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Abstract
Among the conspicuous extensional structures that accommodate the onshore deformation of the Valencia Trough at the central-

eastern Iberian Chain, a number of large faults show evidence of activity during Pleistocene times. At the eastern boundary of the 
Jiloca graben, the Concud fault has moved since mid Pliocene times at an average rate of 0.07-0.08 mm/y, while rates from 0.08 to 
0.33 mm/y have been calculated using distinct stratigraphic markers of Middle to Late Pleistocene age. A total of nine paleoseisms 
associated to this fault have been identified between 74.5 and 15 ka BP, with interseismic periods ranging from 4 to 11 ka, estimated 
coseismic displacements from 0.6 to 2.7 m, and potential magnitudes close to 6.8. The other master faults of the Jiloca graben (Ca-
lamocha and Sierra Palomera faults) have also evidence of Pliocene to Late Pleistocene displacement, with average slip rates of 
0.06 and 0.11-0.15 mm/y, respectively. At the eastern boundary of the Teruel graben, the Sierra del Pobo fault has been active since 
Late Miocene times, at slip rates of 0.06-0.11 mm/y. Quaternary activity its better constrained for the Teruel fault, which offsets two 
fluvial terraces, with an estimated slip rate of 0.12 mm/y since 76 ka BP. A widespread, NNE-SSW trending fault system extends 
over the easternmost Iberian Chain (Maestrat sector), with abundant proofs of activity during Early to Middle Pleistocene s.l. times. 
Nevertheless, such proofs are mainly geomorphologic, while dated stratigraphic markers allowing precise assessment of slip rates 
are absent.
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Resumen
Algunas de las estructuras extensionales que acomodan tierra adentro la deformación del surco de Valencia en la Cordillera Ibérica 

centro-oriental son fallas de considerable tamaño que muestran evidencias de actividad durante el Pleistoceno. En el borde oriental 
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1. Introduction

The Iberian Chain is an intraplate range that shows 
moderate instrumental and historic seismicity, although 
contains a significant number of documented active 
faults. Those showing the most conclusive evidences of 
recent, continuous activity are linked to the intra-moun-
tain Teruel and Jiloca grabens. Nevertheless, paleoseis-
mological studies are very scarce on them (Simón et al., 
2005; Lafuente et al., 2007, 2008a,b, 2010a,b; Gutiérrez 
et al. 2008, 2009). 

This paper presents a synthesis of geological and paleo-
seismological information about the better documented 
active faults in the central-eastern Iberian Chain, includ-
ing those bounding the Jiloca graben (Concud, Sierra Pal-
omera and Calamocha faults), two large and well repre-
sentative structures of the Teruel graben (Sierra del Pobo 
and Teruel faults), and a number of faults belonging to 
the Maestrat graben system, the easternmost extension-
al onshore ensemble (Fig. 1). Our degree of knowledge 
about these active faults is not homogeneous. At present, 
the Concud fault has the most continuous geological and 
paleoseismological record of activity, so the longest sec-
tion is devoted to it. 

2. Geological setting

The central-eastern Iberian Chain shows a large net-
work of Neogene-Quaternary extensional basins (Fig. 1) 
that postdate the Alpine compressive structures and rep-
resent the onshore deformation of the Valencia Trough 
(Vegas et al. 1979; Roca and Guimerà 1992). They 
evolved through two successive rift episodes (Simón 
1982, 1983): the first one (Miocene) produced the main 
NNE-SSW trending grabens (Teruel and Maestrat); the 
second one (Late Pliocene-Quaternary) gave rise to the 
NNW-SSE trending Jiloca graben and reactivated the 
Teruel and Maestrat grabens. 

The Teruel basin is a half graben with an active eastern 
boundary made of large N-S striking faults (Fig. 2). These 
faults produce prominent mountain fronts that separate 
the graben bottom (usually at 800-1000 m.a.s.l.) from 
the El Pobo and Javalambre massifs (at about 1700 and 
2000 m, respectively). The basin is filled with Neogene 
sedimentary units made of red clastic alluvial deposits 
that grade laterally into lacustrine carbonates and gyp-
sum. Their ages, well constrained from numerous mam-
mal fossil localities (Godoy et al., 1983a,b; Alcalá et al., 
2000), range from the Vallesian (early Late Miocene) to 
the Villafranchian (Late Pliocene). 

The Jiloca asymmetric graben shows an overall NNW-
SSE trend that results from en-echelon, right releasing 
arrangement of NW-SE striking normal faults, the largest 
ones being also located at the eastern boundary: Calamo-
cha, Sierra Palomera and Concud faults (Fig. 2). The vi-
sible infill of the Jiloca graben is constituted by an Upper 
Pliocene to Pleistocene sedimentary sequence made up 
by alluvial fan, pediment and episodic palustrine depo-
sits, which is underlain at the central sector by marls of 
probable Neogene age (only observed in boreholes; Ru-
bio and Simón, 2007).

The Maestrat graben system includes the easternmost 
onshore structures produced by rifting of the Valencia 
Trough (Fig. 1). Extensional basins initiated during the 
Late Oligocene to Early Miocene, accommodating a 
100 to 250 m-thick sequence of alluvial conglomerates 
and lacustrine limestones and marls (Anadón and Mois-
senet, 1996). These basins underwent successive faulting 
episodes during Late Miocene, Pliocene and Pleistocene 
times (Simón, 1982; Simón et al., 1983), receiving new 
alluvial deposits (mainly gravel and silt) that usually do 
not exceed more than a few tens of meters in thickness. 

Mountains surrounding the Teruel and Jiloca basins 
show extensive erosion surfaces modelling Mesozoic 
rocks, which locally correlate with the top of the Neo-
gene infill. According to the classic geomorphological 

de la fosa del Jiloca, el desplazamiento de la falla de Concud, desde el Plioceno medio, se ha producido con una tasa media de 
0,07-0,08 mm/a, en tanto que empleando diferentes marcadores estratigráficos de edad Plioceno medio a superior se obtienen tasas 
que varían de 0,08 a 0,33 mm/a. Se han identificado un total de nueve paleosismos asociados a esta falla entre 74,5 y 15 ka BP, con 
periodos intersísmicos que van de 4 a 11 ka, desplazamientos cosísmicos estimados desde 0,6 a 2,7 m y magnitudes potenciales 
cercanas a 6,8. El resto de fallas principales de la fosa del Jiloca (falla de Calamocha y falla de Sierra Palomera) presentan también 
evidencias de actividad durante el Plioceno al Pleistoceno superior, con tasas de desplazamiento promedio de 0,06 y 0,11-0,15 
mm/a, respectivamente. En el borde oriental de la fosa de Teruel, la falla de Sierra del Pobo ha estado activa desde el Mioceno Su-
perior, con una tasa de desplazamiento estimada de 0,06-0,11 mm/a. Está mejor determinada la actividad cuaternaria de la falla de 
Teruel, que desplaza dos terrazas fluviales con una tasa estimada en 0,12 mm/a desde 76 ka BP. En el Maestrat aparece un sistema 
de fallas NNE-SSO con abundantes pruebas de actividad durante el Pleistoceno inferior y medio. Sin embargo, estas evidencias son 
principalmente geomorfológicas y no se cuenta con marcadores estratigráficos datados que permitan estimar con precisión las tasas 
de desplazamiento.

Palabras clave: neotectónica, paleosismología, falla normal, fosa del Jiloca, fosa de Teruel, fosas del Maestrat.



129Simón et al. /  Journal of Iberian Geology 38 (1) 2012: 127-144

models for the central Iberian Chain, they were attribu-
ted to either a single extensive erosion surface (Funda-
mental Erosion Surface of the Iberian Chain, FES, Peña 
et al., 1984) or two distinct nested surfaces (S2 and S3, 
the latter being restricted to the border of the depression, 
Gracia et al., 1988, Gutiérrez and Gracia, 1997). These 
surfaces range from Late Miocene to mid Pliocene in 
age. Both are younger than a tardi-orogenic planation 
surface, the Intra-Miocene Erosion Surface (Gutiérrez 
and Peña, 1976; Peña et al., 1984; S1 of Gutiérrez and 
Gracia, 1997), which makes the summit of some residual 
mountains at Sierra de Albarracín, as well as the basal 
unconformity of the Upper Miocene infill of the Teruel 
basin. Based on the ages of the oldest mammal sites in 
the Alfambra-Teruel basin, as well as on magnetostrati-
graphical constraints, the beginning of the sedimentary 
infill of this sector (and so the Intra-Miocene Erosion 
Surface) could be dated close to the Aragonian-Vallesian 
limit (≈ 11.1 Ma; Alcalá et al., 2000). The FES has been 
frequently used as a regional marker for characterizing 
the geometry of macro-scale recent deformations (Si-
món, 1982, 1989; Peña et al., 1984; Gracia et al., 1988; 

Lozano, 1988). Other authors propose alternative inter-
pretations, such as multiple stepped pediplains develo-
ped during Paleogene to early Miocene times within the 
framework of compressive uplift (González et al., 1998; 
Guimerà y González, 1998; Casas and Cortés, 2002), or 
Pliocene to Quaternary karstic corrosion surfaces (Gracia 
et al., 2003). In this respect, we share the arguments by 
Rubio and Simón (2007), Rubio et al. (2007) and Simón 
et al. (2010) in favour of the ‘classic’ model. Neverthe-
less, we admit that it should probably be modified in cer-
tain massifs, as Gúdar or Sierra del Pobo, where the age 
of the summit planation surfaces (hence the amplitude 
of Plio-Pleistocene vertical displacements) has not been 
proved (see further discussion in Simón, 2007).

The regional stress field linked to recent tectonics of the 
central-eastern Iberian Chain is relatively well known. It 
is a biaxial, near ‘multidirectional’ tension (s1 vertical, s2 
≈ s3) with s3 trending nearly ENE (Simón, 1989; Arlegui 
et al., 2005). The trend of the Jiloca graben is essentially 
controlled by this dominant ENE-WSW extension direc-
tion (Simón, 1989). The focal mechanisms available for 
seisms located within the region, although not quite nu-

Fig. 1.- Geological map of the central-eastern Iberian Chain showing structures acting since Miocene times. Insert shows location 
within the Iberian Peninsula.

Fig. 1.- Mapa geológico de la Cordillera Ibérica centro-oriental mostrando las estructuras que han actuado desde tiempos miocenos. La 
figura insertada muestra la localización dentro de la Península Ibérica.
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nearly parallel traces can be distinguished. The fault is ex-
pressed in the landscape as a fault-generated, 60 to 120 m 
high mountain front, with conspicuous triangular facets 
on Jurassic rocks of the central sector, and short, generally 
non-incised alluvial fans making the piedmont. Detailed 
field survey and mapping suggest that the fault is not seg-
mented (Lafuente et al., 2010a). Measured dips typically 
range from 65 to 70º SW, and the observed striations indi-
cate a nearly pure normal movement. The fault usually put 
into contact Pleistocene alluvial deposits of the hanging 
wall with Triassic and Jurassic units of the footwall at the 
western and central sectors, and with the Neogene units of 
the Teruel basin at the southeastern one. 

The extensional activity of the Concud fault, as far as 
it has been geologically documented, begun by the lat-
est Ruscinian (mid Pliocene), cutting the previous Up-
per Miocene-Lower Pliocene infill of the Teruel basin 
(Fig. 2). Since the latest Ruscinian, the sedimentation 
was interrupted on its footwall, whereas a complete syn-
tectonic sequence belonging to the Upper Pliocene and 
Pleistocene were deposited on the hanging wall (Simón, 
1983; Moissenet, 1982). The Upper Pliocene sequence 
includes red alluvial fine-grained sediments with inter-
bedded lacustrine-palustrine carbonates, capped by a 
pediment cover (Villafranchian pediment). The Pleis-
tocene deposits include fluvial terraces of the Guadalavi-
ar and Alfambra rivers, and short alluvial fans developed 
from the fault scarp (Peña et al., 1984).

Three main terrace levels have been defined for the 
Alfambra-Guadalaviar fluvial system (Peña, 1981; Go-
doy et al., 1983a), although two of them locally split into 
sublevels (Sánchez Fabre, 1989; Moissenet, 1993). The 
Upper Terrace is of unknown age. The Middle Terrace 
has yielded absolute ages (U/Th, TL, and OSL) from 250 
+32/-25 ka to 116 ± 4 ka for the main level (Arlegui et 
al. 2006; Gutiérrez et al., 2008), and 91 ± 5 ka for a split, 
lower level (Lafuente et al., 2008b). The Lower Terrace 
also shows two sub-levels, the most conspicuous one be-
ing dated by OSL from 15.0 ± 0.9 ka to 14.9 ± 1.0 ka 
(Gutiérrez et al. 2008; Lafuente et al., 2008b). We do not 
refer to other proposals of fluvial terrace sequences, as 
that cited by Gutiérrez et al. (2011), since they have not 
been published, neither contrasted up to present.

3.2. Slip rates 

The average slip rate for the overall extensional history 
can be calculated from the position and age of the upper-
most pretectonic level, i.e. the top of the Early Pliocene 
lacustrine deposits at the footwall (informal Páramo 2 
unit; Godoy et al., 1983a,b; Fig. 4). This unit makes a 
structural platform at 1180-1200 m.a.s.l. (Celadas pla-

merous, also are consistent with such stress field (Herraiz 
et al., 2000; analyzed period: 1986 to 1995). The s3 tra-
jectories of this biaxial tension field underwent frequent 
deflections, veering to become either parallel or perpen-
dicular to NNW and NNE major faults, with a tendency 
for s2 and s3 axes to switch (Simón 1989; Arlegui et al. 
2005, 2006).

Historic and instrumental seismicity of the central-east-
ern Iberian Chain is low to moderate. In the Teruel re-
gion, the epicentres are concentrated at the Jiloca graben 
margins, the central-southern sector of the Teruel basin, 
and in the Albarracín and Javalambre massifs (Fig. 3). 
Apart from the Albarracín massif, epicentres can be rea-
sonably associated to Neogene-Quaternary known faults. 
Measured magnitudes (Mb) usually range from 1.5 to 
3.5, with maximum Mb = 4.4 in the Teruel graben and 
Mb = 3.8 in the Albarracín massif (data from Instituto 
Geográfico Nacional, IGN). Before the instrumental pe-
riod, intensities up to VIII were recorded in the Teruel ba-
sin (year 1656), VI-VII in the Albarracín massif (1848), 
and IV-V in the Jiloca graben (1828). Focal depths are 
always less than 25 km, and typically range from 5 to 15 
km, which corresponds to the brittle layer above the ba-
sal detachment level, 10-15 km deep, identified by Roca 
and Guimerà (1992). Most of the available focal mecha-
nisms correspond to normal faults striking around N-S 
(those numbered as 1, 2, 3, 6 in Fig. 3), while another one 
(5, south of Teruel) indicates the activation of an E-W 
striking normal fault that suggests local switching of s2 
and s3 axes. All them are consistent with the features of 
the regional recent stress field as described above. In the 
Maestrat region seismicity is even lower, with only two 
historic earthquakes of intensity = IV and a number of 
minor ones (3.0 ≥ M ≥ 2.1) recorded since 1990.

3. The Jiloca graben: Concud fault

3.1. Structure, stratigraphy and morphotectonics: 
an overview

The NW-SE striking Concud fault is the southernmost 
fault bounding the Jiloca graben, and follows the nearly 
vertical limb of a NW-SE trending anticline (Fig. 2). Such 
macrostructural relationship, together with a hectometre-
scale klippe observed in the footwall, and reverse ductile 
shear bands deforming Lower Triassic clays within the 
fault zone, suggest that the recent extensional Concud 
fault represents the negative inversion of a previous re-
verse, fold-related fault (Lafuente et al., 2010a).

The Concud fault trace is 14.2 km long, and shows an 
overall NW-SE strike, which veers towards N-S near its 
southern tip (Fig. 4). At the central sector, two distinct, 
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teau; site 1 in Fig. 2), and is dated by mammal fauna in 
the MN 15b zone (latest Ruscinian; 3.6 Ma; Godoy et al., 
1983a,b; Opdyke et al., 1997; Alcalá et al., 2000). At the 
hanging wall, it appears at 920-940 m.a.s.l., being uncon-
formably covered by Upper Pliocene and Pleistocene red 
clastic sediments. This involves a minimum post-Early 
Pliocene vertical offset of about 240 m.  Considering an 
average dip of 70º and a pure normal movement, this 
results in a net displacement of 255 m, which could in-
crease up to 290-300 m if we take into account the prob-
able roll-over geometry at depth. The resulting slip rate 
is 0.07-0.08 mm/y (Simón et al., 2005; Lafuente et al., 
2010a; Lafuente, 2011). 

Slip rates since Middle Pleistocene times have been in-
ferred at Los Baños (see location in Fig. 4). At this site, 
the Middle Terrace of the Alfambra river, capped by a 
tufa level dated between 169 ± 10 and 116 ± 4 ka, shows a 
minimum throw of 36 m, and thus, a net displacement of 
39 m (Simón et al., 2005; Lafuente et al., 2010a); taking 
into account the age error bars, this provides a slip rate 

of 0.22 to 0.35 mm/y. Other ages published by Gutiér-
rez el al. (2008) for the aforementioned tufa (250 +32/-
25 and 213+33/-26 ka) are less reliable, since they come 
from two subsamples taken from a simgle sample. Nev-
ertheless, introducing these values into the calculation 
would provide a slip rate range (0.14-0.21 mm/y) which 
is still significantly higher than the overall rate since mid 
Pliocene times (0.07-0.08 mm/y).

Data on slip rates since the Late Pleistocene are also 
available from the central sector of the fault (El Hocino 
site; see location in Fig. 4), where a pediment surface is 
apparently offset giving rise to a gentle, 5 to 5.5 m high 
topographic escarpment, later confirmed by trenching as 
a branch of the Concud fault (Lafuente et al., 2010b). 
The alluvial cover of the pediment has been dated by 
OSL (48.9 ± 4.4 ka; Table 1), although the artificial re-
working (cultivation) of the uppermost deposits makes 
the result not completely reliable. A vertical slip rate of 
0.09-0.12 mm/y would be obtained, as a first approach, 
considering those data. Better constrained results have 

Fig. 2.- Geological map of the Jiloca and Teruel grabens 
(see location in Fig. 1). Thicker lines represent active 
extensional faults. Numbers: relevant sites where slip 
rates have been calculated from well-known markers.  

Fig. 2.- Mapa geológico de las fosas del Jiloca y de Teruel 
(ver localización en Fig. 1). Las líneas gruesas repre-
sentan fallas extensionales activas. Números: lugares 
relevantes donde se han calculado tasas de desplaza-
miento a partir de marcadores bien conocidos.
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been obtained from trench H1, studied at this site (see 
section 3.4 and Fig. 5), where the lithologic unit repre-
senting the pediment cover in the hanging wall of the 
exposed fault (unit Q3) was recognized and dated. It 
lies in geometric continuity with the pediment surface at 
this block, and it is deformed into a roll-over geometry 
underlying a syntectonic, wedge-shaped sedimentary 
sequence. A fault throw of 5.5 m has been inferred in 
cross-section for this morpho-sedimentary marker. Con-
sidering that the dip of the fault surface is 60º SW (the 
lower apparent dip in the log of Fig. 5a results from ob-
liqueness between the trench and the mean fault strike) 
and the measured pitch of the dominant fault striation is 
75º S, a net slip of 6.5 m can be approached. The age of 
the marker is bracketed between 77.3 ± 4.3 and 74.2 ± 
8.2 ka OSL, probably closer to the latter (Lafuente et al., 
2010b). The resulting net slip rate is comprised between 
0.08 and 0.10 mm/y.

3.3. General paleoseismological characterization 

Considering the visible surficial fault length (14.2 km) 
and its lack of segmentation, empirical correlations pro-
posed by a number of authors (Wells and Coppersmith, 
1994; Stirling et al., 2002; Pavlides and Caputo, 2004; 
Mohammadioun and Serva, 2001) can be used for esti-
mating the moment magnitude of the maximum expected 
earthquake (Mw) and its associated coseismic displace-
ment (Table 2). 

The estimated magnitudes Mw from the distinct cor-
relation models are quite similar, ranging from 5.74 to 
6.98. These are in agreement with the occurrence of soft-
sediment deformation structures in syntectonic (Middle 
and Upper Pleistocene), fine-grained fluvial deposits in 
the vicinity of the fault. Sand dykes, pillow and mush-
room-like structures have been described and interpret-
ed by Lafuente et al. (2008b) as a result of liquefaction 

Fig. 3.- Historical and instrumental seismicity of the 
Teruel region. 

Fig. 3.- Sismicidad histórica e instrumental de la re-
gión de Teruel. 
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fault F1 during event W. The three youngest events (X, Y 
and Z) involved downthrow and tilting of units at the hang-
ing wall, as well as development of three nested fissures 
filled with chaotic ensembles of conglomerate blocks com-
ing from the Middle Pleistocene fluvial terrace. The two 
last fissure fills are dated at 38.6 ± 2.3 ka and 32.1 ± 2.4 ka, 
respectively. An additional, hypothetical event X’ has been 
inferred by Lafuente et al. (2010a) based on the existence 
of an ‘extra’ accommodation space for a sedimentary body 
(unit 9) prior to event Y. After discarding event U (proba-
bly representing more than one paleoseism), the remaining 
six events interpreted between 71.7 ± 5.2 and 32.1 ± 2.4 ka 
BP make a well time-constrained seismic succession that 
results in: (i) average recurrence interval of 6.6 ± 1.3 ka; 
(ii) average net coseismic displacement of 2.0 m (Lafuente 
et al., 2010a); (iii) average slip rate of 0.25-0.37 mm/y. 

At the El Hocino area, two trenches (H1 and H2) were 
dug through a 5.5 m-high topographic step, crossing the 
southern fault trace at the central sector. Both trenches 
show sands and red clays from the Rojo 2 unit (upper 
Turolien) in the footwall, that are affected by a shear zone 
up to 1.5 m wide, with S-C foliation compatible with a 
normal sense of displacement. The hanging wall is com-
posed by Pleistocene alluvial and slope deposits (units 
Q1 to Q7 in Fig. 5a). A total of five events have been 
interpreted (Lafuente et al., 2010b; Lafuente, 2011). Ac-
cording to our final interpretation (Lafuente, 2011), four 
of them (V, W, X and Y) appear in both trenches, whereas 
event Z is only evident in trench H2. Most of the events 
represent successive episodes of displacement in a foot-
wall sequence, followed by erosion and fossilization of 

processes triggered by seismic shocks of magnitude 
over 5-6.5 (depending on the type of structure), though 
under Mw = 7.5.  

With respect to the evaluation of mean coseismic dis-
placements, it is noteworthy that the different correla-
tions yield different values. We will see how the value 
estimated from Stirling et al. (2002) correlation (2.06 m) 
is closer to the observed displacements in our trenches. 
By combining this value with the calculated net displace-
ments for different time intervals (see previous subsec-
tion), average recurrence intervals ranging from 5.9 to 
9.4 ka (or 14.8 ka, if considering ages published by Gu-
tiérrez el al., 2008 for Los Baños site) can be estimated 
for post Middle Pleistocene times, and 24.7 to 25.5 ka for 
the overall, post-Ruscinian fault activity.   

3.4. Trenching

Trench studies have been carried out at two sites on the 
Concud fault trace: Los Baños and El Hocino (see location 
in Fig. 4). A succession of six large seismic events (prob-
ably seven), along a relatively continuous geologic record 
of Late Pleistocene age, has been identified at Los Baños 
trench (Fig. 6; Lafuente et al., 2010a). Event U is repre-
sented by the rupture and displacement (e.g. fault F0 in Fig 
6d) of fluvial deposits (Middle Terrace) cropping out at the 
base of the sequence (units 1 and 2), and took place before 
the deposit of an unconformable sedimentary level (unit 3) 
dated at 71.7 ± 5.2 ka. Event V is represented by a colluvi-
al wedge (unit 4), developed on the downthrown block of 
fault F2 (Fig. 6d), which was then broken and displaced by 

Wells and 
Coppersmith (1994)

Stirling et al. 
(2002)

Pavlides and 
Caputo (2004)

Mohammadioun and 
Serva (2001)

Moment 
magnitude (Mw) 6.38 (± 0.64) 6.80 (± 0.18) 6.48 6.56 

(stress drop = 100 bars)

Coseismic 
displacement 

(m)*

Vertical 0.41

Net 0.58
(0.22 ≤ D ≤ 1.47)

2.06
(0.96 ≤ D ≤ 4.40) 0.44

*The original Pavlides and Caputo (2004) equation refers to vertical displacement, we have transformed it to net displacement using fault dip and transport direction.

Table 2.- Estimation of moment magnitude and coseismic displacement for the Concud fault from empirical correlations.
Tabla 2.- Estimación de la magnitud momento y del desplazamiento cosísmico de la falla de Concud a partir de correlaciones empíricas.

Laboratory 
reference

Equivalent 
dose (Gy)

Anual dose 
(mGy/yr)

Supralinearity 
(Gy)

K 
factor

OSL age
 (ka B.P.)

MAD 5764SDA 253.80 ± 27.74 3.63 0 0.22 69.917 ± 5.479

MAD 5765SDA 212.13 ± 12.92 2.79 0 0.13 76.032 ± 5.005

MAD 5769SDA 119.78 ± 12.57 2.45 0 0.08 48.889 ± 4.365

Table 1.- New OSL dating results.
Tabla 1.- Nuevos resultados de dataciones por OSL.
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Fig. 4.- Geological map of the Concud fault and location of paleoseismological trenches (white rectangles). 
Fig. 4.- Mapa geológico de la falla de Concud y localización de las trincheras de paleosismología (rectángulos blancos). 

the paleoscarp during quiescence periods. The erosion 
surfaces constitute extremely useful markers because 
they postdate previous events, and then are displaced by 
later ones (Fig. 5a). The ages of the five events (see Table 
3) are bracketed between, 81.6–66.6 ka (event V), 78.5–
66 ka (event W), 51.1–47.1 (event X), 46.8–37 ka (event 
Y), and 21.6–20.3 (event Z), which involves an average 
recurrence interval for the total paleoseismic succession 
of  (81.6–20.3)/5 = 12.3 ka.  The inferred net coseismic 
displacements range from 0.6 to 0.95 m, with an average 
value of 0.8 m (Lafuente, 2011). 

At least three of the events identified at El Hocino (W, 
X and Y) correlate with some of the previously inferred 
in Los Baños trench, hinting at a consistent paleoseismic 
activity along the Concud fault. There are, then, some 
events present at Los Baños that are missing at El Hoc-
ino. This situation can be caused by a misinterpretation 
of their hypothetical evidences, by elimination by later 
events, or just because they never took place in the south-
ern branch of the fault. Coseismic displacements inferred 
at El Hocino are smaller than at Los Baños, then again, 

there may be several explanations: i) an actual variation 
of displacement along the fault trace, ii) a partition of dis-
placement between the northern and southern branches 
of the fault in its central sector, or iii) the occurrence of 
a creep component at El Hocino, as hinted by the shear 
zone within the footwall deposits. 

Additional information is provided by another outcrop 
at the left side of the Alfambra valley, some 2 km north 
of Teruel, at the Masada Cociero site (see location in Fig. 
4). On the artificial slope of the junction between roads 
N-420 and A-226, a normal fault showing the same orien-
tation of the Concud fault (about 150, 65 W), interpreted 
as a minor branch fault of the former, offsets 1.7 to 2.2 
m the base of the Lower Terrace deposits (Simón et al., 
2005; Lafuente et al., 2011; Gutiérrez et al., 2011). This 
would represent the youngest movement recorded up to 
the present at the Concud fault, dated between 15.6 ± 1.3 
and 14.9 ± 1.0 ka BP (Lafuente et al., 2008a). 

If we consider the composite seismic succession from 
the four described trenches Table 3), we obtain a consist-
ent seismic succession composed by nine events dated 
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4. The Jiloca graben: Calamocha and Sierra 
Palomera faults 

The Calamocha and Sierra Palomera faults represent, 
together with the Concud fault, the master structures at 
the eastern boundary of the Jiloca graben (Fig. 2). The 
Calamocha fault cross-cuts the sedimentary infill of the 
Calatayud basin, which allows us to evaluate its recent 
offset. The base of the Lower Pliocene lacustrine car-
bonates at the top of the Neogene series (Páramo 2 unit; 
Hernández et al., 1983) lies, in its hanging wall, at about 
860 m.a.s.l., in contact with Palaeozoic slates and Low-
er Miocene conglomerates of the footwall (Venta de los 
Céntimos; site 2 in Fig. 2). Although the same unit does 
not appear in the footwall close to this site, it could be ei-
ther (a) approximately coeval of clastic deposits cropping 
out at Llano de la Lastra (site 3 in Fig. 2; Hernández et al., 
1983), or (b) eroded while an unconformity underlying 

between 81.6 and 14,0 ka, with an average recurrence in-
terval of 7.5 ka. From geological judgment, after criteria 
such as the relative timing of events or the relative posi-
tion of the event horizon to the pre- and post-datum, we 
have approximated the most probable age of each event 
(right column in Table 3), which allows us to estimate 
individual interseismic periods ranging between 4 and 
13 ka. The corresponding coseismic displacements range 
from 0.6 to 2.7 m, resulting in an average slip rate of 
0.25-0.27 mm/y (Lafuente, 2011). These results are of the 
same order as the estimates from the correlation model 
of Stirling et al. (2002) obtained for post-Middle Pleis-
tocene times (coseismic slip = 2.06 m; average recurrence 
interval = 6.2-12.9). The only exception is the small aver-
age coseismic slip at El Hocino (0.8 m), which suggests 
partitioning of the total activity among the southern and 
the northern branch of the fault.

Fig. 5.- The Concud fault at El Hocino site. (a) Interpreted log of trench H1 (see location in Fig. 3); 1: non-cemented gravel made of angu-
lar pebbles; 2: silt and gravel; 3: gravel with carbonate cement; 4: silt wiht angular pebbles and uneven carbonate cement; 5: orange silt 
and gravel; 6: orange sand-silt with scattered pebbles; 7: surficial, anthropically reworked colluvium; units 4 and 6 are locally dividided 
into subunits (4a and 4b, 6a and 6b) by erosive surfaces. (b) Schematic cross section that allows measuring the throw at the Late Pleis-
tocene pediment; N: Neogene; Q: Quaternary including ‘pre-tectonic’ pediment cover (dotted), ‘syn-tectonic’ alluvial deposits (grey) 
and ‘post-tectonic’ slope deposits (white). See section 3.4 for more information.

Fig. 5.- La falla de Concud en El Hocino. (a) Interpretación del registro de la trinchera H1 (ver localización en Fig. 3); 1: grava no cemen-
tada de clastos angulosos; 2: limo y grava; 3: grava con cemento carbonatado; 4: limo con cantos angulosos y cementación carbonatada 
desigual; 5: limo ocre-anaranjado y grava; 6: arena-limo anaranjado con cantos dispersos; 7: coluvión superficial con retrabajado 
antrópico; las unidades 4 y 6 están divididas localmente en subunidades (4a y 4b, 6a y 6b) por sendas cicatrices erosivas. (b) Corte 
esquemático que muestra la medición del salto vertical en el glacis pleistoceno superior.
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Fig. 6.- Análisis paleosismológico de la falla de Concud en la trinchera de Los Baños (ver localización en Fig. 3). (a) Fotografía de campo orto-
corregida. (b) Corte de detalle de la trinchera; 1: conglomerado granosostenido sobre niveles de arena fina y lutita; 2: toba calcárea; 3: limo con 
fragmentos de toba; 4: cuña coluvial formada por cantos subredondeados; 5 y 6: arena y grava con bases erosivas; 7: laja de lutita pinzada entre 
fallas; 8: grava de matriz arenosa; 9: coluvión de grava y arena rosada; 10: facies de canal de grava y arena; 11, 12 y 13: rellenos de fisuras hete-
rométricos; 14 y 15: coluviones de arena y grava; 16 y 17: brecha de falla. Edades absolutas por OSL: rectángulos sombreados: según Lafuente 
et al. (2010a); rectángulos blancos: según Gutiérrez et al. (2008). (c) y (d) Detalle de las relaciones entre las fallas F0, F1 y F2 y las unidades 1 
a 6, que permiten interpretar los eventos U, V y W.

Fig. 6.- Paleoseismological analysis of the Concud fault at 
Los Baños trench (modified from Lafuente et al., 2010a, 
2011; see location in Fig. 3). (a) Orthorectified field pic-
ture. (b) Trench log; 1: grain-supported conglomerate 
overlying fine sand and lutite; 2: tufa; 3: silt with tufa frag-
ments; 4: colluvial wedge made of subrounded pebbles 
and cobbles; 5 and 6: sand and gravel with erosive bases; 
7: narrow lutite slab pinched between faults; 8: gravel with 
sandy matrix; 9: thick colluvium made of  gravel and pink 
sand; 10: gravel-sand channel facies; 11, 12 and 13: hete-
rometric fissure fills; 14 and 15: sand-gravel colluvium; 16 
and 17: fault breccia. OSL numerical ages: within shaded 
rectangles: after Lafuente et al. (2010a); within white rec-
tangles: after Gutiérrez et al. (2008). (c) and (d) Detail of 
the relationships between faults F0, F1 and F2 and units 1 
to 6, which allow to interpret events U, V and W.
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extensional fault zones, in which the displacement profile 
of the overall structure (throw decreasing from centre to 
tips) is self-similar with those of individual faults (Cowie 
and Roberts, 2001). First, the morphologic scarp is higher 
(up to 300 m; 450 m for the whole mountain front; Fig. 7) 
than those of Calamocha and Concud faults. Second, the 
eastern wall of the Sierra Palomera fault is a tilted block 
whose outline is defined by the FES and, eastwards, by 
the uppermost lacustrine carbonate deposits of the Ter-
uel basin (Early Pliocene in age: Godoy et al., 1983b); 
both are in continuity with each other and show a quite 
homogeneous slope of about 2% along a distance of 18 
km. The height of this morpho-sedimentary marker var-
ies from 1060 m (Alfambra valley) to 1480 m (Sierra 
Palomera), which involves a tectonic uplift of the Sierra 
Palomera block of about 420 m relative to the bottom of 
the Teruel depression. This value closely approaches the 
amplitude of the next morphostructural step to the west, 
i.e. the Sierra Palomera mountain front, since the lowest 
mapped remnants of the FES near the bottom of the Jilo-
ca graben, southwest of Santa Eulalia (Peña et al., 1984), 
again lie at altitudes of 1040-1080 m.a.s.l. In our opinion, 
the resulting height difference of 400-440 m represents a 
reliable approach to the total recent extensional throw of 
the Sierra Palomera fault. 

Additionally, if we consider subsoil data on the Neogene-
Quaternary infill of the Jiloca basin (Rubio and Simón, 
2007), we can interpret that the boundary between the 
red alluvial Plio-Pleistocene deposits and an underlying 
carbonate unit represents the regional contact of informal 
units Páramo 2 and Rojo 3, i.e. correlates with either the 
FES or the S2 surface. Such boundary lies at about 940-
950 m.a.s.l. in the Santa Eulalia area (some 40-50 below 
the ground surface). The total vertical offset associated to 

those clastic deposits was developed. This unconformity 
lies at 1060-1080 m.a.s.l., which would approach a throw 
of 200-220 m (net displacement of 215-235 m, consider-
ing a measured 70ºW fault dip) for the Calamocha fault. 
Hernández et al. (1983) had proposed a displacement of 
250 m, as well. Assuming for the top of the Páramo 2 
unit the same age as in the Concud-Celadas area (latest 
Ruscinian; 3.6 Ma), and assuming that the entire offset 
is later, the resulting average vertical slip rate would be 
0.06-0.07 mm/y.

Quaternary activity of the Calamocha fault is evidenced 
by the mechanical contact of Neogene units against the 
red alluvial Pleistocene deposits that infill the northern-
most Jiloca basin. The traces of two branches of the fault 
are well exposed at the slopes of the Autovía Mudéjar (A-
23, km 186), some 2 km east of Calamocha. The north-
ern trace separates the lowermost Neogene unit (Lower 
Miocene lutites and carbonates) from Mio-Pliocene (?) 
lutites. The southern one, which also crops out at a neigh-
bouring industrial area, separates the latter from Pleis-
tocene alluvial deposits. The uppermost alluvial level in 
contact with the fault surface has an OSL age of 69.9 ± 
5.5 ka BP (Table 1). 

In the central segment of the Jiloca depression, the off-
set at the Sierra Palomera fault cannot be calculated in 
the same way as the Concud and Calamocha faults, since 
no appropriate recent sedimentary marker can be recog-
nized in both walls, and it is very difficult to estimate 
the structural throw in the folded Jurassic units. Never-
theless, as discussed by Rubio and Simón (2007), there 
are two arguments that support the notion of a recent dis-
placement of the Sierra Palomera fault larger than those 
of Calamocha and Concud faults, which would be con-
sistent with a common structural pattern of segmented 

Table 3.- Sequence of the seismic 
events recorded in the ensemble 
of trenches studied at the Concud 
fault.

Tabla 3.- Sucesión de eventos sís-
micos registrados en el conjunto 
de las trincheras estudiadas en la 
falla de Concud.
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the eastern boundary of the Jiloca graben would therefore 
increase up to 530-540 m. Assuming the formerly used age 
of the lacustrine carbonates (3.6 Ma) as representative for 
the whole stratigraphical-geomorphological marker, the 
resulting average vertical slip rate would range from 0.11 
to 0.15 mm/y. 

The Plio-Quaternary alluvial and palustrine infill of the 
central Jiloca depression shows varying thickness, usually 
ranging from 20 to 60 m and locally exceeding 75 m. Such 
variations are in part controlled by NW-SE striking faults 
at the western basin boundary (Santa Eulalia and Cella 
faults), which suggests synsedimentary activity. Poor-
quality outcrops at a number of gullies crossing the Sierra 
Palomera fault also show indices of mechanical contacts 
between Jurassic limestones and alluvial Quaternary de-
posits. The existence of active alluvial fans, neither incised 
nor connected to the present-day fluvial network is con-
sistent with the hypothesis of recent Quaternary activity.

5. The Teruel graben: Sierra del Pobo 
and Teruel faults

The northernmost sector of the Teruel basin is a half-
graben bounded by an important N-S striking fault that 
separates the basin from the Sierra del Pobo (Fig. 8). This 
fault controls the onset of the halfgraben, its infill, and 
tilting of the intra-Pliocene FES between Sierra Palomera 
and the Alfambra valley. In a first approach, a structural 
offset of about 700 m can be estimated for the whole Si-
erra del Pobo mountain front seeing at the height of the 
Jurassic units at both sides of the fault, though some com-
ponent of continuous deformation cannot be discarded. 
Casas and Cortés (2002) consider that Sierra del Pobo 
and the Alfambra basin compose an anticline-syncline 
system indeed, although we believe that faulting is re-
sponsible for the main component of tectonic offset. This 
is clearly observed within Mesozoic units outcropping at 
the Sierra del Pobo mountain front (Liesa, 2011) and, less 
remarkably, within Neogene sediments of the basin. 

Late Neogene erosion surfaces are again useful mark-
ers for assessing the overall recent activity of the fault. In 
all likelihood, Sierra del Pobo was never leveled by the 
FES (Moissenet, 1980), so its summit (Hoyalta, 1760 m) 
does not correlate with the top of Mio-Pliocene syntec-
tonic sediments. However, the erosion surface developed 
northwards and eastwards, at altitudes usually ranging 
from 1450 to 1500 m.a.s.l., could be feasibly identified 
with the FES. In such a case, an approximate post-Lower 
Pliocene vertical displacement of 400 m could be inferred, 
remarkably similar to the difference in altitude between 
the far ends of the Alfambra tilted block. A larger offset 
could be estimated for the Intra-Miocene Erosion Surface, 

buried at 1050 m.a.s.l. in the hanging wall (representing 
the base of the Miocene sequence in the Alfambra-Perales 
area; Gutiérrez and Peña, 1976) and capping the Sierra del 
Pobo in the footwall (1760 m) (Pailhé, 1984; Sánchez Fa-
bre, 1989). The obtained value (710 m) closely approach 
the aforementioned total structural offset in Jurassic units. 
This scenario allows us to infer average vertical slip 
rates of about 0.11 mm/y for the post-Early Pliocene pe-
riod (400 m, 3.6 Ma), and 0.06 mm/y for the whole Late 
Miocene-Present day lapse (710 m, 11.1 Ma). Although 
deformed Pleistocene deposits are frequently observed in 
the hanging wall, no correlation with equivalent deformed 
markers in the footwall has been achieved in order to cal-
culate slip rates during this period.

The Teruel fault is a nearly pure normal fault located in-
side the central sector of the Teruel graben, which cuts its 
Mio-Pliocene infill along a N-S trending, 9-km long trace 
(Fig. 2). The hanging wall (to the west) is structured as a 
roll-over that descends the Ruscinian limestones (Páramo 
2 unit, 3.6 Ma) some 140 m: its base is at 1020 m.a.s.l. on 
the La Muela hill top (site 4 in Fig. 2), and down under 880 
m at Teruel. On the footwall (Los Mansuetos platform, to 
the east of Teruel; site 5 in Fig. 2), the base of Páramo 2 
unit is at 1080 to 1100 m.a.s.l., which involves a verti-
cal displacement of 200-220 m. Considering an average 
measured dip of 68º and pure normal displacement, that 
implies a net slip of 215-235 m and an average slip rate 
of about 0.06 mm/y. This displacement was not accom-
modated solely by brittle fracturing; the structure includes 
some ductile component as well, expressed in the lutitic 
Rojo 1 unit as a bending monocline trending N-S and dip-
ping up to 17º (northern sector) or 30º (southern sector). 

The Teruel fault shows scarce, not explicit evidences of 
Quaternary activity. Remnants of the Upper Terrace of the 
Turia river have been mapped on the hanging wall west of 
Teruel “La Muela” (Peña, 1981; Godoy et al., 1983a), at 
an altitude of 970-980 m.a.s.l.. Moissenet (1983) identi-
fied the same terrace level at a limited outcrop east of Ter-
uel (Casas de Urrez; site 6 in Fig. 2), at 1017 m.a.s.l., and 
therefore interpreted a post-Upper Terrace vertical offset 
of about 40 m. At Puntal de Pitraque (site 7 in Fig. 2), 
some 1.5 km south of Teruel town, two separate remnants 
of fluvial deposits that can be attributed to the Middle Ter-
race are offset 9 m by a branch of the Teruel fault (Fig. 9). 
The base of the fluvial sequence has been dated by means 
of OSL in 76.0 ± 5.0 ka (see Table 1), an age that fits well 
that previously given for the lower sublevel of the Mid-
dle Terrace in the Teruel area (91 ± 5 ka; Lafuente et al., 
2008b). The obtained vertical slip rate is 0.11-0.13 mm/y. 
Since this displacement is recorded only on one among 
three fault branches into which the Teruel fault splits at 
this area, the total slip rate for the overall structure during 
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Late Pleistocene-Holocene times could be higher than this 
value. The absence of involved Quaternary deposits at the 
eastern branch (out of Fig. 9) makes impossible to test 
such hypothesis. 

6. Maestrat grabens: Rambla de la Viuda, Coves de 
Vinromà and Alcalà de Xivert-Irta faults

The Maestrat grabens are the easternmost extensional 
structures in the Iberian Chain. A number of parallel, 
NNE-SSW trending grabens and horsts extend up to 30-
35 km from the Mediterranean coast, giving rise to a con-
spicuous ‘basin and range’ landscape (Fig. 10a). Vertical 
displacements of decametre to hectometre scale occurred 
on a number of large faults of the Maestrat grabens by 
the Early-Middle Pleistocene, interacting with the fluvial 
landscape and inducing significant changes on it (Pérez 
and Simón, 1993). Nevertheless, their morphotectonic 
analysis (Perea, 2006) and geological evidences suggest 
that they do not show a level of activity as higher as that 

of the Teruel grabens. The better documented active faults 
are the Rambla de la Viuda fault, the Torre Endomènech 
and La Valltorta faults (western boundary of the Coves 
de Vinromà graben), and the Xivert, Irta and Torreblanca 
faults (near the coast) (Fig. 10b). 

Their evolution can be constrained based on the rela-
tionships between faulting and morphogenic episodes. 
After the development of the FES, the geomorphic and 
sedimentary evolution of the Maestrat grabens has been 
characterized by a sequence of three erosional-deposi-
tional levels whose development closely interacts with 
Plio-Pleistocene tectonic activity. They are expressed 
in most areas as nested erosion levels (pediments, flu-
vial terraces), whereas in others (those undergoing more 
rapid subsidence) they give rise to superposed sedimen-
tary units. According to the nomenclature proposed by 
Simón (1982) and Simón et al. (1983), these levels are 
designed, in chronological order, as G3, G2-T2 and G1-
T1 (Fig. 10b). Deposits associated to G3 (characteristic 
gravel made of rounded pebbles and cobbles) can be cor-

Fig. 8.- Eastern boundary of the Alfambra-Teruel basin, northern sector: Sierra del Pobo fault.
Fig. 8.- Margen oriental de la fosa de Alfambra-Teruel, sector norte: falla de la Sierra del Pobo. 

Fig. 7.- Panoramic view of the Sierra Palomera fault mountain front.
Fig. 7.- Vista panorámica del escarpe de la falla de Sierra Palomera.
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La Valltorta faults, produce decametric offset of the G3 
pediments (Simón, 1982). For the first one, this can be 
observed 2-4 km southwest of Torre Endomenech, where 
the G3 alluvial deposits appear on two distinct topograph-
ic levels separated by a 40-m high step. A higher step 
(50-70 m) separates an erosive sector of the G3 pediment 
from the top of the correlative sediments (to the east) at 
both margins of Barranc de la Valltorta, 4 km southeast 
of Tirig. Assuming that the age of G3 is similar to that 
of the Villafranchian pediments of the Teruel area, dated 
at La Puebla de Valverde both by macromammal fauna 
(Adrover, 1975; MN17 zone, 1.9-2.6 Ma) and magneto
stratigraphy (1.95-2.1 Ma; Sinusía et al., 2004), the cor-
responding average vertical slip rates during Quaternary 
times for both faults would be in the range of 0.02-0.04 
mm/y.

The western boundary of the Alcalà de Xivert graben is 
related with a NNE-SSW striking normal fault that crops 
out at the CV-133 local road, some 2.5 km west of Al-
calà de Xivert, where it produces a sharp drag-fold in the 
Lower Miocene marly limestones. The eastern boundary 
of the graben is another NNE-SSW normal fault (Xivert 
fault; Fig. 10b), which separates it from the Irta range, a 
large horst whose western branch conserves remnants of 
the FES at 370-390 m.a.s.l. (Simón, 1982). The bottom is 
modeled by the G3, mainly erosive pediment level (Fig. 
10b) at about 160-180 m.a.s.l., showing several embay-
ments entering the footwall and no evidence of later fault-
ing. This suggests that the Xivert fault essentially moved 
during Pliocene times and has remained virtually inactive 
during the Quaternary. Assuming the FES on the hang-
ing wall probably lay little higher than the erosive G3 
surface, a vertical offset close to 200 m can be estimated. 
If we consider the joint activity with a synthetic fault to 
the east (Irta fault) and the height of the interpreted FES 
on the eastern Serra d’Irta branch (490-570 m.a.s.l.), the 
total vertical displacement between the Irta horst and the 
Alcalà de Xivert graben could attain 300-350 m. It im-
plies a slip rate for the Xivert fault of 0.06-0.1 mm/y for 
the last 3.6-5.0 Ma.

The Ametler graben is a small depression that divides 
the Irta range into two branches (Fig. 10b), with its bot-
tom gently dipping from north (180 m.a.s.l.) to south 
(100 m.a.s.l.). It shows a sedimentary infill mainly made 

related with the regional Villafranchian pediment system. 
The G2-T2 geomorphic level is represented by either 
the top of alluvial sediments filling grabens and coastal 
plains (Catí, Rambla de la Viuda, Tírig, Coves de Vin-
romà, Torreblanca), or by erosive incisions; their age is 
broadly attributed to the Early-Middle Pleistocene based 
upon regional correlation with fluvial terraces of the Ebro 
Basin (Birot, 1959; Simón, 1982). Fluvial and alluvial 
gravel and silt of the G1-T1 level can be attributed to 
the Late-Pleistocene based on the existence of abundant 
Aurignacian lithic industry within the lower terrace of the 
Mijares River, south of the studied region (Birot, 1959).

The Rambla de la Viuda fault forms the prominent 
mountain front that separates Serra d’Engalcerán horst 
from Rambla de la Viuda graben (Fig. 10b), showing an 
undulate, nearly N-S trending trace. The fault surface is 
exposed at Barranc de la Guitarra, south of Los Rosil-
dos village, showing local orientation 030, 68º W. At this 
site, the fault separates Cretaceous limestones from Pleis-
tocene conglomerates belonging to an alluvial fan whose 
surface correlates with G2-T2. The lowermost outcrop-
ping alluvial beds, 1 km west of the fault trace, dip 20-
25º E (i.e. against the mountain front), whereas younger 
beds to the east become nearly horizontal or dip about 
2-3º E (parallel to the fan surface). This suggests that the 
fault was active while alluvial sedimentation took place, 
producing a gentle progressive unconformity in the hang-
ing wall (Simón, 1982). The difference in height between 
remains attributed to the FES at the neighbouring Serra 
d’Engalcerán summit (1040-1060 m.a.s.l.; Simón, 1982) 
and the bottom of the graben at this area (420 m.a.s.l.) 
allows us to approach a total fault throw of 620-640 m 
that should be mostly accommodated by the Rambla de 
la Viuda fault. The erosion surface has no local age con-
straint, since correlative lacustrine deposits have not been 
found within the Maestrat sector. We hypothesize that it 
could correspond to either the S2 (Late Turolian, 5.0 Ma) 
or the S3 surface (latest Ruscinian, 3.6 Ma) of the Teruel 
basins. This would result in an average net slip rate of 
0.12-0.18 mm/y for the whole period of recent activity of 
the fault. Unfortunately, no dated marker is available that 
could approach specific slip rates for Quaternary times.

Two faults at the western boundary of the Coves de 
Vinromà graben (Fig. 10b), the Torre Endomenech and 

Fig. 9.- Schematic cross section of the wes-
tern branch of the Teruel fault at the Puntal 
de Pitraque sector showing the Middle Te-
rrace (Tmid) offset. See location in Fig. 2.

Fig. 9.- Corte esquemático de la rama occi-
dental de la falla de Teruel en la zona del 
Puntal de Pitraque, mostrando el desplaza-
miento de la Terraza Media. Ver localiza-
ción en Fig. 2.
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of alluvial fans coming from the eastern margin, whose 
top is levelled, together with the northern sector of the 
Torreblanca coastal plain, by the G2 surface. The east-
ern fault bounding the graben (Irta fault) runs through 
the Irta horst and is responsible for the development of 
the aforementioned alluvial fans. While the Xivert fault 
seems to have moved only during the Pliocene, the Irta 
fault remained active during the Pleistocene. The western 
margin of the Ametler graben corresponds to the north-
ern segment of the Torreblanca fault (their central and 
southern segments limit the whole Torreblanca coastal 
plain). This fault beheads two ancient valleys whose low-
est segments make pronounced embayments at the west-
ern Irta mountain front, and whose original heads were 
probably located at the axis of the present-day eastern Irta 
range. This fault produced a complete inversion of the 
relief, sinking the narrow Ametler graben at the middle 
of the Irta range. This interpretation has been tested by 
applying geomorphic analysis and considering surface 
and subsoil information about the sedimentary infill (Sal-
vador and Simón, 1990). Such scenario allows us to ap-

proach the average Quaternary slip rate of the northern 
Torreblanca fault, assuming the formerly hypothesized 
age for G3 (1.9-2.6 Ma). The fault throw can be estimat-
ed from surface and subsoil data, provided by Salvador 
and Simón (1990), concerning the position of the base 
of the Pleistocene infill (i.e. the buried paleo-topography 
of the middle segments of the beheaded valleys), which 
lies at 130-140 m.a.s.l. at the supposed paleo-talwegs east 
of the Portell present-day head. In absence of faulting, 
if we extrapolate hypothesized fluvial profiles from the 
remaining lower segments to the Serra d’Irta heads, such 
paleo-talwegs at the surveyed transect should lie around 
230-250 m.a.s.l. This results in an estimated vertical off-
set of 90-100 m and an average post-G3 slip rate of 0.03-
0.05 mm/y.

7. Discussion and conclusions

The main active faults in the central-eastern Iberian 
Chain are normal faults with dominant directions NNE-
SSW and NNW-SSE, and hectometre-scale vertical off-

Fig. 10.- Maestrat grabens (see location in Fig. 1). (a) Digital Elevation Model. (b) Geological map. 1, Rambla de la Viuda fault; 2, Torre 
Endomènech fault; 3, La Valltorta fault; 4, Xivert fault; 5, Irta fault; and 6, Torreblanca fault. See the text for more information of the 
sedimentary units. 

Fig. 10.- Fosas del Maestrat (ver localización en Fig. 1). (a) Modelo Digital de Elevaciones. (b) Mapa geológico. 1, falla de la Rambla de 
la Viuda; 2, falla de Torre Endomènech; 3, falla de La Valltorta; 4, falla de Xivert; 5, falla de Irta; y 6, falla de Torreblanca. Ver texto 
para más información de las unidades sedimentarias.   
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sets during Late Miocene-Quaternary times (Table 4). 
Their average slip rates since Late Neogene times (3.6 
to 5.0 Ma) are comparable for a number of large faults, 
higher for Sierra Palomera, Sierra del Pobo and Rambla 
de la Viuda faults (0.11-0.18 mm/y), and lower for the 
Concud, Calamocha, Teruel and Xivert faults (0.06-0.10). 
In contrast, results from the Pleistocene record show how 
the Concud fault is noticeably more rapid. 

Slip rates at the Concud fault are comparable to those 
calculated for normal faults of the Betic Chains, as the 
Granada (0.03-0.38 mm/y; Sanz de Galdeano et al., 2003), 
Ventas de Zafarraya (0.3-0.45 mm/y during Holocene 
times; Reicherter et al., 2010), or Baza fault (0.12-0.33 
mm/y; García-Tortosa et al., 2008; Alfaro et al., 2008). 
In contrast, the Concud fault moves at higher rates than 
El Camp fault (0.02 mm/y; Masana et al., 2001). Perhaps, 
the Concud fault could appear as anomalously rapid dur-
ing Pleistocene times, seeing at its regional tectonic and 
seismic framework (overall gentle deformation and very 
low instrumental seismicity).  It may be difficult to as-
sume that their slip rates are similar to those calculated 
at extensional faults of a much more active region as the 
Betic Chains. The explanation probably deals with the 
particular tectonic position and role of the Concud fault. 
While at southeastern Betics the total crustal deformation 
is distributed among a number of large faults, no other 
fault at the central-eastern Iberian Chain has any evi-
dence of continuous activity during Middle-Late Pleis-
tocene times comparable to the Concud fault. Regional 
deformation during the Plio-Pleistocene transition was 

widely distributed among several tens of faults at a mac-
rostructural scale, but deformation seems to have been 
progressively concentrated into a few faults along Pleis-
tocene times. The same tendency has been observed e.g. 
in central Apennines (Italy) since 0.9 Ma (Roberts et al., 
2002). Therefore, we can hypothesize that the Concud 
fault accommodates most of the total crustal extension at 
this sector of the Iberian Chain, which could explain the 
apparently anomalous inferred slip rates. 
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Faults Marker Time lapse Net slip 
(m)

Throw 
(m)

Slip rate 
(mm/y)

Concud 

Overall fault 14 ≈ 3.6 Ma 255-300 0.07-0.08

Los Baños 
(SE  sector) 14 112-282 ka 39 0.14-0.35

El Hocino
(Central sector) 14 82-66 ka 6.5 0.08-0.10

Calamocha 17 ≈ 3.6 Ma 215-250 0.06-0.07

Sierra Palomera 16 ≈ 3.6 Ma 400-540 0.11-0.15

Sierra del Pobo
11 ≈ 11.1 Ma 710 0.06

11 ≈ 3.6 Ma 400 0.11

Teruel
10 ≈ 3.6 Ma 215-235 0.06

10 71-81 ka 9 0.11-0.13

Rambla de la Viuda s 3.6-5.0 Ma 620-640 0.12-0.18

Torre-Endomenech &
La Valltorta s 1.9-2.6 Ma 40-70 0.02-0.04

Xivert s 3.6-5.0 Ma 300-350 0.06-0.10

Torreblanca s 1.9-2.6 Ma 90-100 0.03-0.05

Table 4.- Synthesis of displacements 
and slip rates inferred for the studied 
active faults.

Tabla 4.- Síntesis de los desplazamien-
tos y velocidades de deslizamiento 
inferidos para las fallas activas estu-
diadas
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