments and terraces complete the basin deposits. Two pediment 

184 levels, Upper (average slope = 4%) and Lower (average slope = 2.5%), and three terrace 

185 levels, Higher (70-80 m above the current talweg), Middle (35-40 m) and Lower (15-20 

186 m), have been defined and mapped by Gutiérrez and Peña (1976), Sánchez-Fabre 

187 (1989) and Sánchez-Fabre et al. (2019). Towards the centre of the basin, the pediment 

188 levels connect with the Upper and Middle terraces. 

189 3. Methodology

190 Integrated studies in active basins with syntectonic infill require the application 

191 of different methodological approaches, in this case structural and geomorphological 

192 that complement and support each other. 

193 The structural analysis has been especially focused on the main faults that define 

194 the basin. The methodology followed is mainly based on recognizing and mapping the 

195 main structures in aerial photographs at 1: 18,000 and 1: 33,000 scales. Study has been 

196 complemented with field surveys involving observation of fault surfaces, striations and 

197 other kinematic markers. Field structural data, together with previously published 

198 geological maps (Godoy et al., 1983a,b) and stratigraphic, geophysical and subsurface 
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199 information, have been used for elaborating several geological cross sections, transverse 

200 to the basin axis, which have allowed to characterize the general hanging-wall block 

201 geometry. Thickness of the Mesozoic units and their spatial variations have been 

202 obtained from the stratigraphic descriptions and isopach maps of sedimentary units 

203 included in geological maps by Godoy et al. (1983a,b), Ferreiro et al. (1991) and 

204 Hernández et al. (1985). Geophysical and borehole data information came from the 

205 Geological Survey of Diputación Provincial de Teruel (unplublished reports, 1991, 

206 1993, 2004), Confederación Hidrográfica del Júcar (unplublished report, 1998), and 

207 Ministerio de Medio Ambiente of the Spanish Government (unplublished report, 1998).

208 In order to characterize the most recent and large-scale extensional deformation 

209 structures, two erosional planation surfaces have been used as the main markers: 

210 Intramiocene Erosion Surface (IES) and Fundamental Erosion Surface (FES). For this 

211 purpose, precise stablishment of the heights and ages of the planation sufaces has been 

212 necessary. Accordingly, a thorough review of the erosion surfaces in the northern 

213 Teruel Basin and the surrounding reliefs has been carried out. The morphotectonic study 

214 has been based on a detailed mapping on aerial photographs (scales 1: 18,000 and 1: 

215 33,000), orthorectified photographs (1: 5000) and digital elevation models (DEM, 5 m 

216 mesh). Such review has benefited from an updated, robust model of the Neogene basin 

217 stratigraphic architecture and chronostratigraphy reconstructed by Ezquerro (2017), 

218 which has allowed precise correlation of the sedimentary units coeval with the two large 

219 planation surfaces and their dating. The age of the IES and FES coupled geomorphic-

220 stratigraphic markers is mainly based on abundant bio- and magnetostratigraphic data. 

221 Surficial and subsurficial information has been used for elaborating a structural contour 

222 map of the FES.
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223 The analysis of the relationship between these geomorphic-stratigraphic markers 

224 and the main faults has made possible to evaluate their vertical displacements or, when 

225 appropriate, to recognize faults bevelled by these surfaces. The total vertical 

226 displacement calculated across a fault or fault zone generally includes two main 

227 deformational components: i) the throw of a single fault (or the summatory of a number 

228 of fault throws in a fault zone), and ii) the displacement accomodated by distributed 

229 deformation (drag folding) within or adjacent to the fault zone, in both the hangingwall 

230 and the footwall blocks. From those variables, vertical slip rates have been calculated 

231 for different time intervals. 

232 Changes of slip rates in space, along the axis of the basin, have been analysed 

233 from 1-km-spaced cross-sections transverse to the eastern active margin. The cross-

234 sections were constructed from the FES contour map, enabling to measure the total FES 

235 offset and its components (throw and dragging). Throw vs. distance diagrams have been 

236 elaborated for depicting and analysisng such spatial variations.

237 4. Basin structure 

238 The northern sector of the Teruel Basin shows a half-graben structure mainly 

239 controlled by master faults located in its eastern margin. This well-defined boundary is 

240 made of different rectilinear fault segments with dominant N-S and NNE-SSW 

241 orientations (Fig. 2), km-scale lengths and metre- to hectometre-scale vertical 

242 displacements. Most of the main faults in the active margin make the eastern, linear 

243 limit of the Neogene basin deposits (Fig. 2). In contrast, the western edge of such 

244 deposits, although showing an overall NNE-SSW trend as well, exhibits high sinuosity 

245 owing to adaptation to previous paleotopography controlled by NW-SE folds (Fig. 2).

246 Based on changes in orientation and structural style the study area can be 

247 divided into three different structural domains: the northern domain, from the 
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248 northernmost part of the basin to the southeast of Escorihuela village; the central 

249 domain, from the southeast of Escorihuela to the north of Teruel city; and the southern 

250 domain, in the surrounding of Teruel.

251 4.1. Northern domain

252 The northern domain extends from the northernmost part of the basin to the 

253 southeast of Escorihuela village and is controlled by the N-S El Pobo Fault Zone 

254 (EPFZ) (Fig. 2). The EPFZ makes a 15 km-long complex mountain front that can be 

255 divided into three sectors from north to south: Los Alcamines sector, Orrios-Villalba 

256 Alta sector, and Escorihuela sector (Fig. 2).

257 4.1.1. Los Alcamines sector

258 Los Alcamines sector, ~ 1 km long, shows the northernmost N-S structure (Los 

259 Alcamines Fault) (Fig. 3a). Fault striations indicate a sinistral-reverse movement on the 

260 lowest part (~ 30°S) and nearly pure normal movement on the upper part of the fault 

261 suface (Fig. 3a). In the central part of this sector, the hanging-wall block shows an 

262 accommodation monocline, dipping up to 32ºW (Fig. 3b). Towards the centre of the 

263 basin the dip of beds decreases, although steeper dips locally appear in relation to tilted 

264 blocks owing to the action of minor parallel faults.

265 4.1.2. Orrios – Villalba Alta sector

266 Along more than 4 km, from Villalba Alta to Orrios, the structure of the active 

267 margin is made of alternating en-échelon NNW-SSE and NNE-SSW to N-S fault 

268 segments (Fig. 2). This sector, recently studied in detail by Ezquerro et al. (2019), is 

269 thus defined by a zigzag-type basin boundary (Fig. 4a). A number of stepped normal 

270 faults with decametre offsets are arranged in footwall sequence and rarely exceed 1 km 

271 in length (Figs. 2, 5a,b). A few striations with pitch around 75ºS and normal slip senses 
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272 have been recognized on fault surfaces dipping 72 to 88ºW (Fig. 4b). This sector is also 

273 characterized by antithetic normal faults, dipping 70 to 78ºE and with nearly pure 

274 normal movement, which represent brittle rollover accommodation (Figs. 2, 4a).

275 In the downthrown block, the Neogene materials make a gentle syncline nearby 

276 Orrios (Fig. 5b), passing into an asymmetric syncline in Villalba Alta (Fig. 5a). The 

277 eastern limb shows a moderate dip (20-30º W) mainly associated to dragging on west-

278 dipping master faults. The western limb of this syncline shows a gentle dip (1-5º E), 

279 although it locally increases (up to 33ºE) near to the east-dipping, antithetic Orrios Fault 

280 (Fig. 5a,b).

281 4.1.3. Escorihuela sector 

282 This structural sector corresponds to the classically called El Pobo Fault (e.g. 

283 Moissenet, 1983). It is a 9-km-long, NNE-SSW striking structure that makes the contact 

284 between Pleistocene pediments and El Pobo Range Mesozoic rocks (Figs. 2, 4b). In 

285 detail, the structure comprises several parallel fault planes cutting the Mesozoic rocks of 

286 the upthrown block, representing the southern part of the El Pobo Fault Zone (EPFZ) 

287 (Fig. 5c). The exposed ruptures show average orientation 150,74W and two striation 

288 sets: one with dextral-normal component (pitch around 45°S) and another close to pure 

289 normal (Fig. 4b). The downthrown block is tilted against the main fault, making a wide 

290 rollover monocline that persistently dips 2-3º E, from the Palomera Range to the 

291 Alfambra valley (Fig. 5c). Combined with a narrower drag monocline, the resulting 

292 structure is a gentle but strongly asymmetric syncline. Seeing at the position of the 

293 oldest Neogene deposists and subsurface information coming from several boreholes, 

294 this trough has undergone the highest and most persistent subsidence over time. The 

295 stepped fault system of the eastern active boundary would have probably propagated in 
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296 footwall sequence, as it is suggested by the overlap of modern Neogene deposits (M6 to 

297 M8 megasequences) on both the western faults and their footwalls (Figs. 2, 5c).

298 4.2. Central domain

299 The eastern boundary of the central domain also shows N-S orientation, 

300 determined by the Cabigordo Fault Zone (CFZ), although with  scarce development of 

301 surficial faults (Fig. 2). However, the most remarkable structure in this domain is a NE-

302 SW intrabasin structure that extends from the southeast of Escorihuela to the northeast 

303 of Teruel city. In detail, this structure consists of NNE-SSW to NE-SW striking faults 

304 grouped into two major fault zones (Peralejos Fault Zone and Tortajada Fault Zone) that 

305 show a right stepping relay with no noticeable structures within the relay zone (Fig. 2). 

306 The shouthern one (Tortajada fault) separates the intermediate Corbalán Block from the 

307 rest of the basin.

308 4.2.1. Peralejos sector (Peralejos and Cuevas Labradas FZ)

309 Different fault surfaces crop out east of Peralejos village, which had classically 

310 been considered as part of the structure of the El Pobo Fault (Moissenet, 1983). 

311 Nevertheless, these faults (Peralejos Fault Zone; PeFZ) exhibite a NNE-SSW to NE-SW 

312 orientation that differs from the N-S direction of the El Pobo Fault Zone. The Peralejos 

313 Fault Zone, approximately 8.5 km in length, consists of several en-échelon arranged 

314 rupture surfaces. In general, these faults bring into mechanic contact the Neogene basin 

315 fill with the Paleogene and Mesozoic rocks of the footwall block (Fig. 6a,b). The 

316 average direction of the fault is close to 050, usually dipping between 65 and 80ºW; 

317 striations and orientated clasts (Fig. 6c,d) indicate a nearly pure normal movement 

318 (pitch: 85°S) (Fig. 6e). In the footwall block the structure corresponds to a stepped 

319 sequence of NNE-SSW striking, west dipping faults (Fig. 2). 
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320 The neighbouring Cuevas Labradas Fault Zone (CLFZ) is a synthetic, NNE-

321 SSW trending intrabasin structure that shows metre- to decametre-scale displacement. 

322 In the downthrown block, the Neogene deposits overlap the passive margin and show a 

323 gentle rollover monocline diping towards ESE (Fig. 2). 

324 4.2.2. Tortajada – Cabigordo sector (Tortajada and Cabigordo FZ)

325 The Tortajada Fault (Godoy et al., 1983b) is a second large, NNE-SSW striking 

326 normal fault, which extends immediately to the southwest from the vicinity of Cuevas 

327 Labradas to the north of Teruel city (Fig. 2). It constitutes a mechanical contact between 

328 Neogene basin fill deposits and Mesozoic units (Figs. 2, 5d), with a 11.6-km-long, 

329 associated fault scarp (Fig. 7a,b). In detail, the structure is a fault zone that comprises 

330 two large right-stepping fault segments separated by a relay zone (Fig. 2) in which the 

331 Neogene fill (M4 and M5 megasequences) lies in onlap on Triassic units (Fig. 7c). The 

332 unconformity angle diminishes as the dip of Triassic beds decreases from ~ 75° to 

333 17°W, while the Neogene maintains a dip of ~ 15°W (Fig. 7c). The fault strikes 015 and 

334 dips 72°W in average, with two superposed striations with average pitch 30°N (dextral-

335 normal movemenet, older) and 80°N (normal movement, younger) (Fig. 7d). 

336 As in the northern domain, the downthrown block of the Tortajada Fault Zone is 

337 deformed by a combination of rollover and drag folds. Several intrabasin faults, both 

338 synthetic and antithetic with respect to the Tortajada Fault Zone, modify the semigraben 

339 structure approaching it to a asymmetric graben, at least in the central, most subsident 

340 areas (Fig. 5d). From the results of an electromagnetic survey and boreholes carried out 

341 in the Villalba Baja zone (unpublished report by the Ministry of Environment, Spanish 

342 Government 1998), as well as from the existence of small blocks with tilted beds, an 

343 important NNE-SSW intrabasin fault has been inferred close to the Alfambra River 
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344 (Fig. 5d). This structure could represent southwards propagation of the Cuevas Labradas 

345 Fault Zone (CLFZ).

346 Towards the East, the Cabigordo Fault Zone (CFZ) separates the Mesozoic 

347 reliefs of Cabigordo Sierra from the intermediate Corbalán Block. This fault zone is 

348 made of several isolated N-S striking faults, usually dipping westwards (Fig. 2, 5d). 

349 They appear within an overall, gentle accommodation monocline, which suggests they 

350 are the surficial expression of a large blind fault that could represent an older basin 

351 boundary. 

352 4.3. Southern domain 

353 The southern domain shows  greater complexity mainly due to the existence, in 

354 addition to the bounding N-S La Hita Fault Zone (LHZF), of several diversely oriented 

355 intrabasin faults at the junction between de Jiloca and Teruel grabens (Fig. 2): the NW-

356 SE Concud Fault, the N-S Teruel Fault, and the E-W transverse Valdecebro Fault Zone 

357 (VFZ).

358 4.3.1. La Hita Fault Zone (LHFZ)

359 La Hita Fault Zone, with an average N-S orientation, makes the eastern limit of 

360 the Neogene deposits at this sector of the Teruel Basin (Fig. 2). The local structure of 

361 the margin is not well known, appearing as a diffuse fault zone formed by several 

362 ruptures with variable orientation (NNW-SSE, N-S and NNE-SSW). Moreover, the 

363 Jurassic rocks of the footwall block show a dense network of small-scale fractures, 

364 while alluvial Villafranchian basin deposits occupying the hangig-wall block also show 

365 significant hectometre- to kilometre-scale ruptures with prevailing NNW-SSE to 

366 WNW-ESE orientations.

367 4.3.2. Concud Fault
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368 The Concud Fault is a 14.2 km-long structure, with an overall NW-SE strike that 

369 veers towards N-S at its southern sector (Figs. 2, 8a). While a single fault trace is 

370 observed at the northern and southern sectors (Fig. 5e), the structure is decoupled into 

371 two fault surfaces at the central part (Fig. 5f), both Triassic and Neogene units cropping 

372 out in the intermediate block (Fig. 2). The fault plane, usually dipping 65 to 70°SW, 

373 brings into contact Pleistocene alluvial deposits of the hanging-wall block with either 

374 Triassic and Jurassic units (north and centre) or Neogene units of the Teruel Basin 

375 (south) (Fig. 5e,f). Slickenlines observed on the main fault planes show rakes ranging 

376 from 82ºNW to 75ºSE, representing a consistent average transport direction towards 

377 N220ºE (Fig. 8b).

378 In the footwall block, the Neogene deposits of the Teruel Basin are tilted 

379 towards the East and onlap Jurassic and Triassic units. The general geometry of the 

380 hanging-wall block corresponds to a rollover fold (modified by several synthetic 

381 intrabasin faults), which in the vicinity of the fault is combined with an accommodation 

382 monocline (Fig. 5e,f).

383 4.3.3. Teruel Fault

384 The Teruel Fault is a N-S trending intrabasin structure with total length of about 

385 9 km (Figs. 2 and 8c,d). An average dip of 68ºW has been inferred from local measures 

386 on outcropping fault planes, while slickenlines indicate an average transport direction 

387 towards N275ºE (Fig. 8e).

388 The upthrown block comprises practically the whole Neogene basin fill 

389 succession in Los Mansuetos mesa, whose northern slope presents a dense, complex 

390 network of E-W, NE-SW and N-S striking faults (Figs. 2, 5g). The downthrown block 

391 shows a roll-over structure reflected by tilting of the Neogene units, with average dip of 

392 2ºE, which pass into an accommodation monocline with dips up to 17º at the east of the 
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393 Teruel city and 30º at the southernmost sector of the study zone. The combination of 

394 roll-over and monocline gives rise to a synform sag parallel to the fault trace (Fig. 5g).

395 4.3.4. Valdecebro Fault Zone (VFZ)

396 This structure is composed by a WNW-ESE trending normal fault set, about 5 

397 km-long, which makes the southern boundary of the Corbalán Block (Figs. 2, 5h). Most 

398 of the fault trace is a mechanical contact between Jurassic carbonates and Neogene 

399 conglomerates (Fig. 9), although towards the eastern sector, the Neogene deposits 

400 locally onlaps the Jurassic beds and fault traces only cut Neogene deposits. Individual 

401 faults show an average direction N120ºE, high dips (66 to 83ºS), while striations 

402 indicate close to pure normal movement (averge rake: 85ºW) (inset in Fig. 9). The main 

403 faults are stepped basinwards, but both synthetic and antithetic ruptures occur in the 

404 hanging-wall block, compounding a horst-and-graben style (Fig. 5h).

405 5. Morphotectonic analysis

406 The results of the morphotectonic analysis carried out in the studied region are 

407 shown in Figure 10. Two main planation surfaces have been distinguished, which have 

408 been related, respectively, to IES and FES. In addition, residual reliefs and local remains 

409 of an upper sublevel splitting from FES have also been recognized. Next, description of 

410 these surfaces, their spatial and vertical relationships, and their correlation with coeval 

411 basin sediments and their dating are given. 

412 5.1. Intramiocene Erosion Surface (IES)

413 The IES has been recognized as a discontinuous planation on the highest reliefs 

414 of the eastern footwall block (Fig. 10). Its height changes along the N-S relief of the 

415 footwall of the EPFZ, ranging from 1550 to 1650 m a.s.l. in the northern edge of the El 

416 Pobo Range, attaining 1760 m a.s.l. in the central sector, and descending to 1600-1640 
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417 m a.s.l. towards the south of the study area. No evidence of the IES does exist at the 

418 western margin of the basin, although some residual reliefs standing above the FES can 

419 be recognized.

420 Portions of the IES that were buried at the Teruel Basin nowdays represent the 

421 unconformity between the Upper Miocene basin infill and the pre-rift rocks. This 

422 unconformity crops out in three areas: west and north of Alfambra village and north of 

423 Teruel city (Fig. 10): 

424 (i) West of Alfambra, a large outcrop shows how the unconformity cuts Jurassic 

425 rocks and dips 2 to 4º E (Fig. 11a). Vallesian (M1 megasequence) coarse terrigenous 

426 deposits onlap this surface towards the western basin margin, although some syncline 

427 troughs filled with older alluvial deposits have been also preserved below the erosive 

428 level.

429 (ii) North of Alfambra (Fig. 10), the unconformity cut Jurassic rocks and dip 

430 approximately 6º SSE. Stratigraphic correlation indicates that slightly younger Miocene 

431 deposits (Vallesian, M2) onlap this surface towards the north. In this area, the formerly 

432 buried IES has been locally exhumed, although, according to our interpretation, in a 

433 lesser extent than that suggested by Gutiérrez and Peña (1976) and Sánchez-Fabre et al. 

434 (2019). The reduced thickness of the Neogene infill involves that IES and FES are very 

435 close to each other and are difficult to set apart. 

436 (iii) North of Teruel, in the footwall of the Concud Fault, the unconformable 

437 deposits correspond to Vallesian conglomerates (M1 to M3; Fig. 11b), while towards 

438 the northwest more recent Miocene beds (up to Turolian, M4) onlap the surface.

439 The IES did not level completely the previous topography, which corresponds to 

440 long Paleogene anticlines and synclines. In central areas of the basin, gentle troughs 

441 matching previous NW-SE trending synclines can be recognized in the basal 
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442 unconformity (Fig. 2). North of Teruel, near the Alfambra River, the Jurassic-Neogene 

443 unconformity exhibits a paleorelief on hard Jurassic rocks of the vertical limb of the 

444 Concud anticline, while the oldest Vallesian deposits recognized in the basin fill a 

445 depression in the contiguous syncline (Fig. 5f). Nevertheless, such unevenness and the 

446 slight diachrony of the unconformity do not hinder it for being used as correlative to the 

447 IES, and hence as a marker of sufficient accuracy.

448 Regarding the age of the IES, although the base of the Neogene fill is sligthly 

449 heterochronous, we will adopt the premise that the erosion surface below them had been 

450 already elaborated before the syncline troughs begun to be filled. In this way, the 

451 original base level would correspond to the bottom of syncline valleys, which acted as 

452 the first large collectors of water and sediments. Thus, we adopt the oldest dating 

453 obtained for the Late Miocene deposits as the most accurate age approach for the IES. 

454 In outcrop, the oldest sediments (dated ~10.6 Ma ago) have been recognized close to the 

455 basin margins (Ezquerro, 2017), but considering the geometry of the basin, older 

456 sediments could exist in the central areas. Around Teruel city, the basal unconformity 

457 has been correlated with the top of C5r.1r chron (11.146 Ma) at the Masada Ruea and 

458 La Gloria magnetostratigraphic profiles (Ezquerro, 2017). Therefore, we consider ~11.2 

459 Ma as most likely age for the IES.

460 5.2. Fundamental Erosion Surface (FES)

461 The FES appears widely developed in El Pobo and Palomera ranges, as an 

462 extensive planation surface that cuts Triassic, Jurassic and Paleogene previous reliefs 

463 and lies about 250 m below the IES (Fig. 10). It is considerably more extensive than the 

464 other planation levels. In the eastern foothills of both El Pobo and Palomera ranges, a 

465 marginal, older sublevel about 10-30 m above the principal surface has been 

466 distinguished.  
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467 In the Palomera Range, the FES lies below the summit, at maximum heights 

468 slightly above 1400 m a.s.l. It quickly loses altitude basinwards, cutting Jurassic and 

469 Paleogene rocks between 1350 and 1200 m a.s.l. In El Pobo Range, the height of the 

470 FES also decreases down from its western and eastern slopes (~ 1450 and 1500-1550 m 

471 a.s.l., respectively) to the surrounding pediments (1200-1300 m a.s.l. in the Peralejos 

472 and Corbalán areas; Fig. 10).

473 Into the basin infill, the FES has been physically correlated with the uppermost 

474 part of the Ruscinian (MN15) lacustrine-palustrine carbonates, i.e. the upper part of the 

475 Ezquerro´s (2017) megasequence M7 or with the top of the Villafranchian (MN16) 

476 palustrine carbonates (top pf M8 megasequence of Ezquerro, 2017), depending on the 

477 sector considered. Physical correlation of the FES erosive level and its upper sublevel 

478 with their coeval sedimentary surfaces could be recognized in three different places 

479 within the basin: 

480 (i) Northernmost Los Alcamines sector, where the top of M8 grades laterally 

481 into a bed of nodular carbonates and then passes to the FES (Fig. 11c). Both the FES 

482 and its correlative sedimentary level are overlain by the terrigenous deposits of the M9 

483 megasequence (Villafranchian, MN16-MN17).

484 (ii) South and West of Orrios, where limestones corresponding to M7 and M8 

485 megasequences onlap the Jurassic paleorelief, and the top of both M7 and M8 passes 

486 into the FES.

487 (iii) Celadas area, where the top of M7 laterally passes to the FES upper sublevel 

488 developed on Paleogene rocks whereas the top of M8 coincides with the FES (Fig. 12). 

489 The envelope of this planation surface can be followed into the Palomera Range.

490 The above described double correlation indicates a diachrony of the FES that fits 

491 the occurrence of an upper, older sublevel in the eastern sides of Palomera and El Pobo 
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492 ranges: the upper sublevel passes to the top of M7 (Fig. 13c), while the main FES 

493 passes to the top of M8 (Fig. 13e). Therefore, the diachrony of the described morpho-

494 sedimentary marker would cover a range between the Late Ruscinian and the Early 

495 Villafranchian (MN15-MN16), which should be overall considered in the ‘classic’ 

496 scenario of a single FES planation surface. Where the upper sublevel is identified it 

497 should be attributed to the Late Ruscinian (MN15), while the main FES level should be 

498 dated to the Early Villafranchian (MN16). It is noteworthy that the difference in height 

499 between both erosional levels (10-30 m) is similar to the thickness between their 

500 correlative sedimentary levels, i.e. the top of the M7 and M8 (~15 m).

501 An absolute dating of both surfaces has been obtained in the north of the basin 

502 from the magnetostratigraphic profiles of Orrios and Villalba Alta (Opdyke et al., 1997; 

503 Ezquerro, 2017). The top of M7 is correlated with the middle part of the C2Ar chron (~ 

504 3.8 Ma), while the top of M8 is located towards the base of C2An.3n (~ 3.5 Ma). Since 

505 both surfaces can not be differentiated at every structural domain, and hence can not be 

506 used as distinct markers for assessing fault offsets, for practical purposes we have 

507 assumed the youngest age (3.5 Ma) for the overall study region. Such age is only 

508 slightly younger than the used by previous authors (3.6 Ma) for calculating fault slip 

509 rates (e.g., Lafuente et al., 2011a,b, 2014; Simón et al., 2017), so that our results would 

510 not differ significantly from theirs.

511 6. Fault displacements and slip rates

512 6.1. Markers and overall deformation 

513 Estimating fault offsets requires the existence of markers (usually stratigraphic, 

514 but also geomorphological or structural) recognizable in the two fault blocks. In the 

515 case of synsedimentary faults, estimation is sometimes complicated because the 
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516 sedimentary record is only preserved in the downthrown block, so that only a minimum 

517 displacement can be estimated from the sedimentary thickness. Outside a sedimentary 

518 basin, stratigrafic markers may be too much old for allowing charaterization of target 

519 faults. The use of geomorphological markers has proven to be a useful tool in such 

520 cases (concerning the Iberian Peninsula, e.g., Simón, 1989; Gutiérrez and Gracia, 1997; 

521 Martín-González, 2009; Farines et al., 2015; Monod et al., 2016).

522  In this study, the two coupled markers made by the IES and FES and their 

523 correlative sedimentary levels have been used for quantifying fault offsets from map 

524 and cross-sections. Concerning the IES, the basal unconformity has only been 

525 recognized in three above referred areas of the basin, while in the rest its height has 

526 been estimated from cross-sections (Fig. 5). 

527 Concerning the FES, the structural contour map of figure 10 represents a more 

528 complete and precise view of the post-3.5 Ma deformation associated to main faults and 

529 it has allowed us to quatify offsets. The map shows a synform structure developed all 

530 along the basin as a result of the combination of the rollover and the accommodation 

531 monocline or drag fold. The syncline trough is parallel and close to the talweg of the 

532 present-day Alfambra River, at a distance of 3-4 km from the eastern main faults. Its 

533 botton lies at heights between 1050 and 1100 m a.l.s. (with the lowest area being 

534 located around Cuevas Labradas, 1040 m a.l.s.). At the upthrown block (i.e., El Pobo 

535 Range) the FES displays a gentle eastwards tilting (Fig. 10), which can be explained by 

536 the isostatic readjustment that accompanies the tectonic discharge induced by fault 

537 movement (shoulder uplift, e.g. Jackson and Mckenzie, 1983; Jackson et al., 1988; May 

538 et al., 1993). The absolute minimum altitude of the FES within the study area (below 

539 850 m a.l.s.) is found at the southern domain, in the downthrown block of the Concud 

540 Fault  (Fig. 10).
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541 6.2. Variation of fault displacement through time

542 Offsets and subsequent vertical slip rates (mm/a) on each fault within the 

543 northern Teruel Basin have been calculated based on: (i) differences in marker heights 

544 (IES and FES offsets) between both fault blocks, (ii) the simplified notion that the 

545 markers were originally broadly horizontal, and (iii) the age of the markers. Fault 

546 offsets were measured between the highest altitude in the footwall block (HF) and the 

547 lowest one in the hanging wall (HH) of the marker at the transect where the maximum 

548 displacement was observed (Table 1). Thus, calculated offsets include both components, 

549 fault throw and bending associated with fault movement (dragging in footwall and 

550 hangingwall blocks). The respective ages of the deformation markers (~ 11.2 and ~ 3.5 

551 Ma for the IES and FES, respectively) allow assessing fault activity for two time ranges: 

552 the overall basin evolution (Late Miocene to present-day; 11.2 to 0 Ma) and the last 

553 extensional stage (Late Pliocene to present-day; 3.5 to 0 Ma) (Table 1). In addition, data 

554 have also allowed us to infer the fault slip rate for the Vallesian-Ruscinian period (11.2 

555 to 3.5 Ma) and, consequently, to analyse slip rate changes of faults through time.

556 In the northern and central domains, very similar values of the maximum 

557 vertical slip rates have been obtained for the El Pobo Fault Zone (EPFZ; Escorihuela 

558 sector), the Peralejos Fault Zone (PeFZ) and the grouping (total) of the Tortajada and 

559 Cabigordo fault zone (ToFZ+CFZ): 0.07 to 0.09 mm/a for the overall basin evolution 

560 (Vallesian-present), 0.04 to 0.07 for the Vallesian-Ruscinian, and 0.13 to 0.15 for the 

561 Villafranchian-present (Table 1 and Fig. 14). The CFZ border structure and the ToFZ 

562 intrabasin one of the central domain have undergone in average similar vertical slip 

563 rates (0.03-0.04 mm/a; Table 1) during the Vallesian-present period, although the 

564 estimated rates vary with time. The rate for the Villafranchian-present period (0.05 and 
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565 0.07 mm/a in CFZ and ToFZ, respectively) has been greater than that for the Vallesian-

566 Ruscinian one (0.03 and 0.01 mm/a, respectively) (Fig. 14).

567 In the southern domain, the border fault (La Hita Fault Zone; LHFZ) and the 

568 intrabasin structures (Concud and Teruel faults and Valdecebro Fault Zone) show lower 

569 slip rates for the Vallesian-present (0.06 and 0.02-0.03 mm/a, respectively) than those 

570 of the northern and central domains, but also undergo significant increase with time, 

571 especially for the intrabasin faults (Table 1). The vertical slip rate in intrabasin faults is 

572 virtually null (<0.01 mm/a) during Vallesian-Ruscinian times, while it increases (up to 

573 0.05-0.07 mm/a) during the Villafranchian-present period (Fig. 14). The LHFZ shows 

574 slip rates of 0.05 mm/a for the Vallesian-Ruscinian period, and 0.07 mm/a for the 

575 Villafranchian-present. If the couple of LHFZ and Teruel Fault is considered, the total 

576 accommodated post-IES offset is 960 m, while the post-FES one is 620 m. The 

577 corresponding combined vertical slip rates are 0.09 mm/a for the Vallesian-present, 0.04 

578 mm/a for the Vallesian-Ruscinian period and 0.18 mm/a for the Villafranchian-present 

579 (Fig. 14). These values are very similar to those obtained for the N-S major faults in the 

580 northern and central domains of the studied area (see values in bold in Table 1).

581 6.3. Distribution of fault displacement in space

582 Regarding the spatial distribution of throws and deduced slip rates, we have only 

583 analyzed in detail the post-FES ones, because the FES is the only marker with sufficient 

584 altitudinal information. From the FES contour map (Fig. 10), rougly E-W, 1 km spaced, 

585 cross-sections, transverse to the eastern active margin, were constructed in order to 

586 measure the total marker offset, as well as the components associated to both throw and 

587 bending. The results are displayed in a throw-distance (T-D) diagram (Fig. 15a,b).

588 The T-D diagram exhibits a distinct, bell-shaped curve for throw of two fault 

589 zones (Fig. 15a): EPFZ and ToFZ-CFZ. Between both, the PeFZ-CLFZ segment shows 
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590 the smallest overall throw, with an asymmetric T-D distribution with two relative 

591 maxima located close to the tips. The relationship between curves of PeFZ-CLFZ and 

592 ToFZ-CFZ (the second one increasing as the first one decreases, both being reciprocally 

593 balanced; Fig. 15a) clearly indicates a complete displacement transfer between them 

594 and therefore suggests virtual coalescence (note the bell-shaped geometry of the Total 

595 faulting curve in this central domain). On the contrary, the displacement transfer is only 

596 partial between the northern domain (EPFZ) and the central domain (PeFZ+CLFZ) and, 

597 especially, between the central (ToFZ+CFZ) and southern one (LHFZ+TeF), as shown 

598 by a sharp minimum in the Total faulting curve in both cases. Therefore, grouping 

599 PeFZ-CLFZ and ToFZ-CFZ into the central domain, and separating it from both EPFZ 

600 (northern domain) and LHFZ-TeF (southern domain), is genetically meaningful. If the 

601 bending component is added, the total curve draws a soft but recognizable bell shape for 

602 the ensemble of EPFZ, PeF-CLFZ and ToF-CFZ (i.e. the ensemble of northern and 

603 central domains), and a deep minimum in the transition to the southern domain (LHFZ-

604 TeF) (Fig. 15a). This suggests disconnection and hence a 'natural' structural separation 

605 between the central and southern domains of the study region.

606 7. Discussion 

607 7.1. Overall deformation and segmentation in the Teruel Basin rift 

608 Rift architecture strongly varies along the Teruel Basin. Major faults and 

609 deformation are concentrated at the eastern active margin in the northern domain 

610 (EPFZ), while they are distributed between border (CFZ and LHFZ) and intrabasin fault 

611 zones (PeFZ, ToFZ, and TeF) in the central and, especially, the southern domain of the 

612 studied area. Along-axis basin structural segmentation has been also observed within 

613 each domain, so that major structures usually correspond to fault zones defined by 
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614 individual or parallel faults that are relieved laterally either with soft linkage (e.g. PeFZ 

615 and ToFZ) or hard linkage (e.g., EPFZ central sector; Ezquerro et al., 2019). 

616 Rift segmentation is thought to occur during the initial rifting phases and is 

617 mainly recognizable in border faults (e.g. Brune, 2016). In the Teruel Basin, also 

618 intrabasin faults significantly contribute to segmentation. Among other factors, 

619 segmentation can be controlled by oblique extension (e.g., Bertrand et al., 2005; Mart et 

620 al., 2005; Corti et al., 2007; Corti, 2008; Brune, 2018), heterogeneous mechanical 

621 properties of the deforming sequence (e.g. Crider and Peacock, 2004; Schöpfer et al., 

622 2006; Ferrill and Morris, 2008), changes in stress directions and regimes (Bonini et al., 

623 1997; Morley, 2004, 2016; Liesa et al., 2019a) or structural inheritance at the basin 

624 basament (Daly et al., 1989; Morley, 2004; Brune et al., 2017; Liesa et al., 2019a). 

625 Based on geometrical and dynamical analysis of fractures and faults cropping out in the 

626 central-northern sector of the Neogene Teruel Basin and the structural highs 

627 surrounding it (e.g. El Pobo footwall block), Liesa et al. (2019a) have demonstrated 

628 how both stress evolution and structural inheritance have controlled fault development 

629 and rift evolution at the northern-central Teruel Basin. They propose a scenario in 

630 which major basement structures with different orientation could be gradually activated 

631 under the two-stage, extensional stress field that characterized the eastern part of Iberia 

632 Plate since the Late Miocene (e.g. Simon 1983, 1989; Capote et al., 2002; Arlegui et al., 

633 2005, 2006; Ezquerro, 2017; Ezquerro and Simón, 2017; Liesa et al., 2019a): a Late 

634 Miocene-Early Pliocene triaxial extension with σ3 trajectories close to E-W, and a Late 

635 Pliocene-Quaternary nearly multidirectional extension with prevailing ENE-WSW 

636 trending σ3. Coupled with this changing geodynamics, the complex structural grain 

637 mainly inherited from previous Mesozoic rifting, characterized by a dense network of 

638 macro and meso-scale fractures and faults made of four main fracture sets (NE-SW, E-
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639 W to ESE-WNW, N-S and NNW-SSE) (Liesa, 2000, 2011a, Antolín-Tomás et al., 

640 2007; Ezquerro, 2017), facilitated the activation of diversely oriented faults.

641 Despite structural segmentation, major structures along the basin show similar 

642 total offset of the IES marker: vertical displacement is 1040 m in the northern domain 

643 (EPFZ), 1035 and 780 m in the central domain (PeFZ and ToFZ-CFZ, respectively), 

644 and 960 m in the southern domain (TeF-LHFZ). These values give rise to a consistent, 

645 post-IES (11.2 Ma to present-day) slip rate of 0.09 mm/a (0.07 mm/a in the case of the 

646 ToFZ-CFZ transect), therefore suggesting a crustal-scale homogenous rifting process 

647 along the northern Teruel Basin rift. The lower values recognized at the ToFZ-CFZ 

648 transect could be caused by the neighbouring Concud Fault (Fig. 2), which could 

649 produce tilting and relative uplift of the basin floor in its footwall block, as it is 

650 observed in the geological cross-section of figure 5e. On the other hand, the northwards 

651 offset decreasing of the EPFZ (Table 1, Fig. 15a,b) is representative of the completion 

652 of the Teruel Basin rift in such direction, until the structural step vanishes at the 

653 northern basin closure (Los Alcamines area; Fig. 3b).

654 Extension is not accommodated by cumulative slip on a single, discrete fault 

655 surface, but it is rather distributed in the basin margin among interacting individual fault 

656 zones as strain increases (e.g. Meyer et al., 2002; Walsh et al., 2003; Imber et al., 

657 2004). In the case of the Teruel Basin, slip and therefore extension are further 

658 distributed in faults and fault zones located in more central positions of the basin, 

659 especially in the central and southern domains of the study area. In the case of the 

660 central domain (transect ToFZ-CFZ), the total offset (0.07 mm/a) was distributed 

661 among the CFZ border structure (0.04 mm/a) and the ToFZ intrabasin one (0.03 mm/a). 

662 In the southern domain the overall slip rate (0.09 mm/a) is distributed among the N-S 

663 striking border LHFZ (0.06 mm/a) and the N-S intrabasin TeF (0.03 mm/a).
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664 Comparison of Late Miocene-Late Pliocene (Vallesian-Ruscinian; 11.2-3.5 Ma) 

665 and Late Pliocene (Villafranchian)-present day (3.5-0 Ma) slip rates indicates that the 

666 main tectonic activity migrated from the margin structure to intrabasin positions through 

667 time. To this respect, Ezquerro (2017) has pointed the occurrence of alluvial fans fed 

668 from the intermediate Corbalán Block during the Turolian (approximately 6.1 Ma;), so 

669 that migration of tectonic activity and activation of the ToFZ must have occurred at that 

670 time. In the case of the TeF, slip rate previous to Ruscinian is unrecognizable, indicating 

671 that it was activated later.

672 7.2. Increase in rifting activity 

673 Slip rates of the major border and intrabasin faults studied in the Teruel Basin 

674 are always higher for the Late Pliocene (Villafranchian)-present interval (3.5-0 Ma) 

675 than for the Late Miocene (Vallesian)-Late Pliocene (Ruscinian) (11.2-3.5 Ma) one. As 

676 extreme cases, two intrabasin faults (Concud, CoF, and Teruel, TeF) underwent 

677 virtually null displacement during the first stage, whereas they have been considerably 

678 active during the second one.

679 Such a tendency to increase the activity of fault with time is in agreement with 

680 the results deduced for other faults in the region surrounding the Teruel Basin. Faults in 

681 the neighbouring Jiloca Graben (Sierra Palomera and Calamocha faults) show slip rates 

682 within the range of 0.06–0.15 mm/a since the Late Pliocene (Simón et al., 2012, 2013). 

683 In contrast, their previous activity was very low in the case of the Sierra Palomera Fault, 

684 allowing the creation of a gentle trough at the centre of the Jiloca Graben during 

685 Miocene-Pliocene times (Rubio and Simón, 2007), or virtually null in the case of the 

686 Calamocha Fault (Simón, 1989; Simón et al., 2012; García-Lacosta et al., 2014; Martín-

687 Bello et al., 2014). 
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688 Further increase of slip rates occurs during Late Pleistocene to present, at least in 

689 those intrabasin faults whose paleoseismic record is known. The Concud Fault, the best 

690 documented structure, shows a slip rate up to 0.29 mm/a for the last 74 ka (Lafuente et 

691 al. 2014; Simón et al., 2016). The Teruel Fault has moved at a rate of 0.18-0.20 mm/a  

692 during the last 46 ka (Simón et al., 2017). Finally, the rate on the Valdecebro Fault 

693 Zone is 0.05-0.07 mm/a for 142 ka (Simón et al., 2019), although the latter record 

694 corresponds just to one among several fault branches that evince activity during Late 

695 Pleistocene times. In summary, the pattern of increasing slip rate that had been already 

696 pointed out for some individual faults of the Eastern Iberia Peninsula (Capote et al., 

697 2002; Simón et al., 2012, 2013; Lafuente et al., 2014) is now corroborated for the 

698 overall Neogene fault activity in the northern Teruel Basin.

699 It is difficult to ascertain the ultimate factor responsible of the increase in slip 

700 rate during recent times; three of them can be invoked, which are next discussed whithin 

701 the geodynamic framework: (i) onshore regional propagation of the extensional 

702 deformation, (ii) change of the regional stress field, and (iii) fault linkage processes. 

703 Extensional deformation propagated westwards from the inner parts of the 

704 Valencia Trough during the overall Neogene–Quaternary rifting process (Capote et al., 

705 2002). The main deformation zone has migrated approximately 300 km westards in ~7 

706 Ma: while the documented extensional macrostructures during the Early Miocene were 

707 constrained to (i) Valencia Gulf offshore, (ii) neighboring onshore Maestrat half-

708 grabens, and (iii) a reduced sector in the southernmost Teruel Basin (Fig. 1), 

709 deformation during Late Miocene to Late Pliocene times was propagated to onshore 

710 continental basins, mainly the overall Teruel Basin and the Jiloca and Calatayud basins 

711 (Simón, 1982, 1983; Simón and Paricio, 1988; Capote et al., 2002). Fault slip rates at 

712 the northern Teruel Graben tend to increase with time (0.01–0.07 mm/a for the 11.2–3.5 
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713 Ma interval versus 0.05–0.18 mm/a for the last 3.5–0 Ma), whereas rates at the Maestrat 

714 and Catalonian grabens tend to diminish. Slip rates in the Maestrat grabens have 

715 decayed from 0.04–0.18 mm/a during the 5.0–3.6 Ma interval, to 0.02–0.05 mm/a 

716 during the 2.6–1.9 Ma one (Simón et al., 2012, 2013). The same situation has also 

717 recognized in the El Camp Fault (Catalonian Ranges, NE Spain), with higher slip rate 

718 (ca. 0.16 mm/a) since the Early Neogene and slower slip (0.02–0.08 mm/a) for the last 

719 125 ka (Masana, 1995; Masana et al., 2001; Perea et al., 2006). 

720 Crustal doming was proposed by Simón (1982, 1989) as an emerging 

721 geodynamic mechanism since the Late Pliocene in the eastern Iberian Chain. Recent 

722 geophysical data support such model, since they indicate the occurrence of a negative 

723 density anomaly in the upper mantle of this region, which could have produced a 

724 hectometre-scale positive dynamic topography (Piromallo and Morelli, 2003; Boschi et 

725 al., 2010; Scotti et al., 2014). Besides, a quantitative analysis of the overall relief of the 

726 Iberian Chain evinces a recent uplift (younger than ≈ 3 Ma) that has persisted up to 

727 present times (Scotti et al., 2014), also supported by 3D and numerical model of 

728 landscape evolution and 1-D river profile modeling (Giachetta et al., 2015). Such 

729 dynamic scenario provides a mechanism that would have progressed westwards, giving 

730 rise to increasing fault activity within the Iberian Plate while slip rates diminished close 

731 to the Valencia Trough. The doming mechanism is consistent with the multidirectional 

732 extensional stress regime prevailing in the region during Late Pliocene-Quaternary 

733 times (Simón, 1982, 1989; Arlegui et al., 2005; Liesa et al., 2019a). The ESE-WNW σ3 

734 trajectories that characterized the Miocene-Early Pliocene extensional episodes were 

735 orthogonal to the neighbouring Valencia Trough rift (Simón, 1982, 1989), and probably 

736 also controlled by the coaxial Late-Pyrenean compression defined by Capote et al. 

737 (2002) and Liesa and Simón (2009). The change to multidirectional extension with 
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738 ENE-WSW σ3 trajectories during the Pliocene (Simón, 1989; Arlegui et al., 2005) has 

739 been attributed to the onset of crustal doming and the influence of the recent NNW-SSE 

740 intraplate compression induced by the convergence between Africa and Iberia (Simón, 

741 1989; Herraiz et al., 2000). Within this new stress scenario, the probability of activation 

742 of (i) inherited, NW-SE to NNW-SSE trending master faults, such as the CoFZ, (ii) 

743 intrabasin, NNW-SSE to N-S trending faults as TeF, or (iii) transverse faults as VFZ, 

744 strongly increases (Liesa et al., 2019a). In most of these structures slip would have been 

745 virtually null during previous extensional stages. 

746 Finally, the linkage process could also have contributed to increase slip rates as 

747 the displacement deficit in the relay zones is overcome and their slip values tend to 

748 become similar to those on the main segments (e.g. Cowie and Scholz, 1992; Dawers 

749 and Anders, 1995; Cartwright et al., 1995). In this way, fault activity expressed through 

750 slip rates tends to increase in advanced stages of linkage (Peacock and Sanderson, 1991; 

751 Simpson and Anders, 1992; Dawers and Anders, 1995; Cowie and Roberts, 2001). In 

752 the case of the northern Teruel Basin, the tectono-sedimentary features reveal a 

753 continuous linkage process since the Vallesian to recent times (Ezquerro, 2017; 

754 Ezquerro et al., 2019), which is also supported by analysis of T-D curves, as pointed out 

755 in Section 6 (Fig. 15a). Paradoxically, the PeFZ-CLFZ segment shows the smallest 

756 displacements, with the T-D curve showing two relative maxima close to the tips. Such 

757 relative maxima and the adjacent high slip gradients suggest mechanical interaction 

758 with the EPFZ and ToFZ-CFZ respectively, but with differences: displacement transfer, 

759 and hence coalescence at depth, is virtually complete between PeF-CLFZ and ToF-CFZ, 

760 whereas a minimum in the cumulative T-D curve (Total faulting curve in Fig. 15a) 

761 between PeF-CLFZ and EPFZ reveals that they have behaved as independent structures. 

762 Nevertheless, if the bending component is incorporated (TOTAL curve in Fig. 15a), the 
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763 result clearly approaches a bell-shaped distribution similar to that of a single fault ~33 

764 km long. This suggests that the northern and central domains in the Teruel Basin 

765 represent distinct fault segments at surface but they have joined at depth into a single 

766 crustal-scale structure, with the highest post-FES displacement located at its central 

767 sector. 

768 Two important inferences can be made from the previous analysis. First, the 

769 studied faults in the central-northern Teruel Basin are in a transient stage towards 

770 coalescence, and such tendence in the recent past could explain the increase observed in 

771 slip rate through time. Second, a certain hierarchy in the segmentation can be 

772 established for the eastern active boundary of the basin according to the degree of fault 

773 coalescence: PeF-CLFZ and ToFZ-CFZ are closer to coalesce (central domain), while 

774 the first maintains relative independence with respect to EPFZ (northern domain), and 

775 the second a higher independence to LHFZ+TeF (southern domain). If the overall 

776 deformation (TOTAL curve in Fig. 15a) is taken into account, segmentation allows 

777 distinguishing two major rift segments along the Teruel Basin rift: the North Rift 

778 Segment, which comprises the northern and central domains that are differentiated in 

779 this study, and the South Rift Segment, which include our southern domain and its 

780 prolongation further south of the study area. 

781 A further argument in favour of the described segmentation hierarchy comes 

782 from analysis of Dmax/L relationships of structures (Table 2). It is generally assumed 

783 that a relationship does exist, over many orders of magnitude, between the maximum 

784 cumulative displacement on a fault (Dmax) and the length of its map trace (L) (see 

785 reviews and compilations by, e.g., Schlische et al., 1996, and Kim and Sanderson, 

786 2005). But such relationships may vary according to growth and linkage histories. 

787 Where several faults are in a transient stage to linkage, fault-propagation bending 



33

788 previous to slip should be taken into account in order to compute the actual vertical 

789 deformation on the overall structure, beyond values obtained from bare marker 

790 separation. In such a situation, aggregate T-D profiles in which the bending component 

791 is incorporated provide Dmax and L values more representative and less unstable than 

792 those obtained from individual faults (Nicol et al., 2002). In our case, if Dmax and L 

793 values deriving from the aggregate profile of the northern and central domains (i.e., the 

794 North Rift Segment) are plotted on the synthetic graphic compiled by Kim and 

795 Sanderson (2005), the resulting point (5 in Fig. 15c) fits the regression line of normal 

796 faults even better than plots of individual faults. This corroborates the notion that the 

797 overall northern Teruel Basin is actually controlled at depth by a single major fault 

798 (Liesa et al., 2019a), whose maximum displacement is the sum of fault throw and 

799 bending recorded by the morpho-sedimentary markers (IES and FES, and their 

800 correlative sedimentary levels).

801 7.3. Rifting activity vs. basin stratigraphy

802 When one compares the total vertical displacement associated to the ensemble of 

803 N-S trending, border and intrabasin faults (~1000 m in the four transects; EPFZ, PeFZ, 

804 CFZ+ToFZ, and LHFZ+TeF) and the Teruel Basin stratigraphy, we notice that the basin 

805 sedimentary record (~500 m; Moissenet, 1983; Ezquerro, 2017) only represents half of 

806 the accommodation space created since rift initiation. As a whole, sedimentation cannot 

807 keep pace with increasing basin capacity, and the basin can be considered as underfilled 

808 (cf. Carroll and Bohacs, 1999). To this respect, Neogene synrift deposits show the 

809 progressive onlap onto their margins characteristic of underfilled basins (e.g. Schlische 

810 and Anders, 1996). 

811 Our results indicate that fault displacements are higher during the second stage 

812 of rifting, which is in turn shorter in time. Displacement during the Late Miocene–Early 
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813 Pliocene stage (SEI offset minus FES offset) ranges from 340 to 520 m depending on 

814 the transect chosen through the basin (EPFZ, PeFZ, CFZ+ToFZ, or LHFZ+TeF), while 

815 it varies between 440 and 620 m (SEF offset) for the Late Pliocene (Villafranchian)–

816 present day stage (Table 1).

817 Contrary to what might be expected in a context of increasing tectonic activity 

818 and margin-fault coalescence, the sedimentary record of the Teruel Basin for recent 

819 times is much lower than for earlier ones. In fact, most of the deposits in the basin (> 

820 400 m) are related to the first rifting stage (Ezquerro, 2017). Despite higher subsidence 

821 rates, sedimentary sequence coeval of the second rifting stage is <100 m in thickness, 

822 being it only preserved in two specific, highly-subsiding areas of the basin, the Concud-

823 Teruel and Orrios-Escorihuela residual basins (Moissenet, 1982; Simón, 1983; Ezquerro 

824 et al., 2012, 2015, 2016; Rodríguez-López et al., 2012; Ezquerro, 2017). Endorheic 

825 alluvial and lacustrine deposition in such areas took place up to Early Pleistocene times 

826 (~1.8 Ma, Ezquerro et al., 2012, 2015, 2016; Ezquerro, 2017), when the Teruel Basin 

827 passes to exorheic conditions (Ezquerro et al., 2012). Sedimentation was then even 

828 more discontinuous, being restricted to nested fluvial terraces associated to the incision 

829 of the Guadalaviar and Alfambra rivers during Middle-Late Pleistocene and Holocene 

830 times, as well as short alluvial fans spreaded from the Concud Fault scarp (Godoy et al., 

831 1983b; Peña et al., 1984; Lafuente, 2011). 

832 If the first rifting stage (Late Miocene–Early Pliocene) is analyzed as a whole, 

833 the thickness of the accumulated sediments (at least 400 m) approximately equals or is 

834 slightly than the tectonically-created accommodation (340–520 m). This indicates that 

835 Teruel Basin during this period was close to balanced fill. Episodes of tectonic activity 

836 induced alluvial fan progradation and lake retraction in the whole basin, modulated by 

837 climatic changes (Ezquerro et al., 2014; Ezquerro, 2017). Maximum lacustrine 
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838 expansion ocupying most of the basin during the Ruscician (top of M6 megasequence; 

839 Ezquerro, 2017), and furthermore the final development of the SEF and its physical 

840 correlation with top of M8 Ruscinian carbonates have been interpreted as the result of 

841 basin colmatation (e.g. Gutiérrez and Peña, 1976; Peña et al., 1984; Ezquerro, 2017; 

842 Ezquerro et al., 2019), suggesting that the basin reached a balanced filling stage at the 

843 end of this period.

844 Pliocene to Quaternary uplift of the Iberian Chain is thought to be the main 

845 responsible for the peculiar stratigraphy of the Teruel Basin described for the Late 

846 Pliocene-Quaternary rifting stage. Uplift rates between 0.25–0.55 mm/a have been 

847 recently inferred for the region from quatitative geomorphological analysis (Scotti et al., 

848 2014) and from landscape evolution experiments and river porfile modeling (Giachetta 

849 et al., 2015). This rate is noticeably higher than the maximum fault slip rate of 0.13–

850 0.18 mm/a calculated for the same period from the vertical displacement of the FES 

851 marker (Table 1). This means that even the most subsiding areas of the basin have 

852 undergone uplift. This could explain why extensive sedimentation along the basin likely 

853 took place during the first phases of the second rifting stage, and why it was later 

854 preserved in the areas of highest subsidence. Such scenario also could explain the 

855 subsequent transition of the Teruel Basin towards exhoreic conditions (e.g. Moissenet, 

856 1982; Gutiérrez et al., 1996, 2008; Ezquerro et al., 2012). Such transition occurred 

857 through remontant erosion of rivers draining towards the Mediterranean Sea since the 

858 beginning of regional uplift, the different basins or subbasins being successively 

859 captured. In the case of the Teruel Basin, the structural relief favoured a rapid capture  

860 along the axial drainage of the Alfambra-Turia rivers (Figs. 1, 2). At that moment, the 

861 Teruel Basin passed from an underfilled basin stage to a basin excavation stage, which 
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862 has continued until the present-day despite the fact that fault-slip rates and therefore the 

863 differential subsidence created continue to increase.

864 Either uplift or decrease in general subsidence prior to continental breakup is a 

865 key component of the rift-drift transition (e.g. Sandiford and Coblentz, 1994; Esedo et 

866 al., 2012). The uplift episode undergone by the central-eastern Iberian Chain correlates 

867 well with the renewed stage of crustal extension that took place in the overall Valencia 

868 Trough during Late Neogene-Quaternary times (Banda and Santanach, 1992). Such 

869 extensional stage has been more efficient in the SW part of the trough (i.e. close to our 

870 study region), where it is linked to a coeval episode of alkaline volcanism (Maillart and 

871 Mauffret, 1993, 1999) and the currently recorded anomalous high heat flow (Albert-

872 Beltrán, 1979; Foucher et al., 1992). At least since mid Pliocene times, the evolution of 

873 relief and sedimentary basins in the eastern Iberian Chain has been controlled by the 

874 interaction between the general uplift and the activity of individual faults that control 

875 local fault subsidence and mountain fronts. Such interaction has been described and 

876 analysed in other intraplate areas close to rifted margins, such as the Cenozoic Tana 

877 Basin, a rift basin perched on a regional topographic high individualised within the 

878 Ethiopian Plateau, west of the Afar Depression (Chorowicz et al., 1998). 

879 The relative role of the general uplift and the activity of individual faults can be 

880 somehow approached in regions of active rifting where the relationship of tectonic 

881 structures with relief building is noticeable, while such approach is much more difficult 

882 in ancient rifts whose morphostructural features have been obliterated. During the Late 

883 Jurassic–Early Cretaceous, our studied region made part of the Maestrazgo Rift Basin 

884 (Liesa et al., 2019b), which developed in eastern Iberia linked to the opening of the 

885 western Thetys Sea. While in its depocentral area (La Salzedella Subbasin) an almost 

886 continuous rifting phase is recorded, in peripheral intraplate subbasins two rifting stages 
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887 (Latest Oxfordian–Berriasian and Valanginian–Early Albian) have been distinguished, 

888 based on synrift stratigraphic successions (Liesa et al., 2006, 2019b; Aurell et al., 

889 2016). During the first rifting stage, the gradual uplift of the western parts of the basins 

890 made the record of the synrift sedimentation to be progressively restricted to the 

891 depocentral area (Liesa et al., 2019b; fig. 5.36). Extensional faulting in emerging areas 

892 was also important, producing block tilting and differential erosion of fault blocks. 

893 Synrift sedimentation in the western subbasins reactivated again during the second 

894 rifting stage, when generalized subsidence produced the basin widening. In the near 

895 future, it would be interesting to carry out a detailed comparison between both rift 

896 systems (Mesozoic and Cenozoic), in order to apply our knowledge of the recent rifting 

897 to understanding of the ancient one and vice versa. To this respect, Prosser’s (1993) 

898 terminology of rifting stages was based upon the fundamental link between tectonics 

899 and sedimentation during rifting. Our results indicate that the evolving relief and 

900 superimposed regional uplift are also key factors in the evolution of recent and ancient 

901 intraplate rifted regions.  

902 8. Conclusions

903 The eastern margin of the central-northern sector of the Neogene-Quaternary 

904 Teruel Basin rift is made of distinct fault segments with N-S and NNE-SSW prevailing 

905 orientations, but intrabasin faults of different orientation also play an important role in 

906 rift evolution. Based on the along-axis basin structural segmentation, we define a 

907 northern domain (El Pobo Fault Zone), a central domain (Peralejos-Cuevas Labradas 

908 and Tortajada-Cabigordo fault zones) and a southern domain (La Hita Fault Zone and 

909 Teruel faults) in this part of the basin. 

910 Two geomorphological-stratigraphical markers (IES and FES planation surfaces 

911 and their correlative sedimentary levels, dated to 11.2 Ma and 3.5 Ma, respectively) 
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912 have allowed quantifying Neogene-Quaternary displacements on the main faults of the 

913 northern Teruel Basin. These markers roughly correlate, respectively, with the initiation 

914 of two rifting phases, which are characterized by an E-W triaxial extension (Late 

915 Miocene–Early Pliocene) and a multidirectional extensional with prevailing ENE-WSW 

916 trending σ3 (Late Pliocene–Quaternary). 

917 During basin evolution (Late Miocene to present), deformation propagated 

918 northwards in the northern domain, and partially shifted towards basin centre in the 

919 central and southern domains. In the central and southern domains, the displacement 

920 was distributed among border and intrabasin faults, especially during the second rifting 

921 phase. 

922 Overall considered, the total slip rate (fault throw and associated bending) 

923 accommodated on distinct transects across the entire half graben margin shows a similar 

924 value (0.09 mm/a), but a clear increase between both extensional periods (from 0.04-

925 0.07 mm/a to 0.11-0.18 mm/a) has been evinced. Slip rate increase has been linked to: 

926 (i) onshore, westwards propagation of extensional deformation from the inner parts of 

927 the Valencia Trough, enhanced by crustal doming that would have affected the eastern 

928 Iberian Chain; (ii) change of the regional stress field, which evolved to multidirectional 

929 extension driven by the doming mechanism; (iii) progressive fault linkage since the 

930 beginning of the Late Miocene, which is documented from tectono-stratigraphic 

931 information.

932 Grouping Peralejos-Cuevas Labradas and Tortajada-Cabigordo fault zones into 

933 the central domain, separated from both the northern domain (El Pobo Fault zone) and 

934 the southern domain (La Hita and Teruel faults), is genetically meaningful, as shown by 

935 throw-distance (T-D) distributions. Nevertheless, major faults of the northern and 

936 central domains could be joined at depth into a single crustal-scale structure with its 
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937 highest post-FES displacement at its central sector, as suggested by the T-D distribution 

938 that incorporates the bending component. Overall considered, the studied faults are in a 

939 transient stage towards coalescence, being more advanced within the central domain.

940 Despite the slip rate increase, basin fill essentially occurred during the first 

941 rifting stage. Sedimentation took place in a underfilled basin stage, although close to 

942 balance fill by the mid-Pliocene times. Regional uplift during the Late Pliocene-

943 Quaternary resulted in constraining sedimentation to underfilled residual basins, and 

944 then in driving the entire area to exorheic conditions (basin excavation stage). 
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1377 FIGURE CAPTIONS

1378 Fig. 1. (a) Neogene-Quaternary extensional basins and main active faults in the central-

1379 eastern Iberian Chain; inset: location of the study area within the Iberian Peninsula. (b) 

1380 Stratigraphic framework of the central-northern Teruel Basin (after Ezquerro, 2017).

1381 Fig. 2. Geological map of the central-northern Teruel Basin (see location on Fig. 1) with 

1382 location of the geological cross-sections.

1383 Fig. 3. (a) Los Alcamines Fault, which brings into contact subhorizontal materials of the 

1384 hanging-wall block with older subvertical ones in the footwall block; note that the upper 

1385 part of the succession (nearly coeval of FES) overlies the fault plane; inset: stereoplot of 

1386 fault planes and slickenlines showing a double movement: sinistral-reverse (recorded on 

1387 the lower part of the fault surface) and normal-dextral (on the upper part). (b) 

1388 Accommodation monocline linked to Los Alcamines fault. 

1389 Fig. 4. (a) El Pobo Fault Zone close to Villalba Alta; inset: stereoplot of local 

1390 orientations of fault planes and slickenlines. (b) El Pobo Fault Zone in the vicinity of 

1391 Escorihuela; note the decrease in height of both IES and FES, towards the north, and 

1392 hence in offset with respect to the colmatation FES surface in the hanging-wall; inset: 

1393 stereoplot of fault planes and slickenlines.

1394 Fig. 5. Cross-sections showing the structure of the northern (a–c), central (d)  and 

1395 southern (e–h) domains (see Fig. 2 for location). (a) El Pobo Fault Zone in the Villalba 

1396 Alta sector. (b) El Pobo Fault Zone in the Orrios sector. (c) El Pobo Fault Zone in the 

1397 Escorihuela sector. (d) Tortajada-Cabigordo fault zones nearby Villalba Baja. (e), (f) 

1398 Concud Fault. (g) Teruel Fault nearby Teruel city. (h) Valdecebro Fault Zone nearby 

1399 Valdecebro village.
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1400 Fig. 6. (a), (b) Trace of the Peralejos Fault Zone in Barranco del Peral, ESE of Peralejos 

1401 village. (c), (d) Details of the fault surface. (e) Stereoplot of fault planes and 

1402 slickenlines.

1403 Fig. 7. (a) Tortajada Fault Zone scarp, northern segment near Cuevas Labradas. (b) 

1404 Detail of the northern tip of the Tortajada Fault Zone. (c), (d) Relay zone between the 

1405 southern and northern segments of the Tortajada Fault Zone, with the onlap of the 

1406 Neogene infill on Triassic gypsums (Keuper facies). (e) Stereoplot of fault planes and 

1407 slickenlines.

1408 Fig. 8. (a) Concud Fault north of Teruel city and (b) stereoplot of local fault planes and 

1409 slickenlines. (c) Three traces of the Teruel Fault south of Teruel, (d) outcrop view of 

1410 one of the fault branches, and (e) stereoplot of local fault planes and slickenlines. 

1411 Fig. 9. Field view of the Valdecebro Fault Zone; inset: stereoplot depicting local 

1412 orientations of fault surfaces and slickenline.

1413 Fig. 10. Morphostructural map of the central-northern Teruel Basin showing the 

1414 successive planation surfaces, and the geometry of recent deformation structures 

1415 expressed by contours of the FES and fault traces.

1416 Fig. 11. (a) IES represented by the basal unconformity of the Teruel Basin west of 

1417 Alfambra village. (b) IES and FES at the footwall block of the Concud Fault (north of 

1418 Teruel), representing respectively the base and the top of the Neogene infill. (c) FES 

1419 planation surface developed on Jurassic materials, passing westwards into the Neogene 

1420 correlative stratigraphic surface (top of M8 limestone), in the Villalba Alta-Los 

1421 Alcamines area, at the north edge of the basin.

1422 Fig. 12. (a) FES developed on Jurassic and Paleogene materials at the Palomera Range, 

1423 passing eastwards into the correlative Neogene stratigraphic surface (top of Ruscinian 
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1424 limestones, top of M8 megasequence) nearby Celadas. (b), (c), and (d): enlarged views 

1425 of (a).

1426 Fig. 13. Evolutionary model at the Palomera Range-El Pobo Range transect, showing 

1427 development and deformation of IES and FES as well as their relationships with the 

1428 Neogene infill.

1429 Fig. 14. Slip rates on the main faults of the central-northern Teruel Basin. (a) Age vs. 

1430 Vertical Displacement diagram based on offset of IES and FES. (b) Vertical slip rates 

1431 for the Vallesian-Ruscinian and Villafranchian-present periods. Colour and style of the 

1432 symbol for each individual fault or fault zone is the same as in (a). 

1433 Fig. 15. (a) Post-FES throw vs. distance (T-D) diagrams for the main faults of the 

1434 central-northern Teruel Basin. (b) Deformational components (without scale) in 

1435 surficial (b.1) and blind (b.2.) faults, taking as example the EPFZ (see location in a). (c) 

1436 Maximum displacement vs. length (Dmax-L) diagram; 1 to 4: individual structures 

1437 numbered as in Table 2; 5: aggregated North Rift Segment.

1438 TABLE CAPTIONS

1439 Table 1. Slip rates of the main faults of the Teruel Basin calculated from offset of 

1440 markers IES and FES. HF and HH are the heights (m a.s.l.) of the markers in the 

1441 upthrown and downthrown blocks, respectively, at the transect where the maximum 

1442 offset has been recognized. Height of FES corresponding to the top of M8 unit, 

1443 correlative of the FES s.s. level, so that the slip rate refers to the lapse 3.5 Ma–present. 

1444 In bold, maximum accumulated rates for the ensemble of border and intrabasin faults in 

1445 the major N-S trending fault zones.

1446 Table 2. Length and maximum vertical displacement (Dmax) of the FES marker of 

1447 individual faults and fault zones, and aggregated segments or domains. Vertical 

1448 displacement refers to fault throw except for the North Rift Segment, in which the 
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1449 bending component is also included. The N-S structures of the southern domain (LHFZ 

1450 and TeF) are not included because their continuity to the south is not well established.

































TABLE 1

MARKERS SLIP RATE (mm/a)
IES (Age: 11.2 Ma) FES (Age: 3.5 Ma)

HF
(m)

HH
(m)

Offset
(m)

HF
(m)

HH
(m)

Offset
(m)

Vallesian – present
(post-IES or total)

 (11.2 – 0 Ma)

Vallesian – Ruscinian
(post-IES – pre-FES)

(11.2 – 3.5 Ma)

Villafranchian – present
(post-FES)
(3.5 – 0 Ma)

NORTHERN DOMAIN
El Pobo Fault Zone (EPFZ)
Villalba Alta sector 800 1320 1100 180 0.05

Orrios sector 1640 900 740 1460 1080 380 0.07 0.05 0.11

Escorihuela sector 1760 720 1040 1560 1040 520 0.09 0.07 0.15
CENTRAL DOMAIN
Peralejos Fault – Cuevas Labradas Fault Zone (PeF-CLFZ)
Northern sector 1755 720 1035 1560 1040 520 0.09 0.07 0.15
Tortajada – Cabigordo faults (ToF-CFZ)
Total 1580 800 780 1480 1040 440 0.07 0.04 0.13
Cabigordo Fault Zone 1580 1150 430 1480 1300 180 0.04 0.03 0.05

Tortajada Fault 1150 800 350 1300 1040 260 0.03 0.01 0.07

SOUTHERN DOMAIN
La Hita Fault Zone  – Teruel Fault (LHFZ-TeF)
Total 1640 680 960 1500 880 620 0.09 0.04 0.18
Northern La Hita Fault 1640 980 660 1500 1250 250 0.06 0.05 0.07

Northern Teruel Fault 980 680 300 1130 880 250 0.03 < 0.01 0.07

Concud Fault (CoF)
Southern sector 980 720 260 1100 840 260 0.02 0 0.07(1)

Valdecebro Fault Zone (VFZ)
Central sector 1150 900 250 1220 1030 190 0.02 0.01 0.05



TABLE 2

# Fault Length (km) Dmax (m) 
1 EPFZ (= Northern Domain) 19 280
2 PeFZ+CLFZ 9 225
3 CFZ+ToFZ 12 315
4 CoF 14.2 260
5 Central Domain 19 315
6 Overall North Rift Segment 33 525


