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A B S T R A C T   

The official seismic hazard models in Spain used in the seismic building codes do not incorporate Quaternary 
faults, largely due to insufficient data for their proper characterization. There is an obvious need to conduct 
investigations in most of the recognised Quaternary faults to unambiguously demonstrate their Quaternary 
tectonic activity and assess their seismogenic potential. This work illustrates the integration of cartographic, 
tectonic, geomorphological, paleoseismological and geophysical methods for the characterization of the slow- 
moving extensional Daroca Fault, related to the negative inversion of the Alpine Daroca Thrust, Iberian 
Chain, NE Spain. Cartographic data indicate that the 27 km long Daroca Fault and the 17 km long Calamocha 
Fault, separated by a stepover 1.9 km wide, can be considered as segments of the same structure that might 
rupture jointly and generate Mw7 earthquakes. A long-term slip rate of 0.06–0.02 mm/yr has been estimated for 
the 27 km long Daroca Fault using an ESR-dated (Electro Spin Resonance) offset pediment. The work discusses 
why this slip rate is significantly lower than those estimated in nearby normal faults using OSL ages (Optically 
Stimulated Luminiscence), but comparable with those derived from offset early Pliocene limestones. A trench 
excavated across the Daroca Fault exposed evidence of the MRE (most recent event) on the fault, with bracketing 
ages of 2354–1544 cal yr BP (404 BC – 386 AD). This event likely caused the destruction and abandonment of 
Roman cities in the vicinity of the fault. Several explanations are proposed for the anomalously low vertical 
displacement of this surface faulting event recorded in the central sector of a 27 km long fault segment: multi- 
strand rupture, full-segment rupture, partial segment rupture, spillover rupture, and secondary sympathetic 
rupture.   

1. Introduction 

The Iberian microplate is characterized by low to moderate seis-
micity and the presence of low-slip-rate (�1 mm/yr) Quaternary faults, 
mainly located in the Alpine orogens (García-Mayordomo et al., 2012; 
IGME, 2015; Sanz de Galdeano et al., 2019; Stich et al., 2019). The Betic 
Cordillera is the most seismically active region and where the vast ma-
jority of the damaging earthquakes have occurred. It forms part of a 
broad and diffuse plate margin (Zazo et al., 1999) that accommodates 

around 2 mm/yr of the limited overall African-Eurasian convergence, 
estimated at ca. 5 mm/yr by GPS data (Stich et al., 2006). The Pyrenees, 
at the northern margin of the Iberian microplate, is the second more 
seismically active area and is widely regarded as an inactive convergent 
boundary. In fact, GPS data suggest that the Pyrenees is currently 
experiencing a very slow N–S transverse extension (Rigo et al., 2015; 
Nguyen et al., 2016) attributable to the southward displacement of 
Iberian microplate with respect to stable Europe (Stich et al., 2006). In 
the rest of Iberia, including the intraplate Alpine orogens, the impact of 
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historical seismicity is very limited, although some of them include 
faults with clear evidence of Quaternary activity. For instance, in the 
Iberian Chain, NE Spain, only one earthquake-related fatality has been 
reported associated with the 1817 intensity VII-VIII Arnedillo event, 
which is the largest historical event known in the region (Martínez-So-
lares and Mezcua, 2002). Nonetheless, the Iberian Chain, where the 
present work has been carried out, includes a significant number of 
Quaternary faults capable of generating M6-7 earthquakes (Guti�errez 
et al., 2012; Sim�on et al., 2012; Sanz de Galdeano et al., 2019). 

Seismic activity in Spain is generally perceived as a relatively low- 
risk geological process. Ferrer et al. (2004) estimated direct economic 
losses related to seismic activity in Spain for the period 1987–2001 at 
203,106 euro (13.5 106 euro/yr), which is 55 times lower than that 
calculated for floods. Ferrer et al. (2004) also assessed the economic risk 
related to seismic activity for the period 2004–2033, amounting 70,106 

euro/yr. This estimate is based on the assumption that seismicity will 
have similar distribution and frequency-size relationships as that 
recorded during the period 1900–2001. However, the 20th century, 
used as proxy for risk assessment, was a particularly quiet period in 
terms of the frequency of large-magnitude earthquakes and the number 
of fatalities. In the 19thth century earthquakes caused 1674 casualties, 
whereas in the period 1900–2018 the number of fatalities was around 39 
(Martínez-Solares, 2001; Martínez-Solares and Mezcua, 2002; Ferrero 
et al., 2017), lower than those related to floods, slope movements and 
snow avalanches (Ferrero et al., 2017; Leo and Cuchí, 2017). A large 
earthquake sourced from a fault situated in a populated region could 
drastically change the position of earthquakes in the ranking of fatalities 
and economic losses related to natural disasters in Spain. 

The incorporation of properly characterized active faults in the 
source models of probabilistic seismic hazard assessments (PSHA) is 
particularly important in regions like the Iberian microplate, charac-
terized by slow-moving faults. In those relatively stable settings, the 
limited time span covered by the earthquake catalogues may lead to 
significant hazard underestimates, especially at sites situated close to 
seismogenic faults and when considering long return periods. The main 
tool for preventing and mitigating seismic risk in Spain are the seismic 
hazard maps included in the official seismic codes (NCSE-02 and NCSP- 
07), produced by the Permanent Commission of Earthquake-Resistant 
Codes. These maps have been recently revised using a probabilistic 
approach and improved data (IGN, 2012). However, none of the hazard 
models incorporate faults in the source model, despite there is a carto-
graphic inventory of Quaternary faults available (QAFI: Quaternary 
Active Faults database of Iberia; IGME, 2015). The IGN (2012), in the 
report accompanying the new seismic hazard models, acknowledges the 
advantages of incorporating faults in the source models, especially for 
estimating the hazard associated with long return periods, but stresses 
the limitations of the available data. These are largely related to the 
inherent characteristics of the active faults in Spain, and the epistemic 
uncertainty associated with the data incorporated in the QAFI, 
including: (1) diffuse seismicity; generally is difficult to establish un-
ambiguous relationships between historical damaging earthquakes and 
specific faults and only two historical earthquakes have been accom-
panied by documented primary surface ruptures, both in the Betics: the 
1664 I:VIII Lorca event sourced from the Alhama de Murcia Fault (30 
fatalities) (Martínez-Díaz et al., 2019) and the 1884 I: IX-X Arenas del 
Rey (or Andalucía) earthquake, generated by the Zafarraya Fault (839 
fatalities) (Reicherter et al., 2003). (2) ambiguous evidence of Quater-
nary tectonic activity for a number of faults; and (3) insufficient data for 
the proper characterization of fault sources, notably the slip rate, which 
is the parameter with higher impact on the hazard curves (e.g., Youngs 
and Coppersmith, 1985). Therefore, there is clear need to develop in-
vestigations aimed at identifying and characterizing Quaternary faults 
for their incorporation in PSHA. The resulting data will contribute to 
improve the reliability of hazard estimates and our capability to effec-
tively mitigate seismic risk. 

This work investigates the low-slip-rate Daroca Fault from a 

neotectonic and paleoseismological perspective, which is the longest 
Quaternary fault of the intraplate Iberian Chain. This normal fault is 
related to the post-orogenic negative inversion of an adjacent Alpine 
thrust. The investigation integrates cartographic, trenching, geochro-
nological and geophysical data with the aim of providing new insights 
into several aspects related to the kinematics of this polyphasic fault, 
including relevant data for its seismogenic characterization: (1) age of 
the Daroca Thrust and origin of the anomalous shallow gravity-driven 
structures associated with its frontal zone at Daroca town; (2) tectonic 
geomorphology of the Daroca Half-graben; (3) evidence of Quaternary 
activity and long-term slip rates; (4) paleoseismic record, with special 
focus on the most recent event (MRE); and (5) potential interaction with 
the nearby Calamocha Fault. 

2. Geological setting and seismicity 

The study area is located in the central sector of the Iberian Chain, 
NE Spain, which is an intraplate orogen generated by the tectonic 
inversion of Mesozoic extensional basins from early Cenozoic to 
Miocene times (Fig. 1). This Alpine orogenic phase was mainly related to 
the compressional stress field developed during the collision of the 
Iberian and European plates and the build-up of the Pyrenees (�Alvaro 

Fig. 1. Geological sketch showing the location of the Daroca Half-graben 
within the central sector of the Iberian Chain (modified from Ferreiro and 
Ruiz, 1991 and Hern�andez and Anad�on, 1985). The map includes the epicenters 
of the historical (1760–1927) and instrumental (1927–2018) earthquakes 
compiled by the IGN (2019), filtered by intensity and magnitude higher than III 
and 3, respectively. 
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et al., 1979; Guimer�a, 2004, 2018; de Vicente et al., 2008). The tectonic 
inversion was accompanied by the formation of relatively small Tertiary 
synorogenic basins associated with thrusts and synclinal structures, 
mainly filled by clastic continental sediments (molasse). Subsequently, at 
the onset of the post-orogenic phase in the Miocene, the compressional 
stress regime changed into the currently active extensional tectonics, 
recorded by the development of grabens superimposed on the previous 
contractional structures (e.g., Sim�on, 1989) (Fig. 1). These grabens are 
largely controlled by normal faults that result from the negative inver-
sion of inherited basement faults that experienced reverse displacement 
during the early Tertiary compression. The post-orogenic extension of 
the Iberian Chain is attributed to the westward propagation of the rifting 
that formed the offshore Valencia Trough since the late Oligocene (e.g., 
Anad�on and Roca, 1996; Capote et al., 2002; Guti�errez et al., 2008). Two 
main episodes of graben development can be differentiated in the cen-
tral sector of the Iberian Chain on the basis of cartographic relationships 
(Guti�errez and Gracia, 1997; Guti�errez et al., 2008, 2012; Sim�on et al., 
2012). The first extensional phase generated the two largest intra-
montane basins of the Iberian Chain; the NW-SE-trending Calatayud 
Basin, and the NNE-SSW-oriented Teruel Graben, both ca. 100 km long 
(Fig. 1). The continental fill of these extensional basins, several hundred 
meters thick, locally overlie synorogenic sediments affected by folding 
and thrusting. The second extensional phase, which started in the Late 
Pliocene, generated new grabens superimposed to and/or inset into the 
Calatayud and Teruel grabens. These include, from north to south: (1) 
the Río Grío Graben (Guti�errez et al., 2013); (2) the Mun�ebrega 
Half-graben (Guti�errez et al., 2009); (3) the Daroca Half-graben (Gracia, 
1992a); and (4) the Jiloca neotectonic depression (Cort�es and Casas, 
2000; Gracia et al., 2003; Rubio and Sim�on, 2007; Sim�on et al., 2017 and 
references therein) (Fig. 1). 

The development of the drainage network in the central sector of the 
Iberian Chain was largely controlled by the episodic generation of tec-
tonic depressions and their capture by the external fluvial systems. The 
capture of the basins entailed (Guti�errez et al., 1996, 2008): (1) a pro-
gressive change from endorheic to exorheic conditions; (2) the devel-
opment of a new drainage network that excavated the infill of the basins 
by down-cutting and headward expansion, changing from aggradational 
into incisional basins; and (3) the generation of stepped sequences of 
pediment and terraces inset into the sedimentary fill of the basins. In the 
area relevant to this investigation, the Calatayud Basin was captured by 
the transverse Jal�on River in Calatayud area sometime in Late 
Miocene-Early Pliocene times (Fig. 1). The axial Jiloca River, tributary 
of the Jal�on River, excavated a longitudinal valley along the Calatayud 
Basin and propagated to the SW by headward expansion. Eventually, it 
captured the Daroca Half-graben through its northern edge, and devel-
oped a throughgoing longitudinal drainage that dissected its sedimen-
tary fill. Subsequently, the Jiloca River captured the northern sector of 
the Jiloca Depression, whereas the southern sector has remained under 
endorheic conditions until its artificial drainage in the 18th Century. 

The Plio-Quaternary Daroca Half-graben is located in the so-called 
Aragonian branch of the Iberian Chain. This region is characterized by 
a well-defined NW-SE structural grain and thick-skinned tectonics that 
involves the more rigid basement (Precambrian-Early Triassic), locally 
overlain by a late Triassic evaporitic detachment and a cover dominated 
by Jurassic and Cretaceous carbonate formations (�Alvaro, 1991, de 
Vicente et al., 2004). Here, there are two large NW-SE-oriented outcrops 
of Precambrian and Paleozoic rocks, interrupted by the intramontane 
Calatayud Tertiary Basin (Fig. 1). On both margins of the Calatayud 
Basin, the Paleozoic basement strata, more than 10 km thick and 
dominated by marine fine-grained detrital rocks with some carbonate 
units, show an overall SW-dipping homoclinal structure. On the NE 
margin of the basin, the Variscan NW-SE-oriented and NE-verging Datos 
Thrust places the so-called Badules structural unit atop the Herrera unit, 
with a stratigraphic throw of around 8 km (Alvaro, 1991; Cort�es and 
C�asas, 1996; Calvín-Ballester and Casas, 2013) (Fig. 1). In the study 
area, the western margin of the Calatayud Basin (Badules structural 

unit) is largely controlled by the NW-SE-oriented and NE-verging Daroca 
Thurst (Fig. 2). This is a reverse fault that overrides Cambrian rocks over 
the lower part of the Calatayud Basin fill (Julivert, 1954; Colomer and 
Santanach, 1998; Casas et al., 2018). The 27 km long Daroca 
Half-graben is nested into the SW margin of the Calatayud Basin and its 
active NE margin is controlled by the NW-SE-trending and SW-dipping 
Daroca normal fault. This fault runs parallel and next to the Daroca 
Thrust and is related to the negative reactivation of the latter during the 
post-orogenic extension (Julivert, 1954; Gracia, 1992a; Guti�errez et al., 
2008, 2012; Casas et al., 2018) (Fig. 2). 

The central sector of the Iberian Chain is characterized by low- 
moderate seismicity and no earthquake-related fatalities have been re-
ported. The largest events of the pre-instrumental period (up to 1927 in 
the region) were the 1848 Orihuela del Tremedal earthquake (western 
margin of the Jiloca Depression), and the 1912 Cimballa earthquake 
(western margin of Calatayud Basin), both felt with EMS-1998 in-
tensities of VI-VII (Martínez-Solares and Mezcua, 2002; IGN, 2019). The 
largest instrumentally recorded earthquake was the M4.7 Daroca-Used 
earthquake, which caused cracking in numerous buildings (e.g. Used, 
Daroca, Velilla de Jiloca, Maluenda) and was investigated onsite by 
Rey-Pastor and Bonelli-Rubio (1957). These authors, using abundant 
macroseismic data, elaborated an isoseismal map which shows that the 
epicentral area, with intensity VII, included the northwestern sector of 
the Daroca Half graben. The overall distribution of epicenters included 
in the earthquake catalogue of the Instituto Geogr�afico Nacional (IGN, 
2019) is rather scattered, with no clear spatial association with the 
Quaternary faults and with some clustering in Albarracín area, on the 
western margin of the Jiloca Depression. Around 90% of the earth-
quakes have focal depths equal or lower than 12 km, giving a rough idea 

Fig. 2. Geomorphological-geological map of the Plio-Quaternary Daroca Half- 
graben inset with respect to the Oligo?-Early Pliocene sedimentary fill of the 
Calatayud Basin. The location of outcrops in which the Daroca normal fault 
affects Quaternary deposits is indicated. The trace of the schematic geological 
cross-section is marked in the NW sector of the map. 
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of the seismogenic depth in the region (IGN, 2019). de Vicente et al. 
(2008) investigated active tectonic stresses in the Iberian microplate 
from populations of moment tensor focal mechanisms. In the Iberian 
Chain, all the focal mechanisms indicate normal faulting and stress 
inversion reveals triaxial extension and nodal plains with a prevailing 
NW-SE trend consistent with the structural grain. Similar results were 
obtained by Stich et al. (2006) and Martín et al. (2015). The former 
authors, based on GPS data, interpret an apparent S- to SSE-ward 
displacement of around 1 mm/yr of central and northern Iberia with 
respect to Europe and towards the broad and diffuse southern conver-
gent margin of the Iberian microplate. 

3. Methodology 

Initially, we produced a preliminary geomorphological-geological 
map of the Daroca Half-graben through the interpretation of color 
aerial photographs printed at 1:20,000 scale and shaded relief models 
generated from a DEM with a spatial resolution of 5 m. This task was 
supported by previous cartographic works (Gracia, 1990; Hern�andez 
and Oliv�e, 1983). The initial map was checked and refined through field 
surveys and was used to identify the most adequate sector for con-
ducting a more detailed neotectonic and paleoseismological investiga-
tion. The targeted sector was mapped with greater detail in the field 
using 1:5,000 scale orthophotographs and paying special attention to 
Quaternary sediments and landforms associated with the Daroca normal 
fault (Daroca Fault). Relative elevation data of the alluvial surfaces was 
obtained from the DEM. Topographic profiles constructed across the 
fault were measured by high-precision differential leveling with a Leica 
digital level (Leica DNA03) and a 2-m-long bar-coded invar staff (Leica 
GPCL2). This equipment has a measuring accuracy of 0.3 mm/km in 
double-run leveling. Measuring stations along the profile were located 
with a variable spacing between 3 and 5 m. 

One ESR sample (T-DA-1715) was collected from a fine-grained bed 
of a pediment deposit offset by the Daroca Fault. The sub-sample for 
Equivalent Dose (DE) analysis was taken using a light-proof container 
(PVC tube), whereas the bulk sediment sub-sample for external dose rate 
(D) measurements was collected from the ESR sampling point (tube hole 
and 30 cm-radius sphere around it). In situ gamma spectrometry was 
performed using a NaI probe connected to an Inspector1000 multi-
channel analyzer (Canberra) and inserted into the hole resulting from 
the sample extraction (Moreno et al., 2017). Sample preparation was 
carried out at the Centro Nacional de Investigaci�on sobre la Evoluci�on 
Humana (CENIEH) following the CENIEH internal procedure for the 
extraction of the 100–200 μm fraction of quartz grains. The Multiple 
Aliquots Additive (MAA) dose approach for dating quartz grains was 
applied. Each sample was divided into 10 multiple-grains aliquots. Eight 
of these aliquots were irradiated with a calibrated Gammacell-1000 
137Cs gamma source from 150 to 15000 Gy following a 
sub-exponential dose step distribution. For each sample, one aliquot was 
preserved (natural) and one aliquot was optically bleached for ~1500 h 
using a SOL2 (Dr. H€onle) solar light simulator, in order to evaluate the 
ESR intensity of the non-bleachable residual signal associated to the 
Aluminum center of quartz (Voinchet et al., 2003). Dose rate values 
were obtained from a combination of in situ and laboratory analyses. Full 
details about the methodology applied may be found in Supplementary 
Data SD4. 

An electrical resistivity imaging (ERI) and ground penetrating radar 
(GPR) survey was conducted across the Daroca Fault just next to the 
trench. ERI is a direct current method that images the distribution of the 
bulk resistivity in the subsurface by means of multi-electrode systems 
(Griffiths and Barker, 1993). This technique has been proved useful to 
investigate tectonic and gravitational fault zones, commonly charac-
terized by significant lateral resistivity changes (e.g., Zhou et al., 2002; 
Zarroca et al., 2012, 2014; Guti�errez et al., 2015). In these fracture and 
shear zones small variations in texture, moisture content and/or 
pore-fluid hydrochemistry may determine bulk resistivity changes of 

several orders of magnitude (e.g., Archie, 1942; Urish, 1981). ERI data 
were recorded by a 10-channels Syscal Pro (Iris Instruments, France) 
meter, with 96 electrodes spaced at 1.5 m. The section was perpendic-
ular to and centered at the fault trace and reached a metric-tape length 
of 142.5 m (130 m in horizontal distance). A Dipole-dipole (DDP) array 
was selected as it enables greater data saturation than other arrays (e.g., 
Wenner or Schlumberger), and because it is one of the most sensitive 
against horizontal resistivity variations (Dahlin and Zou, 2004). Given 
the limited length of the profile, the weak signal-to-noise ratio of the 
DDP array was not considered to be a major drawback. Nonetheless, 
several measures were taken to enhance that ratio and to deal with 
self-potential cancelation: (1) galvanic soil-electrode contacts were 
moistened with salty water and checked to remain below 2 kOhm; (2) 3 
to 6 reverse measuring cycles of 1.2 s were performed; and (3) reciprocal 
records were acquired. These QA/QC procedures enabled preserving a 
high-resolution dataset of 4628 data points (including reciprocal data) 
even after imposing a rigorous filtering criteria, which led to the 
removal of only 6% of the total data. The rejected data included negative 
resistivity values, data points exceeding 5% reciprocal error, and those 
reporting RMS model residuals exceeding 25% after a preliminary 
inversion. 

The GPR method is a near-surface geophysical technique capable of 
imaging subsurface features (e.g., faults) by transmitting electromag-
netic (EM) waves into the subsurface and recording the time delay and 
strength of the reflected wave signals. The reflections depicted with 
depth in a radargram are related to changes in the relative dielectric 
permittivity of the subsurface materials, which may correspond to 
stratigraphic and structural discontinuities (e.g., van Dam and Schlager, 
2000; Neal, 2004; Pellicer et al., 2014). Thus, under favorable reflec-
tivity conditions, GPR has been proved efficient for the identification 
and characterization of Quaternary faults of tectonic (e.g., Gross et al., 
2004; McClymont et al., 2009) and gravitational origin (e.g., Carbonel 
et al., 2014; Zarroca et al., 2017). Three common offset GPR profiles 
were acquired across the Daroca Fault at the trench site and centered at 
the fault trace. The GPR data were collected with a RIS system (IDS 
Ingegneria dei Sistemi, Fareham) with two shielded antennas (100 MHz 
and 200 MHz) and an unshielded antenna (40 MHz). The lower fre-
quency unshielded antenna provides higher penetration, but offers 
lower vertical resolution, and may be adversely affected by environ-
mental noise. The coincident 100 MHz and 200 MHz profiles, 27 m long, 
were restricted to the trenched zone due to the presence dense shrub 
vegetation. The 40 MHz profile was extended 122 m along a line 
essentially coincident with the ERI section, since the unshielded antenna 
can be operated at some elevation from the ground surface. GPR data 
were processed using ReflexW software (Sandmeier Scientific, Karls-
ruhe) according to the following sequence of filters: (1) a 
one-dimensional dewow to eliminate low frequency (wow) components; 
(2) a time-zero correction to define the air/ground waves and eliminate 
early signals; (3) a time-varying gain to amplify late travel-time signals; 
(4) a background removal and bandpass frequency filter to remove both 
high- and low-frequency noise; (5) a Kirchhoff migration, to correct for 
reflector dip and collapse point reflectors; and (6) a topographic 
correction. The time-to-depth conversion was applied using a single 
average velocity of 0.12 m/ns derived from three common midpoint 
(CMP) surveys (Neal, 2004) conducted with the bistatic 100 MHz an-
tennas, one in the footwall and two in the downthrown block. While the 
overall quality of the CMP data was rather poor, it helped confirming 
equivalent subsurface velocities on both sides of the fault. 

A 23 m long and 3 m deep backhoe trench was excavated across the 
Daroca Fault at the site selected on the basis cartographic and 
geomorphic criteria. The trace of the trench roughly coincides with the 
central sector of the ERI section, (lateral offset of 9–12 m), and with most 
of the GPR profiles (lateral offset 6 m), allowing direct comparison of the 
data acquired by different non-invasive and intrusive methods. For the 
documentation and analysis of the trench we followed the classical 
procedure applied in paleoseismological studies (McCalpin, 2009, 
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2013). After cleaning the trench walls, a reference grid with horizontal 
and vertical strings was placed on the northern wall of the trench. The 
grid had a spacing of 1 m in the fault zone and 2 m in the rest of the 
trench. The selected wall was logged on graph paper at a 1:20 and 1:50 
scales, using higher resolution for the fault zone. Material datable by the 
radiocarbon method was collected from different units, giving priority 
those that allow obtaining a tighter age constrain for the event horizons 
(i.e., MRE). The obtained AMS radiocarbon ages were calibrated by Beta 
Analytic using the high probability density range method (BetaCal3.21) 
and the database Intcal13 (Reimer et al., 2013). 

4. Results 

4.1. The Calatayud Basin and the Daroca Thrust 

The 110 km long and NW-SE oriented Calatayud Basin is charac-
terized by a polyphasic tectono-sedimentary evolution (Julivert, 1954). 
In the sector associated with the Daroca Half-graben it displays a 
markedly asymmetric configuration. The NE margin is formed by 
prominent ranges that reach more than 1300 m a.s.l., mainly underlain 
by Ordovician and Silurian rocks of the Herrera structural unit. Here, the 
boundary between the Paleozoic rocks of the basin margin and the 
poorly dissected basin fill shows a rectilinear pattern controlled by the 
inferred Badules normal fault (Oliv�e et al., 1980; Gracia, 1990; Guti�errez 
et al., 2008; IGME, 2015) (Fig. 1). In contrast, the SW margin of the 
Calatayud Basin shows a younger tectonic depression with an axial 
drainage (Jiloca River), rather than the expected protruding marginal 
range (Figs. 1 and 2). This depression corresponds to the Daroca 
Half-graben, developed on Cambrian rocks at the SW margin of Cala-
tayud Basin and controlled by the SW-dipping Daroca normal fault, 
associated with the NE-verging Daroca Thrust. This is an example of 
relief inversion related to neotectonics, whereby a half-graben depres-
sion has formed where an elevated basin margin once stood. The same 
situation was documented in the Mun�ebrega half-graben, also on the SW 
margin of the Calatayud Basin (Guti�errez et al., 2009) (Fig. 1). 

Two major tectono-sedimentary packages can be differentiated in 
the sedimentary fill of the Calatayud Basin (Figs. 2–4). The lower 
package, mainly exposed between Daroca and San Martín, is affected by 
the Daroca Thrust, which places Cambrian rocks over red proximal al-
luvial fan sediments with a persistent NE dip. The upper package, 
apparently concordant with the lower one, is a thick Tertiary succession 
that truncates and overlaps the Daroca Thrust. The sediments of this 
upper package show (Fig. 2): (1) a persistent NE dip across the Calatayud 
Basin, with a progressive upward dip attenuation, from ca. 15�–2�; (2) 
an asymmetric facies distribution, with the thicker units of lacustrine 
carbonates displaced towards the NE margin of the basin. As proposed 
by Julivert (1954), these stratigraphic and structural relationships sug-
gest that the Calatayud Basin was in an early stage (orogenic phase) a 
thrust-related (Daroca Thrust) contractional basin that evolved into a 
half-graben (post-orogenic phase) controlled by normal faults on its NE 
margin. 

The youngest sediments of the Calatayud Basin in Daroca area, 
dominated by lacustrine carbonates, form an extensive structural plat-
form NE of Daroca with a general NE dip (Fig. 2). This platform reaches 
an elevation of 1062 m a.s.l. on its SW edge and is situated above the 
outcrops of Paleozoic rocks located between the Calatayud and Daroca 
basins (Fig. 2). This is another case of relief inversion related to the 
successive generation of inset grabens; an elevated plateau in the area 
previously located at the bottom of a tectonic depression. The uppermost 
sediments deposited before the onset of the excavation of the basin is a 
limestone and marl unit around 20 m thick that forms low-relief mesas 
and buttes on the structural platform (Fig. 2). These sediments have 
been ascribed to the Early Pliocene (Adrover et al., 1982; Hern�andez and 
Oliv�e, 1983; Ferreiro and Ruiz, 1991). They provide a maximum age 
bound for the development of the Daroca Half-graben, inset into the 
Calatayud Basin and consequently younger than its sedimentary fill 

(Gracia, 1992a; Guti�errez et al., 2008). 
The best exposures of the Daroca Thrust are located in San Martín 

village (Valdeguar�en Stream) and especially in the Daroca town (Juli-
vert, 1954; Casas et al., 2018) (Figs. 3–5). In the latter site, the lower 
package affected by the Daroca Thrust, with a persistent NE dip of ca. 
20�, is around 100 m thick from its exposed unconformable basal contact 
with the Cambrian rocks of the Daroca Thust footwall (Figs. 2 and 3). 
The upper post-Daroca Thrust sedimentary package, which shows pro-
gressive upward dip attenuation (growth unconformity), reaches more 
than 500 m in thickness (Hern�andez and Oliv�e, 1983) (Figs. 2 and 4). 
Julivert (1954), in an old publication, indicated that the Daroca Thurst 
overrides conglomeratic Aragonian (Lower-Middle Miocene) sediments. 
This chronostratigraphic ascription, with relevant implications for the 
reconstruction of the tectonic evolution of the central sector of the 
Iberian Chain, has been retained in subsequent publications (i.e., 
orogenic phase reached the Middle Miocene). However, more recent 
biostratigraphic and magnetostratigraphic investigations conducted in 
the area, including the stratotype of the Aragonian stage (Daams et al., 
1999; Krigjgsman et al., 1996; Alcal�a et al., 2000), indicate that the 
lower units of the upper package onlapping the Daroca Thrust are Upper 
Rambian (Lower Miocene) in age (MN3 biozone of Mein, 1990). 
Consequently, the sediments of the Calatayud Basin affected by the 
Daroca Thrust are Lower Miocene and probably Oligocene in age and the 
activity of the Daroca Thrust most probably ceased before the Arago-
nian. Similar relationships have been documented at the SW margin of 
the Calatayud Basin on its northern sector, were Paleozoic rocks over-
thrust the oldest sediments of the basin fill and slightly folded Oligocene 
sediments are unconformably onlapped by non-folded Tertiary 

Fig. 3. Detailed geomorphological-geological map of the Daroca Thrust and the 
Daroca Fault in the Daroca town and La Mina tunnel area, including the site 
selected for the excavation of the trench, the acquisition of geophysical data 
and the construction of topographic profiles. 
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sediments (Hern�andez et al., 1981; Guti�errez, 1998). 
The NW-SE oriented and SW-verging Daroca Thrust, largely buried 

by Miocene sediments, reaches a minimum length of 24 km (Julivert, 
1954; Hern�andez and Oliv�e, 1983) along the SW margin of the Cala-
tayud Basin and the NE margin of the Daroca Half-graben (Fig. 2). 
Julivert (1954) and �Alvaro (1991) proposed that this thrust, roughly 
concordant with the SW-dipping homoclinal structure of the Cambrian 
succession, could correspond to an old Variscan Thrust reactivated 
during the Alpine orogeny. The poorly exposed cartographic trace of the 
thrust suggests that the fault comprises several left-steeping segments 
with step-overs of limited width (<2 km). Colomer and Santanach 
(1988) proposed two kinematic phases for the Daroca Thrust: (1) a 
Paleogene phase with NE dip-slip reverse transport direction that 
resulted in the development of thick fault gouges and breccias; and (2) a 
Miocene phase with right-lateral displacement on the main fault and 
reverse and right-lateral displacement on secondary low-angle faults 
developed in the transfer zones. 

The best exposures of the Daroca Thrust are located in the northern 
margin of La Mina Stream in the town of Daroca, and at the mouth of the 
La Mina tunnel (Figs. 3–5). This 550 m long tunnel was excavated in 
1555–1560 AD to divert the flow of La Mina Stream and prevent haz-
ardous flash floods in the Daroca town. In both sectors there are expo-
sures of Cambrian rocks of the footwall, indicating a poorly constrained 
minimum horizontal displacement of a few hundred meters. Ans�on et al. 
(2017) and Casas et al. (2018) investigated these sites with outstanding 
outcrops of fault gouge and breccias and found consistent geometrical 
relationships between the magnetic fabrics (anisotropy of magnetic 
susceptibility, AMS) and mesostructural strain indicators (e.g., stria-
tions, foliation, S–C structures) measured within the fault zone. At the 
mouth of La Mina tunnel, the thrust with a N123E14SW strike and dip is 
associated with a thick shale unit transformed into a bluish fault gouge 
ca. 40 m thick (Ans�on et al., 2017). Here, the thrusted Oligocene?-Early 
Miocene detrital sediments of the footwall are exposed in a small tec-
tonic window (outlier) generated by the excavation of the tunnel and the 

associated artificial channel (Fig. 5). 
In the Daroca town, the thrust shows two well-defined segments in 

cross-section (Julivert, 1954; Casas et al., 2018) (Fig. 4): (1) the main 
segment dips around 40SW roughly concordant with the Cambrian 
strata of the hanging-wall and cuts-across the underlying Tertiary 
detrital rocks with a persistent 20-25NE dip (footwall ramp); and (2) the 
frontal segment dips around 5-10NE towards the foreland and the pu-
tative thrust plane is roughly concordant with the underlying Tertiary 
sediments (footwall flat). Casas et al. (2018) attributed this dip change 
(ramp-flat change) in the frontal zone of the thrust to tectonic folding 
subsequent to the NE-directed thrust emplacement, and proposed that 
the different transport directions measured in the two segments could be 
related to successive tectonic episodes or simultaneous strain parti-
tioning. An alternative interpretation initially suggested by Freudenthal 
(1963) and supported by Colomer (1987) is that the frontal portion of 
the thrust block dipping towards the foreland corresponds to an 
exhumed paleolandslide developed during the infill of the Calatayud 
Basin, and subsequently exhumed by differential erosion. The latter 
interpretation is supported by the following lines of evidence: (1) The 
fact that the footwall strata show a persistent NE dip across the hinge 
zone of the suggested overlying antiform. If the change in dip was 
related to late folding after the thrust emplacement, such folding would 
also affect the underlying Tertiary sediments, which is not the case. 
(Fig. 4). (2) The basal plane of the postulated slid block is roughly 
concordant with the underlying NE-dipping proximal alluvial fan sedi-
ments (Fig. 4). (3) The Cambrian dolomites in the upper part of the 
NE-dipping slab display steep normal synthetic and antithetic faults that 
do not penetrate into the underlying Tertiary sediments. There is also an 

Fig. 4. Annotated images of the Daroca Thrust at the northern margin of the La 
Mina Stream (Daroca town) showing the main SW-dipping segment (footwall 
ramp), and the spatially-restricted foreland-dipping segment (footwall ramp) 
attributable to an exhumed Tertiary paleolandslide. Note the presence of 
extensional (upper part) and contractional structures (toe zone) in the inter-
preted paleolandslide that do not penetrate into the younger Tertiary sedi-
ments. Note also the persistent NW dip of the Tertiary sediments in the footwall 
across the change in dip of the failure plane that bounds Cambrian dolostones 
and red Tertiary clastics. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Oblique aerial view of the Daroca Thrust and the Daroca normal fault 
(Daroca Fault) exposed at the mouth of the La Mina flood-diversion tunnel and 
the associated artificial channel. Note the roll-over and secondary antithetic 
faulting in the Plio-Quaternary sediments of the Daroca Half-graben (hanging 
wall of Daroca Fault). 
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antithetic down-to-the-SW normal fault that offsets the thrust plane 
attributable to post-orogenic tectonic deformation (see Supplementary 
Data SD1). Additionally, in the frontal zone of the block, the Paleozoic 
strata is affected by recumbent folds bounded by imbricated and stacked 
thrusts verging towards the basin axis. In fact, Ans�on et al. (2017) and 
Casas et al. (2018) indicate that the presence of normal faults restricted 
to the hanging-wall is compatible with the development of an epiglyptic 
thrust following Mattahuer’s (1973) definition. These are large subaerial 
landslides sourced from rejuvenating reliefs associated with active 
thrusts. (4) According to Casas et al. (2018), the main SW-dipping 
segment of the thrust shows a much thicker fault-rock band, as much 
as 40 m, than the NE dipping one, where the fault zone is just a few 
meters thick and shows a more undulated geometry. (5) Casas et al. 
(2018) also document a change in the transport direction inferred from 
kinematic indicators, dominantly eastward in the frontal segment, and 
NE in the SW-dipping ramp segment. (6) The block of Cambrian rocks 
emplaced on a foreland-dipping plane seems be a local feature and to 
have a limited size (ca. 240 � 550 m) (Fig. 3). (7) Although the zone 
where the failure plane shows a change in dip has limited exposure and 
access conditions, it seems that the NE dipping frontal segment 
cross-cuts the main SW dipping thrust and that both surfaces are not 
laterally continuous (Fig. 4). 

4.2. The Daroca Half-graben 

The Daroca Half-graben is an asymmetric extensional basin 
controlled on its NE margin by the SW-dipping and 27-km-long Daroca 
Fault (Figs. 2 and 6). This basin is inset with respect to the Calatayud 
Basin and consequently younger than its most recent sediments, 
ascribed to the Early Pliocene (Adrover et al., 1982). Therefore, the 
Daroca Half-graben has a loosely constrained Plio-Quaternary age. This 
basin was designated as the Valdehorna Depression by Julivert (1954) 
and as the “Pliocene corridor of Daroca” by Moissenet (1988). In this 
work we follow the nomenclature coined by Gracia (1990, 1992a) and 
adopted in subsequent works (e.g., Guti�errez et al., 2008, 2012). 

The Daroca fault-angle depression is drained longitudinally by the 
Jiloca River, which has excavated a relatively narrow valley associated 
with the active margin of the NE-tilted basin (Figs. 2 and 6). The Jiloca 
River seems to be confined to the zone that experiences the greatest 
subsidence and its NE edge is largely controlled by the Daroca Fault. The 
NE margin of the Daroca Half-graben is mainly formed by outcrops of 
Cambrian rocks of the hanging-wall of the Daroca Thrust, locally 
onlapped by Miocene detrital sediments of the Calatayud Basin. The 
Plio-Quaternary sedimentary fill of the Daroca Half-graben overlies a 

paleorelief developed on Cambro-Ordovician rocks with a general 40- 
50SW dip. The buried paleotopography is most likely dominated by a 
NE-directed valley net that developed on the SW margin of the Cala-
tayud Basin before its neotectonic inversion. The sedimentary fill is 
markedly asymmetric; has a dominant NE-dip and thickens towards the 
active margin, where it is in fault contact with Cambrian rocks. On the 
SW margin of the Jiloca River valley the sediments onlap the bedrock 
uncorformably, showing a highly digitated boundary and are locally 
interrupted by protruding inliers of Cambrian rocks. On the NE margin 
of the Jiloca Valley the outcrops of the Plio-Quaternary basin fill are 
rather restricted. In this sector they have been largely eroded by the 
Jiloca River and are mainly preserved in the transfer zones associated 
with step-overs of the Daroca Fault (e.g., NE of Murero, SW of Daroca, 
B�aguena). 

The sedimentary fill of the Daroca Half-graben is characterized by 
gravelly alluvial fan sediments with a distinctive intense red color. It 
mainly consists of sheetflood and debris flow facies of poorly stratified, 
unsorted, angular gravels of siliceous clasts with abundant clayey sand 
matrix (“Detrital Unit of Daroca” of Gracia, 1990, 1992a). Probably, the 
Plio-Quaternary fill is underlain by non-exposed Tertiary sediments of 
the Calatayud Basin, downthrown by the Daroca Fault. The top of the 
basin fill shows a relict NE-sloping alluvial fan surface preserved in the 
northern half of the basin, where the fill reaches 8 km in width (P1 in 
Figs. 2 and 6). This top surface is densely dissected and perched more 
than 100 m above the floodplain of the Jiloca River. A minimum 
thickness of around 150 m can be estimated for the sedimentary fill of 
the basin considering the relative height of the basin-fill top and a 
borehole drilled in the floor of the Jiloca River valley between Daroca 
and Villanueva, which penetrated 40 m of detrital sediments (Point 
2618-2-0035 of the Ebro Basin Water Authority inventory). 

Geomorphic mapping revealed five stepped alluvial levels repre-
sented by pediments and/or terraces (P2, P3, P4-T4, P5-T5, T6) inset 
into the basin fill and its top surface (P1) (Figs. 2 and 6). Their gravelly 
deposits are clearly distinguishable from the red Plio-Quaternary fill by 
a light orange or grey color, depending on their main provenance. These 
sediments typically overlie unconformably the red alluvial fill and 
locally lie on planar strath surfaces cut-across steeply dipping Paleozoic 
bedrock on the NE margin of the Jiloca River valley. In these sectors the 
thickness of the basin fill overlying a paleorelief may have been highly 
variable and it may have been completely removed during the 
entrenchment of the Jiloca River. The two oldest inset surfaces are 
pediments P2 and P3, whose distal edges are perched around 80-70 m 
and 50 m above the Jiloca River, respectively. These surfaces are less 
dissected than P1. Pediment P2 occurs in the NW sector of the basin, 
beyond the distal edge of P1. Pediment P3 dominates the southern half 
of the basin fill. The next two alluvial levels are represented by spatially- 
restricted pediments and terraces (P4-T4 and P5-T5), and the terraces 
show relative heights of around 30 m and 20 m, respectively. Pediment 
P4 mainly occurs on the NE margin of the Jiloca valley. The youngest 
level is terrace T6, situated around 10 m above the river channel. The 
lateral drainages have developed numerous alluvial fans at the edges of 
the Jiloca River floodplain. Gracia (1992b) found a higher alluvial fan 
area versus catchment area ratio in the NE margin of the valley, 
attributable to relief rejuvenation by active tectonics. 

The NW-SE-oriented and SW-dipping Calamocha Quaternary fault is 
located just south of the Daroca Fault (Fig. 2). This is the 17 km long 
master fault that controls the eastern margin of the northern sector of 
the Jiloca Plio-Quaternary tectonic depression, which cross-cuts the 
Calatayud Basin and downdrops its Mio-Pliocene fill. The Calamocha 
and Daroca faults show a left-stepping arrangement with a soft-linked 
transfer zone (Walsh and Watterson, 1988; Cartwright et al., 1995) 
(Fig. 7). The NW dipping accommodation ramp located in the stepover 
controls the path of the consequent Pancrudo River, tributary of the 
Jiloca River (e.g., Trudgill, 2002). The step-over between the two 
SW-dipping faults is just 1.9 km wide, indicating that they may corre-
spond to the same seismogenic structure (Biasi and Wesnousky, 2016; 

Fig. 6. Oblique aerial view of the Daroca Half-graben in Daroca town area. 
Episodic fluvial entrenchment has generated a stepped sequence of pediment 
and terrace surfaces inset into the Plio-Quaternary basin fill and its pediment- 
like top aggradation surface (P1). 
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DuRoss et al., 2016). The Calamocha Fault in its northern sector juxta-
poses Cambrian and Miocene detrital formations in the footwall, against 
downthrown Early Pliocene detrital and carbonate sediments of the 
Calatayud Basin. These Early Pliocene units have been eroded from the 
footwall in the vicinity of the fault, precluding a direct throw estimate. A 
minimum throw of around 210 m can be estimated considering the 
elevation of the oldest exposed Early Pliocene sediments in the down-
thrown block (870 m a.s.l.) and the elevation of the uppermost Late 
Miocene limestones preserved in the footwall (1080 m a.s.l.). Hern�andez 
et al. (1983), based on their geological mapping, proposed a vertical 
throw of 250 m for the Calamocha fault. Guti�errez et al. (2008), using 
this vertical separation, estimated a minimum vertical slip rate of 0.05 
mm/yr considering the time elapsed since the base of the Pliocene (5.3 
Ma). In the central sector of the Calamocha Fault, Martín-Bello et al. 
(2014), based on their mapping and cross-sections, measured a net 
displacement of 220 m and estimated a net slip rate range of 0.06–0.09 
mm/yr considering an age range for the onset of the deformation of 
3.6–2.5 Ma. Several outcrops located along the trace of the fault, locally 
split into different strands (south of the area covered by Fig. 2), show 
that this dip-slip normal fault offsets alluvial Quaternary deposits 
(Gracia, 1990; Guti�errez et al., 2012; Sim�on et al., 2012; Martín-Bello 
et al., 2014). 

4.3. The Daroca Fault 

4.3.1. Tectonic geomorphology 
The Daroca Fault has been attributed by several authors to the post- 

orogenic extensional reactivation of the adjacent Daroca Thrust system 
(e.g., Julivert, 1954; Colomer and Santanach, 1988; Gracia, 1992a). 
Colomer and Santanach (1988) designated this Plio-Quaternary struc-
ture as the Jiloca Fault, however the name Daroca Fault is the main 
nomenclature used in the recent literature. Guti�errez et al. (2008, 2012), 
based on previous 1:50,000 scale geological mapping, estimated a 
length of 20 km for this fault. More detailed cartographic work carried 
out for this investigation indicates a length of 27 km. The fault has a 
rather rectilinear and continuous cartographic trace, although it shows a 
number of step overs less than 0.5 km wide (Fig. 2). In the right-stepping 
step-overs located NW of Murero, in Daroca area (La Mina tunnel), and 
NW of B�aguena, the northern fault segments show changes in strike 
veering to an oblique orientation (WNW-ESE to E-W). In the 
left-stepping step-overs situated in Villanueva and Burb�agena the 
en-echelon fault segments maintain the general NW-SE orientation. All 
these seem to be soft-linked step-overs, whereas the sharp bend mapped 
NW of Luco de Jiloca may correspond to a hard-linked sinistral 
step-over. The step-over of Villanueva seems to mimic an equivalent 

step-over in the adjacent Daroca Thrust, supporting that they merge at 
shallow depth. The Daroca Thrust is buried by Miocene sediments 
throughout most of its length and consequently it is not possible to 
comprehensively analyze the relationships between the en-echelon 
arrangement of the Daroca Fault with potential geometric changes in 
the thrust (Fig. 2). 

A number of outcrops have been identified where the Daroca Fault 
offsets Quaternary deposits, all of them associated with step-overs (see 
location in Fig. 2). These are zones in which the fault trace projects away 
from the Jiloca River valley and consequently are less susceptible to 
erosion. The best exposures are located S of Daroca town, in the deep 
artificial channel that connects La Mina diversion tunnel with the Jiloca 
River, and in a quarry located next to the trenching site (Figs. 3 and 5). 
At the mouth of La Mina Channel, detailed mapping shows that the 
Daroca Fault, in the northern segment of the step-over, has a N110E 
azimuth and locally cross-cuts the Daroca Thrust. In the deep artificial 
channel, the fault juxtaposes Cambrian rocks against red conglomeratic 
sediments of the Daroca Half-graben fill (30T 0633573/4552011; 
Fig. 5). The Cambrian rocks of the footwall are essentially an argilla-
ceous fault gouge related to the adjacent Daroca Thrust. The fault, 
striking N90-120E, shows significant upward steepening, from 34� in the 
lower part (southern wall of channel) to 57� in the upper part (northern 
wall of channel). The Plio-Quaternary sediments of the downthrown 
block show a conspicuous roll-over, dipping 17–20� towards the fault. 
These sediments are also affected by a few antithetic faults with throws 
lower than 1 m (Fig. 5). 

The exposure of the fault located in the gravel pit located just next to 
the trenching site was investigated by Guti�errez et al. (2008) (30T 
633779/4551356; WGS84 here and elsewhere in the text; Fig. 8). Here, 
the Daroca Fault with a strike and dip of N140E50SW, juxtaposes 
brecciated Cambrian argillites in the footwall against two detrital units 
bounded by an angular unconformity in the hanging-wall. In the inac-
cessible upper part of the exposure, the fault is apparently truncated by 
non-deformed Holocene colluvial deposit (labelled U3 in Fig. 8). The 
lower faulted unit corresponds to the red Plio-Quaternary sediments of 
the Daroca basin fill. These are crudely-bedded debris flow facies that 
include lenticular slabs up to 3 m long of Paleozoic rocks concordant 
with the bedding dipping around 25� away from the fault. These blocks 
were interpreted as small planar slides derived from the Paleozoic rocks 
exposed in the footwall, with a general SW dip towards the depression 
(Guti�errez et al., 2008). The upper faulted unit is a pale orange gravelly 
alluvial deposit corresponding to pediment P4 (labelled U2 in Fig. 8), 
inset into the basin fill. These deposits are mainly tabular beds 
(sheeetflood facies) dipping about 10–15� away from the fault. 

Two samples collected from the deposits of pediment P4 yielded OSL 
ages of 118,673 � 16,237 and 112,855 � 9,145 yr BP (Guti�errez et al., 
2008). These are now considered as minimum ages with limited validity 
due to the following reasons: (1) the burial dose (equivalent dose) was 
obtained from a grain-size fraction (2–10 μm) including multiple min-
erals, rather than from a quartz extract; (2) the environmental dose was 
derived from a “private radiologic map” produced by the laboratory on 
the basis of their experience, regardless of the composition of the 
sampled sediment (i.e, radiation derived from the surrounding sediment 
was not measured). The new sample collected from the upper faulted 
unit (pediment P4) for this work was analysed following the Multiple 
Center approach (Toyoda et al., 2000) and ESR intensities from 
Aluminium (Al) and Titanium (Ti) centers were measured. The Ti-center 
has two kinds of sub-centers in quartz and they were measured following 
different options, namely A and D (Ti–Li center) and C (Ti–H). DE values 
calculated from the Al and Ti–Li center (Option A and D) were signifi-
cantly higher than the value calculated for Ti–H (Option C) by a factor of 
almost 2. According to the principles of the Multiple Center approach, 
this may be interpreted as an evidence of incomplete reset of the Al and 
Ti–Li ESR signals during sediment transport (Toyoda et al., 2000; Duval 
et al., 2015). Consequently, the Al and Ti–Li center ESR ages should be 
considered as maximum possible estimates for the sediment deposition. 

Fig. 7. Oblique aerial view looking south of the Calamocha Fault, which has 
downthrown more than 200 m Early Pliocene limestones of the Calatayud Basin 
into the Jiloca tectonic depression. 
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The Ti–H center ESR age of 329 � 43 ka is considered as the best esti-
mate for the sample T-DA1715 from the deposits of pediment P4. All the 
numerical results and dose response curves may be found in Supple-
mentary Data (SD4 and SD5). 

The Daroca Fault is exposed in the right-stepping step-over located 
NW of Murero (30T 0626985/4558069). Here the fault plane 
(N95E62S) juxtaposes Cambrian rocks against the red conglomerating 
Plio-Quaternary sediments of the Daroca Basin and a non-accesible 
bouldery deposit attributable to Quaternary colluvium. It seems that 
this deposit with clear synsdepositional fabrics is bounded by the master 
fault and a secondary synthetic fault (Supplementary Data SD2A). In the 
left-stepping step-over of Burb�agena, in a road cut of an abandoned 
section of the Burb�agena-Ferreruela road (30T0639673/4542645), the 
Daroca Fault, with an anomalous strike and dip (N24E47NW), offsets 
alluvial deposits attributable to pediment P4. The Quaternary sediments 
with a subhorizontal attitude are apparently rotated towards the fault 
(Supplementary Data SD2B). 

The Daroca Fault is expressed in numerous sections by truncated 
bedrock spurs (triangular facets) on the Paleozoic rocks exposed at the 
NE margin of the Jiloca River valley. The dimensions of these triangular 
facets are highly variable depending on the resistance of the bedrock, 
the spacing of the drainages (smaller facets with lower spacing) and the 
geomorphic position (Zuchiewicz and McCalpin, 2000; Petit et al., 
2009). Some facets can be partially attributed to differential erosion of 
the easily erodible basin fill and the exhumation of the fault plane. This 
seems to be the case of some faceted spurs located between Daroca and 
Manchones that reach 90 m in height. However, most of them are less 
than 50 m high. 

Unlike the Calamocha Fault, no correlative Pliocene or Quaternary 
sediments have been found on both sides of the Daroca Fault for the 
estimation of a long-term slip rate. However, in the vicinity of the 
trenching site the drainage divides developed in the Paleozoic rocks of 
the footwall show erosional benches above the apex of triangular facets. 
These geomorphic surfaces can be interpreted as remnants of an 

Fig. 8. Sketch and image of the outcrop of the Daroca Fault located in the gravel pit situated next to the trenching site. Previous minimum OSL ages (Guti�errez et al., 
2008) and the new ESR age of the faulted pediment P4 deposits are indicated. 

Fig. 9. Tectonic geomorphology of the Daroca Fault in the trenching site. A: Oblique aerial view of the fault expressed as triangular facets and a linear mountain- 
piedmont junction. Erosional benches in the drainage divides above the facets are correlated with pediment P4 in the downthrown block. B: Topographic profiles 
constructed across the fault. See approximate location of profiles in A. 
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erosional pediment developed at the margin of the basin during the 
deposition of pediment P4, dated by ESR at 329 � 43 ka. Three topo-
graphic profiles (Profiles W, C, E) have been constructed across the fault 
in three drainage divides including the erosional bench (B), the trian-
gular facet (TF) and the pediment (P) (Fig. 9, Supplementary Data SD3). 
The post-pediment P4 vertical displacement has been graphically esti-
mated projecting the erosional bench with the average slope of the 
pediment. In profiles W and C, where the benches have higher slope than 
the pediment, probably related to an original concave profile (Guti�errez, 
2013) and erosion, two lines have been projected from the upper and 
lower slope breaks to obtain a range for the displacement. The obtained 
vertical displacement values are rather consistent: 10.1–8.5 m (Profile 
W), 16.8–13.7 m (Profile C), and 12.5 m (Profile E). A rough long-term 
vertical slip rate of 0.06–0.02 mm/yr can be calculated on the basis of 
the proposed correlation and considering the displacement range 
(16.8–8.5 m) and the ESR age estimate obtained from the deposits of 
pediment P4. 

4.3.2. Trenching 
The site selected for the excavation of the trench is located just south 

of the quarry wall that exposes the Daroca Fault, which cuts the red 

detrital Plio-Quaternary fill of the graben and the alluvial deposits of 
pediment P4 (Figs. 3, 9A and 10). In this exposure the fault is apparently 
truncated by non-deformed recent colluvium (Fig. 8). The trench was 
sited at the mouth of a 75 m long alluvium-filled gully. This valley is 
excavated in the Cambrian bedrock of the footwall and has a very small 
catchment (ca. 4,300 m2). The topographic profile along the 23 m long 
trench comprised the following features from the upper to the lower 
part: (1) the sloping floor of the gully underlain by alluvium; (2) a 
conspicuous 3 m high downhill-facing scarp of unclear origin situated on 
the trace of the fault; and (3) a sloping undissected surface attributable 
to a debris cone developed at the mouth of the gully and on top of the 
mantled pediment P4. This aggradational geomorphic setting, with soft 
alluvium in the footwall, was considered to be more adequate for 
generating and preserving paleoseismic evidence than the erosional 
context of the adjacent exposure. The latter is situated in an inter-fan 
area at the foot of a faceted bedrock spur (Fig. 9A). Moreover, the 
new excavation would also provide the opportunity to obtain unam-
biguous information on the geometrical relationships between the fault 
and the Holocene colluvial deposits. 

The trench exposed the Daroca Fault at the foot of the scarp and a 
number of stratigraphic units that can be grouped into five sedimentary 

Fig. 10. Daroca Fault Trench. A: Log of the northern wall of the trench and description of units. B: Spatial distribution of the trench, the GPR and ERT profiles and the 
adjacent quarry. C: Close-up view of the fault zone and the colluvial wedge and the associated fissure that record the most recent event. 
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packages (PI-PV) separated by major discontinuities. See detailed 
description of units in Fig. 10A and geochronological data in Table 1. 
Units 1–4 are faulted, units 5–6 fill the accommodation space generated 
by the most recent event (MRE; Event Z) in the downthrown block, and 
units 7–8 are non-deformed sediments deposited across the fault zone. 
Package I is the SW-dipping Cambrian bedrock (unit 1) exposed in the 
footwall. Package II corresponds the alluvial deposits of pediment P4 
(unit 2), restricted to the downthrown block. This unit is underlain at 
shallow depth by the red detrital sediments of the Daroca basin fill, as 
shown by the exposure of the adjacent quarry (Fig. 8). The faulted 
Package III occurs on both sides of the fault (unit 4) and predates the 
MRE recorded in the trench. A charcoal sample collected from unit 4 
yielded a calibrated AMS radiocarbon age of 2354–2180 cal yr BP (error 
margin at 2 sigma). Package IV comprises: (1) a small fissure fill (unit 5) 
16 cm wide and 60 cm deep nested into unit 4 and consisting of fine- 
grained sediment with abundant worm coproliths; and (2) a SW- 
tapering colluvial wedge (unit 6) 80 cm wide and 30 cm thick with a 
high proportion of clayey matrix and worm coproliths. The proximal 
edge of this colluvial wedge abutting unit 4 is a free-face contact (buried 
scarp). Package V, including units 7 to 9, was accumulated after the fault 
scarp generated by the MRE was obliterated. Samples from the basal part 
of the non-deformed unit 7, which was deposited across the fault zone, 
provided consistent AMS radiocarbon ages of 1708–1564 and 1697- 
1544 cal yr BP (error margin at 2 sigma). 

The trench clearly exposed the master fault, which displays a com-
plex shear zone ca. 1.2 m wide comprising three main domains (SZ1-3; 
Fig. 10A). SZ1 is brecciated Cambrian bedrock with banding parallel to 
the fault and S–C foliation in the argillaceous bands. SZ2 is composed of 
sheared and cemented gravels of unit 2, apparently built into the soft 
SZ1 zone, with a dark grey and planar clay smear �5 cm thick on the 
upper side. A strike and dip of N130E43SW where measured on the clay 
smear linking its exposures on both walls of the trench. Zone SZ3 is the 
gravelly unit 2 showing shear fabrics and a higher degree of cementa-
tion. The master fault, defined by the clay smear, splays in the upper part 
into the main plane truncated by unit 4, and a subvertical synthetic 
branch that cuts across units 2 and 4. Displacement on this cut-off fault 
(throw and dilation) has caused: (1) the development of a roll-over 
anticline in the hanging wall as shown by the rotated unit 4, which 
dips towards the fault; and (2) the opening of the small fissure filled by 
unit 5. The trench also exposed an older secondary antithetic fault that 
offsets unit 2 and is truncated by unit 4. 

The stratigraphic and structural relationships exposed in the trench 
allow us inferring an indeterminate number of faulting events occurred 

after deposition of unit 2, dated by ESR in the adjacent exposure at 329 
� 43 ka, and before the accumulation of unit 4. These events are 
recorded by the main fault and the antithetic secondary fault, both 
truncated by unit 4. The MRE, occurred within the time interval 2354- 
1564 yr BP (404 BC-386AD), caused displacement on the lower segment 
of the main fault and its subvertical branch, generating the roll-over 
anticline, the fissure and the scarp that led to the accumulation of 
units 5 (fissure fill) and 6 (colluvial wedge). The vertical displacement 
was around 30-20 cm, given by the thickness of the colluvial wedge and 
the vertical separation on the base of unit 4 across the fault, respectively. 
Both the fissure and the colluvial wedge can be confidently attributed to 
the same event due to the limited size of the fissure and the reduced time 
span constrained by the numerical ages derived from pre- and post- 
faulting units (units 4 and 7). Their geometrical and sedimentological 
features strongly suggest that both the fissure fill and the colluvial 
wedge were deposited rapidly by slope wash and that the free-face scarp 
underlain by cohesive sediment barely experienced erosion. The sedi-
ment transported by slope wash incorporated a large proportion of 
highly mobile sub-spherical worm excrements, which at the present time 
extensively mantle the surface of the area. 

4.3.3. Geophysics 
The ERI section images the Daroca Fault in its central sector through 

a clear lateral change in the resistivity pattern and some inversion ar-
tifacts (Fig. 11). The fault has been depicted in the section with the dip 
measured in the adjacent trench and quarry (40-50SW). The down-
thrown block exhibits in an intermediate position a conspicuous high- 
resistivity layer (500-1000 Ohm-m) attributable to the Pleistocene 
gravelly deposit of pediment P4 (unit 2 of the trench). This deposit 
wedges out towards the fault and shows an apparent dip increase close 
to the fault that might correspond to a drag fold. This unit is underlain by 
a lower resistivity layer (<50 Ohm-m) that corresponds to the Plio- 
Quaternary deposits of the Daroca basin fill, dominated by red clay- 
rich debris flow facies. The uppermost intermediate-resistivity layer 
can be ascribed to the Holocene surficial deposits exposed in the trench 
at both sides of the fault, dominated by loose gravels with silt-sand 
matrix (units 4, 7). 

Two main electro-layers can be differentiated in the footwall. The 
upper intermediate-resistivity zone (30-150 Ohm-m), with an irregular 
lower interface, should include the thin alluvium-colluvium underlying 
the gully floor, plus weathered Paleozoic bedrock. This unit is underlain 
by a low-resistivity material (10-80 Ohm-m) attributable to less 
weathered bedrock, consisting at the site of Cambrian argillites with 
interbedded sandstone layers. The higher and more heterogeneous re-
sistivity of the weathered zone can be related to higher porosity/ 
permeability and lower moisture content. Both the main fault plane and 
the associated shear zone exposed in the trench are not clearly imaged in 
the ERI section. Nonetheless, it displays noticeable inversion artifacts 
that blur the central sector of the image, a characteristic outcome of 
resistivity modeling in fracture zones (e.g., Zhou et al., 2002; Zarroca 
et al., 2012, 2014; Guti�errez et al., 2015). These are shown as 
low-resistivity bodies (<20 Ohm-m) between 55 and 65 m. 

The GPR results obtained across the fault are overall consistent with 
both the trenching and ERI profiles. Based on an average velocity of 
0.12 m ns� 1 as estimated from the common midpoints on both sides of 
the fault, the common offset collected with the 200 MHz shielded an-
tennas penetrated about 5 m (Fig. 12A and B), while the 40 MHz 
unshielded antenna (Fig. 12C and D) showed a penetration of almost 20 
m. The 200 MHz profile (Fig. 12A) is characterized by a sequence of 
fairly laterally continuous reflections that are attenuated at the bound-
ary between the surface gravel with silty matrix (unit 7 in the trench as 
shown in Fig. 12B) and the bioturbated clayey silt (unit 4). The area 
surrounding the interpreted fault (indicated with white arrows in 
Fig. 12A and B), presents several laterally truncated reflectors that 
coincide with the position of the fault plane (inset in Fig. 12A), as 
inferred from the trench (Fig. 12B). As expected for a lower frequency 

Table 1 
Code of Samples dated by accelerator mass spectrometry. Code, laboratory 
number provided by Beta Analytic, material, conventional ages and calibrated 
ages with an error margin of two sigma using the high probability density range 
method (BetaCal3.21) and the database Intcal13 (Reimer et al., 2013). Figures in 
parentheses indicate the relative area under the probability curve. More prob-
able age ranges with relative areas �70% are indicated in bold.  

Code Laboratory 
number 

Material Conventional 
age 14C (yr 
BP) 

Calibrated 
age (2σ) (yr 
AD/BC) 

Calibrated 
age (2σ) (yr 
BP) 

DA3 Beta - 
494790 

organic 
sediment 

1700 � 30 313–406 
AD 
(71.8%) 
253–304 
AD 
(23.6%) 

1637–1544 
(71.8%) 
1697 1646 
(23,6 5) 

DA5 Beta – 
494789 

Charcoal 1730 � 30 242–386 
AD 
(95.4%) 

1708–1564 
(95.4%) 

DA1 Beta - 
494793 

charcoal 2290 � 30 405–353 
BC 
(70.9%) 
292–231 
BC (24.5%) 

2354–2302 
(70.0%) 
2241–2180 
(24.5%)  
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antenna, the 40 MHz profile shows deeper penetration but lower vertical 
resolution, and a zone of ground coupling of several meters that masks 
most of the stratigraphy inferred from the trench (Fig. 12C). Despite the 
loss of resolution, the increased penetration shows consistencies with 
the ERI results, particularly in terms of the geometrical relationships 
between different materials as inferred from changes in electrical re-
sistivity (Fig. 12D). For example, the reflection record between 105 and 
120 m along the line, and 200–300 ns depth shows a series of cross- 
cutting relationships between reflectors that coincide with the inter-
preted fault plane and the high resistivity alluvial material. Further-
more, the interface between weathered and fresh bedrock in the footwall 
is well defined in the GPR profile by a change in the reflection record, 
showing a contrast between an area of well-defined laterally continuous 
reflectors, underlain by an area of discontinuous reflectors truncated by 
areas of signal attenuation (Fig. 12D). These areas of signal attenuation 
in the GPR seem to coincide with areas of very low resistivity in the ERI. 

5. Discussion 

The cartographic relationships associated with the Daroca Thrust, 
together with biostratigraphic and magnetostratigraphic data, mainly 
from the intensively investigated type locality of the Aragonian stage, 
indicate that this fault ceased its activity in the Lower Miocene, and not 
in the Middle Miocene, as proposed in previous works based on obsolete 
stratigraphic ascriptions. This supports the concept that in the central 
sector of the Iberian Chain the end of the Alpine compression and its 

transition to the post-orogenic extension occurred before the Middle 
Miocene in contrast to previous interpretations (e.g., �Alvaro, 1991). 

The local anomalous stratigraphic and structural relationships 
observed in the frontal sector of the Daroca Thurst in Daroca town, 
where Cambrian rocks have been displaced over a foreland-dipping 
failure plane concordant with the underling Oligocene?-Early Miocene 
sediments, are fully consistent with the interpretation of a paleo-
landslide, as suggested by previous authors (Freudental, 1963; Colomer, 
1987). This paleolandslide formed in Early Miocene times, during the 
infill of the Calatayud Basin, and originated from the rejuvenating 
basin-margin reliefs controlled by the Daroca Thrust. Subsequently, it 
has been exhumed by differential erosion. The block of Cambrian rocks 
slid into the basin displays the typical structural style of coherent rock 
slides with internal deformation, including: (1) steep synthetic and 
antithetic normal faults in the upper pat that do not penetrate into the 
basal sliding surface; and (2) downslope-verging thrusts and recumbent 
faults in the lower zone. This internal brittle-ductile deformation pattern 
confined to the material overlying the sliding surface, with extension in 
the upper part and contraction in the toe zone, is typically found in fossil 
(Martinsen and Bakken, 1990; Martinsen, 1994) and modern landslides 
(Cotton, 1999). Modern analogues illustrate that large rockslides and 
gravitationally collapsed thrust wedges are commonly associated with 
mountain fronts controlled by active thrusts (Wellman, 1955; Butler 
et al., 1987; Eusden et al., 2005). Active thrusting causes uplift, forward 
translation and outward rotation in the upthrown block, resulting in 
over-steepened range fronts (Friedman et al., 1976) highly susceptible to 

Fig. 11. Inverted ERI section collected with a Dipole-Dipole array. See location in Fig. 10B.  

Fig. 12. GPR profiles acquired with the 200 MHz (shielded) and 40 MHz (unshielded) antennas. See location in Fig. 10B.  
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the development of gravitational slope deformations and large land-
slides (Bonini et al., 2000). These mass movements can be triggered or 
accelerated by thrusting events and the associated dynamic loading. A 
striking example is the pre-historical Baga Bogd landslide (Gobi-Altay, 
Mongolia) generated from a range front controlled by an active fault 
with strike-slip component (Philip and Ritz, 1999). This 20 by 15 km 
slide, with an estimated volume of 50 km3, displays arrays of 
compressional ridges in the lower half of the slid mass and grabens and 
backtilted blocks in the upper zone. The paleolandslide interpreted at 
Daroca town shows similarities with recent landslides documented by 
Crook et al. (1987) along the mountain front of the Sierra Madre Fault, 
southern California, where “thrust-rooted slides have moved downhill 
on slide planes effectively continuous with the thrust planes above and 
behind them, so that the slide-thrust surface takes on an antiform 
configuration”. The paleolandslide interpretation satisfactorily explains 
a number of anomalous features observed in this sector of the Daroca 
Thrust (Casas et al., 2018): (1) apparently folded thrust over unfolded 
Tertiary sediments; (2) much thinner shear zone than in the true thrust 
plane; and (3) different transport direction. 

The NW-SE oriented Daroca Half-graben is controlled on its NE 
margin by the SW-dipping Daroca Fault, related to the negative tectonic 
inversion of the adjacent NE-verging Daroca Thrust. This Plio- 
Quaternary extensional basin, together with the Mun�ebrega Half- 
graben to the north and the Jiloca tectonic depression to the south, 
are superimposed to or inset into the pre-existing Calatayud Mio- 
Pliocene graben. These cartographic relationships record successive 
episodes of graben development with an overall westward migration. 
The generation of new grabens with this geometrical arrangement 
entailed a process of topographic inversion, whereby the formerly 
elevated western margin of the Calatayud Graben became a tectonic 
depression and its basin fill a high-relief area dominated by erosion. The 
new grabens controlled the path and development of the present-day 
drainage network by headward erosion and the progressive capture of 
tectonic basins. 

Sometime in the Quaternary, the Daroca Half-graben was captured 
by the Jiloca River, changing from a basin dominated by aggradation 
into an incisional basin with a longitudinal entrenched valley associated 
with its active margin. Five stepped alluvial levels inset into the basin fill 
were developed during this downcutting phase, whose mapping pro-
vided the morpho-stratigraphic framework for conducting neotectonic 
and paleoseismological investigations. The fault shows unambiguous 
evidence of Quaternary activity at numerous sites distributed along its 
trace, including faulted deposits of pediment P4, dated by ESR at 329 �
43 ka next to the trench site, and late Holocene colluvium exposed in the 
trench. 

A length of 20 km was estimated for the Daroca Fault in previous 
works, based on published geological maps (e.g., Guti�errez et al., 2008). 
However, specific mapping conducted in this investigation indicates 
that the fault reaches a cartographic length of 27 km, being the longest 
Quaternary fault in the central sector of the Iberian Chain. The trace of 
the fault is rather rectilinear and lacks geometrical discontinuities or 
complexities significant enough to support segmentation. It shows a 
number of step-overs, but with fault-normal distances of less than 0.5 
km. The 17 km long Calamocha Fault has the same trend and dip 
orientation as the Daroca Fault, and both are separated by a step-over 
with a fault-normal width of 1.9 km. Biasi and Wesnowsky (2016), 
from a set of 76 mapped continental earthquake surface ruptures (46 
strike-slip, 16 normal, 14 reverse), analysed the probability of a rupture 
to stop or propagate across steps in the fault trace as a function of the 
size of the steps. They assessed a passing ratio for a given step size as the 
fraction of steps broken divided by the corresponding fraction that stop 
rupture. For strike-slip faults, for which they have a sufficiently large 
dataset, they estimate a passing ratio of around 1 (50% passing proba-
bility) for steps 2 km wide. Biasi and Wesnowsky (2016) also indicate 
that steps in normal faults are less effective than the average in stopping 
ruptures and that in these discontinuities the fault planes may converge 

at depth and be closer than their surface trace. In the Wasatch Fault 
Zone, some individual segments include steps around 3 km wide, which 
are not considered to be large enough to act as persistent barriers to 
rupture (e.g., Sal Lake City segment; DuRoss et al., 2016). These data 
support the concept that the Daroca and Calamocha faults, with an 
aggregate length of 44 km, can be considered two segments of the same 
seismogenic fault that may rupture jointly or jointly (e.g., Wesnousky, 
2008). The shortage of paleoseimological data precludes shedding light 
into the past behavior of these segments. The epistemic uncertainty 
related to the rupture length could be addressed in the characterization 
of fault sources for seismic hazard analyses considering two alternative 
scenarios (multi-segment and single-segment ruptures). The 
multi-segment rupture scenario implies a higher earthquake magnitude 
but longer recurrence for large earthquakes. According to the least 
squares regressions proposed by Wells and Coppersmith (1994) between 
earthquake magnitude and surface rupture length for normal faults, 
earthquakes with moment magnitudes of 7.0 and 6.7 might be expected 
for ruptures 44 km and 27 km long, respectively. The orthogonal re-
gressions of Thingbaijam et al. (2017), based on finite-fault seismolog-
ical inversion of well-instrumented earthquakes and their rupture 
dimensions, yield slightly lower moment magnitudes of 6.9 and 6.5 for 
rupture length of 44 km and 27 km, respectively. 

In the available outcrops, the Daroca Fault shows a significantly 
lower dip than those measured in most of the Quaternary faults of the 
region, typically around 80�. This may be attributed to the fact that this 
normal fault is related to the negative reactivation of an Alpine thrust 
(Daroca Thrust) dipping around 40�. A lower dip implies larger rupture 
areas for a given rupture length and the accommodation of larger 
extension for a certain amount of vertical displacement. For instance, a 
30 cm throw on normal faults dipping 50 and 80� involves horizontal 
separations (heave) of around 5 and 25 cm, respectively. ”Considering a 
seismogenic depth of 12 km, which includes around 90% of the earth-
quake foci, and a 40� dip, the regression of Wells and Coppersmith 
(1994) for rupture area and normal faults provide moment magnitudes 
of 6.9 and 6.76 for ruptures 44 km and 27 km, very similar to those 
estimated with rupture length. The regressions of Thingbaijam et al. 
(2017) also yield slightly lower moment magnitudes of 6.68 and 6.5 
using rupture area. 

A rough long-term vertical slip rate of 0.06–0.02 mm/yr has been 
estimated for the Daroca Fault with the approximate vertical offset 
measured on an erosional-aggradational pediment surface (16.8–8.5 m) 
and a new ESR age obtained from the pediment deposits. This rate, 
although based on just one dating, is in agreement with slip rates 
calculated for normal faults in the Iberian Chain: (1) using early Pliocene 
limestones as stratigraphic markers (0.06–0.09 mm/yr; Guti�errez et al., 
2012; Sim�on et al., 2012: Martín-Bello et al., 2014); (2) slip rates esti-
mated using faulted deposits dated by radiocarbon (e.g., 0.05–0.07 
mm/yr; Rubielos de la C�erida Fault; Guti�errez et al., 2008); and (3) slip 
rates using OSL ages provided by laboratories different to the Dating 
Laboratory of the Universidad Aut�onoma de Madrid (0.05–0.07 mm/yr; 
Valdecebro fault; Sim�on et al., 2019). The anomalously high slip rates 
and fluvial incision rates inferred from the ages provided by the latter 
laboratory are attributed to the inadequate dating protocol (i.e., no 
quartz extract, no local measurement of environmental dose). Further 
geochronological data will further contribute to better constrain the slip 
rate of the Daroca and other normal faults in the region. 

The trench, excavated in a favorable site for preserving paleoseismic 
evidence and selected on the basis of geomorphic criteria, provided 
relevant data on the recent activity of the fault. The stratigraphic and 
structural relationships revealed an indeterminate number of rupture 
events occurred after the deposition of pediment P4, dated at 329 � 43 
ka, and before unit 4, which yielded a radiocarbon age of 2354–2180 cal 
yr BP. The trench captures the MRE, which is recorded by faulted and 
fissured Holocene deposits and the associated colluvial wedge and 
fissure fill deposited soon after the surface rupture. AMS radiocarbon 
ages obtained from the youngest faulted unit and a non-deformed 
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deposit allow constraining the timing of this late Holocene event at 
2354-1544 cal yr BP (404 BC – 386 AD). This relatively loose bracketing 
age for the event, coincides with the destruction and abandonment at 
80-72 yr BC of the Roman city of La Caridad (30T 640070/4522700), 
which have been attributed to the war between Pompey and Sertorius 
(Vicente and Ezquerra, 2003). An alternative interpretation is that the 
building of this settlement, located in the Jiloca tectonic depression at 
distances of 15 km and 8 km from the Daroca and Calamocha faults, 
respectively, were destroyed by the earthquake captured by the trench. 

The MRE shows a very low verticaldisplacement of around 0.3 m, 
considering that the trench was excavated in the central-northern sector 
of a 27 km long segment/fault with no significant geometrical discon-
tinuities. The regression of surface rupture length and average 
displacement for normal faults of Wells and Coppersmith (1994) in-
dicates that maximum and average displacements of 1.6 and 0.48 m may 
be expected for surface ruptures 27 km long, respectively. Notwith-
standing, some historical normal fault earthquakes have produced sur-
face ruptures with sub-meter maximum vertical displacements: (1) 1980 
M6.1 Manmmoth Lakes, California, 20 km long and 0.25 m; (2) 1954 
M6.3 Rainbow Mtn., Nevada: 18 km, 0.3 m; (3) 1928 M 6.6 
Chipan-Plovdiv, Bulgaria: 54 km, 0.5 m (Yeats et al., 1997 and refer-
ences therein). The anomalously low vertical displacement recorded in 
the Daroca trench can be attributed, in addition to the relatively low dip 
of the fault, to different alternative interpretations supported by the 
experience gained from historical normal fault ruptures (de Polo et al., 
1991; Wesnousky, 2008; DuRoss et al., 2016; Iezi et al., 2019). 

Option 1: Multi-strand rupture; the surface ruptured along different 
fault strands, and the trench only captures the fraction of the total 
displacement that occurred on the main fault that juxtaposes Paleozoic 
bedrock against Plio-Quaternary and Quaternary sediments. This option 
is not supported by our geomorphological and geophysical data, but 
cannot be ruled out. Small fault scarps can be rapidly obliterated and 
ruptures in bedrock, even if exposed in trenches, may not be unambig-
uously ascribable to a specific event due to lack of chronological control. 

Option 2: Full segment/fault rupture; the event records a surface 
rupture along the entire length of the Daroca Fault, but the trench co-
incides with a site where the sawtooth profile of displacement along- 
strike drops to a low value. Profiles of displacement along strike from 
historic surface ruptures typically show an overall elliptical or parabolic 
arc that tapers to zero at both rupture ends, but this general trend is 
complicated by high-frequency variations with a serrated pattern 
(McCalpin, 2009). An historical analogue for this option would be the 
1954 M6.9 Dixie Valley, Nevada earthquake. This was a 47 km long 
normal fault rupture with maximum and average displacements of 2.8 
and 0.9 m, respectively, but in the center of the rupture, where the fault 
trace shows a sharp convexity towards the valley, slip dropped to around 
0.5 m (Caskey et al., 1996). 

Option 3: Partial segment/fault rupture; the earthquake did not have 
enough energy to cause rupture along the entire length of the segment/ 
fault. Instead, only a small portion of the segment/fault experienced 
surface rupture generating a sub-metric scarp. A recent example would 
be the 2016 M6.0 Amatrice earthquake in the Apennines, central Italy. 
This event was accompanied by limited primary surface faulting along a 
small portion (5.2 km long) of the Mount Vettore Fault system with a 
maximum and average dip-slip displacements of 26 and 13 cm, 
respectively (Pucci et al., 2017). 

Option 4: Spillover rupture; the event might record a rupture form 
another nearby fault, such as the Calamocha Fault, which propagated 
onto a portion of the Daroca Fault, dying out close to the trench site. An 
example for this option is the 1983 M6.9 Borah Peak, Idaho earthquake. 
This was a full-segment rupture that reached its northern segment 
boundary, but had enough energy to create a sub-meter scarp in a 
portion of the next segment (Crone et al., 1987). 

Option 5: Triggered secondary/sympathetic rupture (de Polo et al., 
1991); the displacement corresponds to a secondary rupture triggered 
by a large earthquake sourced in another nearby fault (e.g., Mun�ebrega 

W Fault, Calamocha Fault). This is the case of the Mw 6.6 main shock of 
the 2016 seismic sequence of the Italian Apennines, which generated 
meter-scale primary surface faulting along the Vettore-Bove normal 
fault, and secondary sympathetic ruptures with up to 15–20 cm throw in 
the Norcia Fault located a few kilometers to the west (Gori et al., 2018). 

Additional trenching in the Daroca and Calamocha segments would 
provide insights into the past behavior and seismogenic potential of the 
fault (e.g., segment interaction, recurrence). 

The ERI section obtained in the trench site imaged the Daroca Fault 
through a clear lateral change in the resistivity pattern, showing high- 
resistivity Quaternary gravels restricted to the downthrown block and 
inversion artifacts in the fault zone. GPR results are also consistent with 
these intepretations, and while the fault plane does not seem to be 
directly imaged as a differentiated reflector with either antenna fre-
quency, the plane can be inferred from other features such as truncation 
of reflectors, or cross-cutting relationships. Artifacts in the ERI image are 
related to the inversion algorithm that assumes gradual spatial re-
sistivity changes. However, fault zones are characterized by sharp 
changes in the electrical properties of the materials, leading to awkward 
modeling results. This effect is even more pronounced for DDP arrays, 
since its sensitivity function is even more prone to produce such artifacts 
(e.g., Dahlin and Zou, 2004; Zarroca et al., 2017; Carey et al., 2018). 

6. Conclusions 

The investigation carried in the Daroca Half-graben and the associ-
ated Daroca Thrust, integrating cartographic, trenching, geophysical 
and geochronological approaches has led to the following main 
conclusions: 

Geometrical relationships and recent biostratigraphic and magne-
tostratigraphic data reveal that the activity of the Alpine Daroca Thrust 
ceased in the Lower Miocene and not in the Middle Miocene as it was 
traditionally proposed, supporting an earlier age for the onset of the 
post-orogenic (neotectonic) period in the central sector of the Iberian 
Chain. 

The local anomalous features observed in the frontal sector of the 
Daroca Thrust at Daroca town, with a block of Cambrian rocks displaced 
over a foreland-dipping sliding surface concordant with the underlying 
Teriary strata, most probably corresponds to an exhumed Early Miocene 
paleolandslide derived from the rejuvenating thrust-controlled margin 
of the Calatayud Basin. This interpretation satisfactorily explains a 
number of anomalous features, including the presence of extensional 
structures in the upper part and contractional deformation in the toe 
zone restricted to the slid block. Very probably, this type of local grav-
itational structures commonly occurs associated with thrusts as support 
data form currently active thrust-controlled mountain fronts, but are 
frequently overlooked. 

The 27 km long and SW-dipping Daroca Fault, which controls the 
Daroca Plio-Quaternary Half-graben on its NE margin, is related to the 
negative inversion of the adjacent NE-verging Daroca Thrust. This ex-
plains the low dip of the Daroca Fault compared with that of other 
normal faults in the region, which may have some impact on the po-
tential rupture area. The Daroca Half-graben, inset into the SW margin 
of the Calatayud Graben, records the last basin-formation episode in the 
central sector of the Iberian Chain. This westward propagation of 
extensional faulting entailed a relief inversion, with the development of 
basins that controlled the new drainage network along the formerly 
elevated margin of an older graben. 

The 27 km long Daroca Fault, together with the 17 km Calamocha 
Fault, both with the same trend and dip orientation and separated by a 
step-over 1.9 km wide, can be considered as segments of the same fault 
that may rupture independently or jointly, generating earthquakes that 
may reach moment magnitudes of ca. 7.0 and 6.7, respectively. Ac-
cording to the data available from historical normal fault earthquakes 
and considering the limited size of the step, the alternative of a multi- 
segment rupture should receive a significant weight in logic trees for 
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seismic hazard analyses. 
A rough long-term vertical slip rate of 0.02–0.06 mm/yr has been 

estimated for the Daroca Fault using an ESR-dated erosional-aggrada-
tion pediment. This rate is based on a single date and on an indirect 
correlation. Further geochronological data is needed to better constrain 
the slip rate of the fault. 

A trench excavated across the Daroca Fault exposed evidence (i.e., 
faulted colluvium, colluvial wedge, fissure fill) of the MRE on the fault, 
with bracketing ages of 2354–1544 cal yr BP (404 BC – 386 AD). This 
event probably caused the destruction and abandonment of Roman 
cities located in the vicinity of the fault (e.g., La Caridad, Caminreal). 
The anomalously low vertical displacement of this surface faulting event 
at the trench site, located in the central sector of a 27 km long fault 
segment, could be related to the low dip of the fault and different 
rupture scenarios: (1) multi-strand rupture in a wider zone than that 
covered by the trench; (2) full-segment rupture with variable along- 
strike vertical offset, reaching a sub-meter value at the trench site; (3) 
partial segment rupture; (4) spillover rupture originated from the Cal-
amocha segment; (5) secondary sympathetic rupture triggered by an 
earthquake on a nearby fault. Overall, the new data presented in this 
work contributes to improve the seismogenic characterization of the 
Daroca Fault, and provides the basis for incorporating this relevant 
source in future seismic hazard assessments. 
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