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A B S T R A C T   

Seismic hazard assessment and geochronology are closely linked disciplines. The quantity and quality of the 
geochronological data used for fault-source characterization is crucial in seismic hazard estimates, which may 
have significant socio-economic implications. The characterization of Quaternary faults in the central sector of 
the Iberian Chain (NE Spain) has traditionally been based on ages provided by a now closed commercial 
luminescence laboratory. In this work, we compare new geochronological data obtained by a multi-method 
dating approach from pediment and terraces (Electron Spin Resonance: ESR, Optically Stimulated Lumines-
cence: OSL; U-series: U/Th) and short-transport colluvial facies (radiocarbon), with ages provided by the com-
mercial luminescence lab from the same units. The thirteen new numerical ages from terraces and pediments 
associated with Quaternary faults are systematically 6–3 times older than the previous ones, strongly suggesting 
that they lead to significant overestimates of fault activity and seismic hazard in the region. These new ESR, OSL 
and U/Th ages and the lack of information about the methodology applied by the closed luminescence laboratory 
seriously question the reliability of the previous ages. It also highlights the need of revisiting the Quaternary and 
geomorphological studies carried out in Spain using non-reliable ages.   

1. Introduction 

Geochronology is an essential tool in tectonic geomorphology and 
paleoseismological studies aimed at characterizing fault sources for 
seismic hazard assessment. The quality and interpretation of the 
geochronological data used for fault-source characterization may have a 
critical impact in seismic hazard estimates with significant socio- 
economic implications (e.g., feasibility of major engineering projects, 
cost of seismic-resistant designs). The condition of a tectonic fault as 
active according to most regulatory definitions is based on chronological 
criteria, i.e., whether the fault has experienced any displacement event 
after an established chronological bound. Inaccurate ages or with high 
error margins may lead to erroneous or indeterminate ascriptions. For 

instance, if the time span considered in the regulatory definition is 35 ka 
and the geochronological data indicate that the most recent displace-
ment on a fault occurred sometime within the 40–30 ka time span, the 
epistemic uncertainty associated with the geochronological information 
would lead to an indeterminate situation (see discussion in Carbonel 
et al., 2019; McCalpin, 2009). 

Some of the most important parameters used to assess the seismo-
genic potential of faults are based on geochronological data (e.g., 
McCalpin, 2009): fault slip rate, earthquake recurrence and timing of 
paleoearthquakes, especially the Most Recent Event (MRE). The slip rate 
can be estimated dividing the cumulative displacement of an offset 
geomorphic or stratigraphic marker across a fault, by its numerical age 
(neotectonic or long-term slip rate; Burbank and Anderson, 2012). It can 
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also be calculated dividing the displacement of one or more dated 
paleoearthquakes by the time span of the corresponding closed seismic 
cycles (closed-cycle or paleoseismic slip rate). Earthquake recurrence 
can be derived directly from numerically dated and complete paleo-
seismic histories, and indirectly from slip rates, considering that earth-
quake frequency is related to the rate at which energy is accumulated in 
a fault through elastic strain (Young and Coppersmith, 1985). Paleo-
seismologists seek for the best approximation to the timing of each 
paleoearthquake. In an ideal situation, the age of a specific stratigraphic 
unit could allow resolving the timing of a paleoearthquake if the deposit 
was accumulated during or soon after the earthquake (e.g., coseismic 
rock avalanche, colluvial wedge). Most frequently, the age of paleo-
earthquakes is constrained by dating sediments or landforms formed 
before and after the event (i.e., maximum and minimum bracketing 
ages) (McCalpin, 2009). Of particular interest is the age of the MRE, 
since the probability of the next large earthquake on a fault depends on 
the time elapsed since the last rupture event (i.e., renewal or conditional 
probability models). 

Close collaboration and mutual support between paleoseismologists 
and geochronologists are essential for the proper assessment of the 
seismogenic hazard associated with active tectonic faults (McCalpin, 
2009; Sowers et al., 1998). In an initial phase, decisions on the most 
appropriate dating method for each site and its multiple targeted 
morpho-stratigraphic features should be based on a good understanding 
of the geological and geomorphological contexts, as well as the as-
sumptions, requirements and limitations associated with the different 
geochronological techniques. Nevertheless, the application of multiple 
dating methods is highly recommended, since it is unlikely that a robust 
chronology can be established using a single dating method. It also al-
lows cross-checking the validity of the available numerical ages, iden-
tifying potential systematic biases and taking decisions about anomalous 
ages (e.g., age reversals, age outliers) (McCalpin, 2009; Sowers et al., 
1998). 

A potential problem that may arise from the application of multiple 
methods is elucidating which ages are the most reliable ones when the 
results of the different techniques show significant inconsistencies. The 
decision to disregard one or more samples should be based not only on 
the analytical data, but also on the available information on the study 
area (geological, geomorphological, pedological, paleoenvironmental, 
paleontological, archaeological). Apparent inconsistencies between 
numerical ages may also contribute to better understand complex 
stratigraphic and structural relationships. For instance, OSL ages from a 
trench dug in Ragged Mountain Thrust (Alaska) helped to resolve 
whether a steep and sharp contact was a secondary fault or a paleo-
channel margin (McCalpin et al., 2020). Apart from that, absolute 
dendrochronology dates obtained at the Hazel Dell paleoseismic site of 
the San Andreas Fault showed that detrital charcoal used to constrain 
the age of paleoearthquakes is systematically older (ca. 322 a) than the 
deposit that contains it (i.e. detrital charcoal is charred before deposi-
tion) (Streig et al., 2020). Thanks to this correction it was determined 
that two historic Bay Area earthquakes ruptured the surface in 1838 and 
1890 instead of 1700 or earlier as previously proposed. 

This work presents and discusses a multi-method investigation con-
ducted for the reassessment of the geochronology of Quaternary deposits 
associated with slow-moving seismogenic faults in the intraplate Iberian 
Chain, NE Spain. In this area, most of the previously existing geochro-
nological data correspond to TL ages provided by the now closed Lab-
oratorio de Datación y Radioquímica de la Universidad Autónoma de Madrid 
(UAM Luminescence Lab) in reports with exiguous details on the 
analytical methods (Gutiérrez et al., 2020a, 2020b, 2009, 2008; Simón 
et al., 2017 and references therein). Our aim in this study is to evaluate 
the validity of those previous TL ages by applying different dating 
methods such as Electron Spin Resonance (ESR), Optically Stimulated 
Luminescence (OSL), Uranium–Thorium (U/Th) series and radiocarbon 
dating (14C), in some cases replicating samples previously analyzed at 
the UAM Luminescence Lab. The selection of the dating method for each 

unit was based on the nature and origin of the deposits and their relative 
chronology, mainly based on previous geomorphological maps that 
establish the terrace and pediments sequences (Gutiérrez, 1998). 

The new geochronological data presented in this work seriously 
challenge the validity of the previous TL ages that seem to significantly 
overestimate the activity of the faults (Gutiérrez et al., 2020b), poten-
tially leading to substantial seismic hazard overestimates with societal 
implications (e.g., interruption and re-design of Teruel Hospital; Simón 
et al., 2016). 

2. Quaternary faults in the central sector of the Iberian Chain 

The Iberian Chain in NE Spain is an intraplate orogen generated in 
late Cretaceous to Miocene times during the Alpine contraction 
(Guimerà, 2018). This orogenic phase, which caused the tectonic 
inversion of Mesozoic extensional basins, was related to the compres-
sional stress field developed within the Iberian microplate as a result of 
the convergence between the African and European plates (De Vicente 
et al., 2005). Around the Middle Miocene, the stress regime changed 
from compressional into extensional, starting the currently active 
post-orogenic phase (Gutiérrez et al, 2008, 2012; Simón et al., 2012). 
Crustal extension is attributed to the development of the Valencia 
Trough in the western Mediterranean. Two generations of neotectonic 
grabens can be differentiated on the basis of cartographic relationships. 

The first graben-formation phase produced the largest intramontane 
basins in the central sector of Iberian Chain: the Calatayud Graben and 
the Teruel Graben, both around 100 km long and filled with Mio- 
Pliocene terrestrial sediments several hundred meters thick (Fig. 1). 
Locally, the top of the endorheic fill of these basins corresponds to 
Pliocene lacustrine limestones that constitute useful markers to assess 
the long-term activity of some Quaternary faults. The second graben- 
formation phase, initiated in the Late Pliocene, produced new exten-
sional basins that cross-cut and/or are inset with respect to the pre- 
existing Teruel and Calatayud basins. From south to north these 
include: the Jiloca neotectonic depression (Cortés Gracia and 
Casas-Sainz, 1996; Gracia et al., 2003; Rubio and Simón, 2007; Simón et 
al, 2016, 2017), the Daroca Half-graben (Gracia Prieto, 1992; Gutiérrez 
et al., 2020a), the Munébrega Half-graben (Gutiérrez et al., 2009) and 
the Río Grío Graben (Gutiérrez et al., 2013) (Fig. 1). 

The development of the drainage network in the central sector of the 
Iberian Chain has been controlled by the episodic formation of NW-SE to 
NNE-SSW oriented grabens, and their progressive capture and change 
from endorheic to exorheic conditions (Gutiérrez et al., 2008). The 
fluvial systems have developed stepped sequences of mantled pediments 
and terraces which constitute the main morpho-stratigraphic markers 
used to characterize the activity and seismogenic potential of the Qua-
ternary faults. The fluvial network is dominated by longitudinal drain-
ages subparallel to the basin-bounding faults (Fig. 1). In these situations, 
fault activity is mainly recorded in marginal mantled pediments and 
alluvial fans. However, where the faults are crossed by transverse 
drainages, fault displacement is mainly recorded by fluvial terraces (e.g. 
Alfambra River that traverses the Concud Fault). 

2.1. Jiloca neotectonic depression 

The NNW-SSE oriented and 70 km-long Jiloca neotectonic depres-
sion is controlled on its eastern margin by three major NW-SE to N–S 
trending normal faults with a right stepping en echelon arrangement, 
from north to south: Calamocha Fault, Palomera Fault, and Concud- 
Teruel Fault (Gutiérrez et al., 2012; Simón et al., 2012) (Fig. 1). The 
Calamocha Fault and the Teruel-Concud Fault offset vertically around 
200–250 m Pliocene limestones of the adjacent Calatayud and Teruel 
basins, respectively. The latter fault comprises two segments separated 
by a step over 1.5 km wide, traditionally designated as Concud Fault and 
Teruel Fault. This work addresses the chronology of Quaternary deposits 
at three sites associated with the Concud Fault (BA: Los Baños; CO: 
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Fig. 1. Geological map of the central sector of the Iberian Chain showing the location of the main Quaternary faults and the sampling sites (Modified from Gutiérrez 
et al., 2020b). MU: Munébrega W Fault; DA: Daroca Fault; BA: Los Baños; MA: Mataueta; CO: Cociero; PI: Pitarque. 
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Cociero; MA: Mataueta) and one site of the Teruel Fault (PI: Pitarque), 
briefly described below. 

2.1.1. Concud Fault 

2.1.1.1. Los Baños site. Concud Fault is exposed at the old railway 
trench of Los Baños, located on the western margin of the Alfambra 
River valley (Figs. 1 and 2). In the footwall, the Upper Miocene bedrock 
is unconformably overlain by a terrace of the Alfambra River, perched 
60–66 m above the current channel. This terrace deposit consists of a 
lower unit of cemented gravels with interbedded fine-grained beds and 
an indurated upper tufa unit up to 7 m thick. This tufa unit was previ-
ously dated by U/Th series in two laboratories: Recherches Appliquées 
au Karst, Faculté Polytechnique de Mons in Belgium (Arlegui et al, 2005, 
2006) and McMaster University in Canada (Gutiérrez et al., 2008) (See 
Section 3 and Table 1). The exposed section of the downthrown block 
shows two sedimentary packages (PI and PII in Fig. 2) bounded by an 
angular unconformity, and three overlapping fissures abutting the fault 
plane and filled by colluvial facies (FF1, FF2 and FF3 in Fig. 2). The 
strongly deformed package PI consists of sands (I1), conglomerates (I2), 
a layer of calcareous tufa (I3), and silts (I4) (Fig. 2). Beds of fine-grained 
detrital facies situated in units I4 and I1 were previously dated at the 
UAM Luminescence Laboratory (See Section 3 and Table 1). The less 
deformed upper package PII is made up of colluvial deposits interdigi-
tated away from the fault with relatively well-sorted alluvial deposits. 

2.1.1.2. Cociero site. Cociero site is a road-cut exposure located on the 
eastern margin of the Alfambra valley (Fig. 3). Here, a terrace deposit 
situated at approximately 19 m above the channel is offset 1.7–2.2 m by 
a fault. This fault, at some distance from the main strand of Concud 
Fault, has been attributed to a secondary tectonic rupture (Lafuente 
et al., 2011) while other authors indicate that it could be also related to 
dissolution of underlying Triassic evaporites (Gutiérrez et al., 2012). The 
fault is truncated by non-deformed colluvial deposits. 

2.1.1.3. Mataueta site. Mataueta site, also located on the eastern margin 
of the Alfambra River valley, corresponds to a pediment deposits offset 
on its proximal sector by Concud Fault, as revealed by a trench inves-
tigated by Ezquerro et al. (2014) and Simón et al. (2016) (Fig. 4). 

2.1.2. Teruel Fault 

2.1.2.1. Pitarque site. Pitarque site corresponds to a section of the 
Valdelobos stream, a tributary of the Turia River, which transversally 
crosses the trace of the Teruel Fault (Figs. 1 and 5). Here, a terrace of the 
Valdelobos Stream, perched around 60 m above the thalweg, is offset 
vertically 8–9.5 m by the Teruel Fault (Gutiérrez et al., 2020b; Simón 
et al., 2017). Two paleoseismological trenches excavated in a remnant of 
this terrace on the downthrown block were investigated by Simón et al. 
(2017). 

2.2. Daroca half-graben 

The NW-SE trending Daroca Half-graben is controlled on its NE 
margin by the SW-dipping and 27 km long Daroca Fault (Figs. 1 and 6). 
This asymmetric basin is inset with respect to the Calatayud Basin and 
drained longitudinally by the Jiloca River. The best exposure of the fault 
is located in a quarry situated 1.5 km south of Daroca town, where the 
fault clearly ruptures a mantled pediment perched at the site 35 m above 
the Jiloca River. 

2.3. Munébrega half-graben 

The 19 km long and NW-SE trending Munébrega Half-graben is 
superimposed on and inset into the Calatayud Basin along its 

southwestern margin, just south of the transverse Jalón River valley. 
This Plio-Quaternary basin is controlled on its NE margin by the 
Munébrega W Fault, which has offset a mantled pediment and generated 
an uphill-facing scarp 6–7 m high (Fig. 7). The faulted pediment merges 
with a terrace of the Jalón River perched 45 m above the current 
channel. Gutiérrez et al. (2009) investigated a paleoseismological trench 
excavated across the antislope fault scarp. 

3. Previous geochronology 

The number of neotectonic and paleoseismological investigations in 
the central sector of the Iberian Chain has experienced a great increase 
since the first work that started to use luminescence dating (Gutiérrez 
et al., 2008). Previously, numerical chronological data were very 
restricted, hampering the quantitative assessment of the activity and 
seismogenic potential of the faults. Burillo et al. (1985) roughly dated a 
faulted colluvium on the western margin of the Jiloca graben using some 
fragments of ceramics found among the sediments. The typology of these 
archaeological remains indicated an age between 1200- and 500-years 
BC, after the Middle Bronze Age and before the Iberian culture. Arle-
gui et al. (2006, 2005) dated the tufa deposits capping the footwall 
terrace at Los Baños site using two U/Th series ages of 169 ± 10 and 116 
± 4 ka (Fig. 2 and Table 1). In a later work, Simón et al. (2005) postu-
lated that this tufa deposits (ca. 7 m thick) are correlative to a much 
thinner tufa layer (<0.5 m thick) in the downthrown block (unit I3 of 
package PI in Fig. 2) and estimated a long-term slip rate of 0.23–0.59 
mm/a for Concud Fault considering the displacement and the U/Th ages 
(Arlegui et al., 2005). The rest of the available long-term slip rates by 
that time were mainly based on the displacement of 
biostratigraphically-dated Pliocene limestones, indicating slip rates of 
the order of 0.05–0.1 mm/a (Gutiérrez, 1998; Gutiérrez et al., 2008). 

Most of the recent investigations on Quaternary faults in the Iberian 
Chain rely on ages provided by the now closed Laboratorio de Datación y 
Radioquímica de la Universidad Autónoma de Madrid (UAM Luminescence 
Lab): Munébrega Fault (Gutiérrez et al., 2009), Daroca Fault (Gutiérrez 
et al., 2008), Calamocha Fault (Martín-Bello et al., 2014), Concud Fault 
at Los Baños site (Gutiérrez et al., 2008; Lafuente et al., 2011), Cociero 
site (Gutiérrez et al., 2008; Lafuente, 2011; Lafuente et al., 2011), 
Mataueta site (Ezquerro et al., 2014; Simón et al., 2016), Hocino site 
(backfilled trenches; Lafuente et al., 2014, 2011), and Teruel Fault at 
Pitarque site (Simón et al, 2012, 2017). These ages obtained by TL 
dating are presented in Table 1. As discussed in Gutiérrez et al. (2020b), 
from these luminescence ages, can be calculated: (1) long-term slip rates 
significantly higher than those inferred from the Pliocene limestones (e. 
g. Concud Fault 0.29 mm/a vs. 0.1 mm/a); (2) average earthquake 
recurrence values much higher than those estimated for other normal 
faults in intraplate Spain; (3) anomalously high fluvial-incision rates 
derived from the ages of perched terraces. These features suggested that 
the luminescence ages obtained through a scarcely known approach by 
the UAM Luminescence Lab were probably underestimating the actual 
ages of the deposits and overestimating the seismic hazard of the asso-
ciated faults. Unfortunately, numerical ages obtained by other methods 
and by other laboratories were very scarce, limiting our capability to 
assess the reliability of the ages provided by the UAM Luminescence Lab. 
In the Rubielos de la Cérida Fault, a 2.5 km long fault located in the 
transfer zone between the Calamocha and Palomera faults, Gutiérrez 
et al. (2008) estimated a vertical slip rate of 0.05–0.07 mm/a based on 
radiocarbon ages and comparable with the values obtained for other 
faults using as markers the Pliocene limestones. A recent work on the 
Valdecebro Fault (Teruel Neogene Graben; Fig. 1), based on OSL ages 
from the laboratory of the Radioisotopes Unit at the University of Seville 
(Spain), indicates a long-term slip rate for this fault of 0.05 mm/a 
(Simón et al., 2019), also significantly lower than those obtained with 
the luminescence ages of the UAM Luminescence Lab. 
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Fig. 2. Sketches illustrating the main stratigraphic and structural relationships associated with the Concud Fault exposed at Los Baños site. (A) General section 
showing the main units exposed on both sides of the faults. (B) Sketch and photograph showing the Quaternary deposits in the downthrown block, including two 
unconformable packages and three nested fissure fills abutting the fault plain. Previous ages provided by the UAM Luminescence Lab are indicated in white 
(Gutiérrez et al., 2008) and grey boxes (Lafuente et al., 2011). New ages are indicated with red characters: Electron Spin Resonance (ESR); Optically Stimulated 
Luminescence (OSL); AMS radiocarbon (14C); Uranium series (U/Th). Modified after (Gutiérrez et al., 2020b) 
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3.1. The UAM luminescence lab protocol 

So far, very limited information on the methodology applied by the 
UAM Luminescence Lab has been published, making difficult assessing 
the validity of their approach and the reliability of their results 
(Table SD1 in Supplementary Data). 

To our best knowledge, the only research articles in which the 
methods used by the UAM Luminescence Lab are sufficiently explained, 
correspond to publications in which they dated ceramics and burnt flint 
(Barandiarán et al., 2007; Calderón et al., 1988). In these studies, they 
applied the TL “fine grain” dating technique (Zimmerman, 1971), in 
which no mineral separation is performed. After crushing the sample, 
the grain size 2–10 μm was selected by differential settling in acetone 
and the resulting polymineral fraction was deposited in a monolayer on 
a 1 cm diameter aluminium disc. Then, the additive dose procedure was 
used to determine the Equivalent Dose (DE). The increasing doses were 
supplied by a Sr–Y90 source with a dose rate of 0.0404 Gy/s. Since the 
diameter of the grains (<0.01 mm) is lower than the mean range of the α 

particles (0.02 mm), the calculation of the dose rate (D) takes into ac-
count the α, β and γ radiations. At the UAM Luminescence Lab, the β 
contribution from K was determined using a Geiger-Müller counting 
system whereas the α activity from U and Th present in the samples was 
measured using a solid scintillation counting system (ZnS). The γ radi-
ation and cosmic dose rate values were obtained from a private and 
unpublished radiation map of the Iberian Peninsula produced by the 
UAM Luminescence Lab from measurements taken with a NaI(Tl) scin-
tillation counter (Bricon Micro Analyst) (UAM Luminescence Lab, per-
sonal communication). Such a procedure is of doubtful reliability since 
the calculation of the cosmic dose rate depends on latitude, altitude and 
the overburden thickness (Prescott and Hutton, 1988, 1994), and it is 
not known whether the UAM Luminescence Lab accounted for these 
parameters in their calculations. In addition, it is also unknown if the 
water content of the samples was estimated. The higher the water con-
tent, the less radiation is absorbed by the minerals. This parameter is one 
of the main sources of uncertainty in the final age estimate and needs to 
be calculated as precisely as possible (Grün, 1994). 

Table 1 
Comparison of the previous geochronological framework and the new ages presented in this work in the central sector of the Iberian Chain.  

Fault Site Level Unit Sample CENIEH Lab 
ages (ka) 

Dating 
method 

Previous ages 
(ka) 

Dating 
method 

References 

Concud Los Baños Upper Package 
(PII)  

T-BAN1705 198 ± 16 ESR 62,4 ± 6,6 TL (Gutiérrez et al., 
2008, 2020a;  

Lafuente et al., 2010, 
2011) 

T-BAN1704 372 ± 29 ESR 64,2 ± 4,4  
No new age 63,7 ± 4,0 

Lower Package (PI) I4 T-BAN1703 277 ± 35 TT-OSL 71,7 ± 5,2 TL 
I3 T-BA-SU-3 388 ± 10 U/Th No previous age 
I1 T-BAN1701 480 ± 44 ESR 113,6 ± 7,3 TL 

Fissure Fills FF3 T-BAN1706 7972 - 
7851 cal BP 

14C 32,1 ± 2,4 TL 

FF2 T-BAN1707 2344 - 
2155 cal BP 

14C 38,6 ± 2,3 

FF1  No new age 76,6 ± 4,8 
100,1 ± 5,8 

Terrace (alluvium)  T-BAN1708 327 ± 31 ESR No previous age  

Terrace (tufa unit)  T-BA-SU-1 >285 ± 14 U/Th 169 ± 10 U/Th (Arlegui et al., 2006;  
Gutiérrez et al., 2008, 

2020a) 
116 ± 4 

T-BA-SU-2 >228 ± 11 250 + 32/-25 
213 + 33/-26 

Mataueta Pediment deposits  T-MAT1714 87 ± 3 OSL 21,3 ± 1,5 TL (Ezquerro et al., 
2014; Gutiérrez 

et al., 2020a; Simón 
et al., 2016) 

21,0 ± 1,3 
21,1 ± 1,4 
19,2 ± 1,2 
16,4 ± 1,2 
12,8 ± 0,7 
27,6 ± 1,4 
17,2 ± 1,2 
14,2 ± 0,8 
18,8 ± 1,2 

Cociero Faulted terrace Upper 
unit 

T-CO1711 60 ± 2 OSL 15,0 ± 1,0 TL (Gutiérrez et al., 
2008, 2020a;  

Lafuente, 2011;  
Lafuente et al., 2014) 

15,6 ± 1,3 
Colluvium  T-CO1712 7589 - 

7486 cal BP 

14C 15,0 ± 1,0 

Teruel Pitarque Valdelobos Stream 
Terrace  

T-PI1713 307 ± 25 ESR 76 ± 5 TL (Gutiérrez et al., 
2020a; Simón et al., 

2012, 2017) 
71,8 ± 5,1 
70,7 ± 5,3 
48,5 ± 3,8 
78,3 ± 5,2 
46,5 ± 3,2 
50 ± 3,4 

Daroca Pediment deposits T-DA1715 329 ± 43 ESR 112,8 ± 9,1 TL (Gutiérrez et al., 
2008, 2020a, 2020b) 118,7 ± 16,2 

Munébrega 
W 

Pediment deposits T-CAL1716 241 ± 50  71,8 ± 5,5 TL (Gutiérrez et al., 
2009, 2020a)  41,1 ± 2,7 

235 ± 54 ESR 32,6 ± 2,5  
19 ± 1,2  
9,9 ± 0,6  
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Dating naturally occurring sediments is not quite as straightforward 
as burnt materials. In the case of pottery, the exposure to heat during 
firing removes any TL signal accumulated in the minerals whereas for 
sediments, no heating occurs at the time of deposition (Aitken, 1989; 
Wintle, 2008a; Wintle and Huntley, 1982). This major difference has 
important repercussions in the protocols to be used for calculating ages. 
Sediments must have been exposed to sunlight during transportation 
and bleached prior to burial. The major reason for not using TL dating on 
sediments is the presence in the TL signal of a component that could not 
be removed by sunlight exposure (Wintle, 2008a). It has also been re-
ported that the use of ultraviolet TL (UG-11: 300–380 mm) filter causes 
underestimation of the obtained TL ages (Debenham, 1985; Kusiak and 
Lanczont, 2000). Furthermore, it is required to isolate quartz and feld-
spar grains from polymineral sediments. Since 1985, two new methods 
have been systematically used to date sediments rather than TL, both 
based on the same luminescence physical basis: Optically Stimulated 
Luminescence (OSL) (Huntley, 1985) and Electron Spin Resonance 
dating (ESR) (Yokoyama et al., 1985). However, it appears that the UAM 
Luminescence Lab continued to use the TL “fine grain” method (Zim-
merman, 1971) for sediments just as it is used for pottery, thus making 
the assumption that minerals are “zeroed” at the time of sedimentation 
and ignoring the existence of other luminescence dating methods more 
suitable to date unburnt materials (Duller, 2004; Grün, 1989). 

A comprehensive comparison of the protocols used by the UAM 
Luminescence Lab and those applied by the OSL and ESR laboratories at 
the CENIEH is discussed by Gutiérrez et al. (2020a). 

4. Methods 

4.1. Sampling 

Two field campaigns were carried out in July 2017 and January 2018 
to collect geochronological samples in multiple sites with exposures of 
deformed and non-deformed Quaternary deposits associated with active 
faults. A total of sixteen samples were collected in six outcrops which 

were analyzed by four different dating methods (Table 2 and Fig. SD1 in 
Supplementary Data): Electron Spin Resonance (ESR: 7 samples), Opti-
cally Stimulated Luminescence (OSL: 3 samples), Uranium–Thorium (U/ 
Th: 3 samples) and radiocarbon (14C: 3 samples) dating. Most of the 
samples were collected in the same layer or in the same morphostrati-
graphic unit (e.g., terrace deposit) from which previous TL and U/Th 
numerical ages were available from the literature. 

4.1.1. ESR and OSL dating 
A total of seven ESR samples were collected from the following sites 

(Tables 1 and 2): (1) three samples (PI: T-BAN1701; PII: T-BAN1704 and 
T-BAN1705) from faulted fluvial-alluvial deposits in the downthrown 
block of Concud Fault at Los Baños site. See Section 2.1.1.1 and Fig. 2; 
(2) one sample (T-BAN1708) from a fluvial terrace in the footwall of 
Concud Fault at Los Baños site. See Section 2.1.1.1 and Fig. 2; (3) one 
sample (T-PI1713) from a terrace of a tributary of the Turia River 
(Valdelobos Stream) offset by Teruel Fault (Simón et al, 2012, 2017). 
See Section 2.1.2.1 and Fig. 5; (4) one sample (T-DA1715) from a 
pediment deposit displaced by the Daroca Fault (Gutiérrez et al., 2008). 
See Section 2.2 and Fig. 6; (5) one sample (T-CAL1716) from a pediment 
deposit offset by the Munébrega W Fault next to a previous paleo-
seismological trench (Gutiérrez et al., 2009). See Section 2.3 and Fig. 7. 

The three OSL samples were collected from the following sites (Ta-
bles 1 and 3): (1) one sample (T-BAN1703) from faulted fluvial deposits 
in the downthrown block of Concud Fault at Los Baños site (Gutiérrez 
et al., 2008). See Section 2.1.1.1 and Fig. 2; (2) one sample (T-CO1711) 
from a terrace affected by a secondary fault situated close to the Concud 
Fault at Cociero site (Gutiérrez et al., 2008; Lafuente, 2011; Lafuente 
et al., 2011). See Section 2.1.1.2 and Fig. 3; (3) one sample 
(T-MAT1714) from the deposit of a mantled pediment at Mataueta site, 
in which a paleoseismological trench was previously excavated to 
investigate Concud Fault (Ezquerro et al., 2014). See Section 2.1.1.3 and 
Fig. 4. 

Since OSL and ESR sampling conditions are very similar, the ten 
samples analyzed by these techniques were collected following the 

Fig. 3. Image of Cociero site, showing a faulted terrace unconformably overlying Pliocene bedrock, and a non-deformed colluvial deposit that truncates the fault. 
Previous ages from the UAM Luminescence Lab (TL UAM) with black characters and new ages in red (C14: radiocarbon dating). 
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methodology described in Moreno et al. (2017) (Fig. SD1 in Supple-
mentary Data). Samples for Equivalent Dose (DE) analysis were taken 
using a light-proof container (PVC tube) in most cases. On one occasion, 
the sediment was too hard to insert the tube and the sample was 
collected by carving out a block of sediment. On four occasions, neither 
PVC tube nor block extraction were feasible, hence the sandy matrix 
within the gravelly deposit was scooped out into a light-proof container 
under an opaque plastic cover (Table 2). A bulk sediment sub-sample for 
external dose rate (D) calculation was also collected from each sampling 
point for high-resolution γ-ray spectrometry (HRGS) analysis. In situ 
gamma spectrometry measurements taken within each sampled hole 
were obtained inserting either a NaI(Tl) or a LaBr3(Ce) probe, each 
connected to an Inspector1000 multichannel analyzer (Canberra). 

4.1.2. U/Th series dating 
Three samples of faulted tufa deposits were collected from two 

different stratigraphic units situated on both sides of the Concud Fault 
(Los Baños site), at the west margin of the Alfambra River valley (Ta-
bles 1 and 2; Fig. 2 and SD1 in Supplementary Data). A recent active 
quarry located in the tufa unit capping the Alfambra terrace offers fresh 
exposures up to 4 m high. Samples were collected in two different facies: 
phytoherms of macrophytes consisting of stems in life position (sample 
T-BA-SU-1), and a laminated bioherm of bryophytes (sample T-BA-SU- 
2). See Section 2.1.1.1 and Fig. 2. The other stratigraphic unit sampled 
(sample T-BA-SU-3) corresponds to a 0.2–0.5 m thick micritic tufa layer 
exposed in the downthrown block of Concud Fault (unit I3 of package PI 
in Fig. 2). The selection of the sampling points was based on the ex-
amination of hand specimens for the identification of the most favorable 

facies, trying to avoid rocks with evidence of secondary porosity and 
cementation. All samples were collected by mechanical percussion with 
chisel and hammer. The fragments obtained were placed in individual 
plastic bags with their corresponding codes. 

4.1.3. Radiocarbon dating 
A total of three samples were collected for Accelerator Mass Spec-

trometry (AMS) radiocarbon dating at two sites associated with the 
Concud Fault (Fig. 2). They were extracted with a knife and plastic bags 
after careful cleaning of the exposures. The three of them were identified 
as small black pieces of detrital charcoal. A truck with an articulated 
boom lift was used for sampling the different units, all of them at high 
elevation in artificial cuttings. 

The two samples from Los Baños site were collected from the two 
fissure fills exposed in the downthrown block and associated with the 
fault (See Section 2.1.1.1 and Fig. 2). Sample T-BAN-1706 was extracted 
from the youngest fissure fill (unit FF3) juxtaposed to the fault plane 
(Fig. 2). This unit, which represents the youngest faulting event recor-
ded at the site, consists of a massive, cream-colored sandy silt with 
scattered pebble- and cobble-sized clasts. Sample T-BAN-1707 was 
retrieved from the intermediate fissure fill (unit FF2 in Fig. 2), flanked 
by the FF3 unit and colluvial deposits. The deposit of the intermediate 
fissure consists of massive, light-orange silts with scattered gravel-sized 
clasts and some large boulders of conglomerate with subvertical fabrics. 
The two sampled fissure fills display a net contact that can be traced with 
confidence thanks to the different color of the deposits. The fissure fills 
can be interpreted as short-transport colluvial facies shed from the fault 
scarp (footwall) and trapped in ground fissures soon after their opening 

Fig. 4. View of the left margin of the Alfambra River valley showing the location of Mataueta and Cociero sites associated with the southern termination of the 
Concud Fault segment. The image indicates the location of the trench dug across the Concud Fault in a pediment deposit, which was dated at 12.8–21.3 ka at the 
UAM Luminescence Lab. A sample collected from the same pediment in a more distal position has yielded and OSL age of 87 ± 3 ka. 
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by coseismic surface ruptures. These fissure fills were previously TL- 
dated at the UAM Luminescence Lab (Lafuente et al., 2011) (Fig. 2). 

The sample from Cociero site (T-CO-1712) was collected from a non- 
deformed colluvial deposit that truncates a fault, which offsets a terrace 
deposits of the Alfambra River (Fig. 3). The sampled colluvial deposit, 
around 3 m thick, consists of crudely-bedded matrix-rich angular gravels 
and clayey sands with scattered clasts. The charcoal piece was found in a 
sandy layer 0.3 m above the basal unconformity of the colluvial deposit. 
This colluvial deposit was previously dated by TL at the UAM Lumi-
nescence Laboratory (Lafuente et al., 2011) (Fig. 3). 

4.2. ESR dating of quartz grains 

4.2.1. Sample preparation 
Sample preparation was carried out at the ESR dating Laboratory of 

the Centro Nacional de Investigación sobre la Evolución Humana 
(CENIEH) (Burgos, Spain) in a dark room according to the following 
protocol: (1) separation of the 100–200 μm grain-size fraction by wet 
sieving; (2) elimination of carbonates and organic matter from the 
selected fraction by HCl (32%) and H2O2 (30%), respectively; (3) 
removal of heavy minerals and feldspars by density segregation using 
sodium polytungstate (SPT) at d = 2.68 g/cm3 and d = 2.58 g/cm3; (4) 
withdrawal of magnetic minerals passing a neodymium magnet over the 
sediment. Samples were then treated with HF (40%) during 40 min to 
eliminate the remaining feldspars and to etch quartz grains. A second 
round of HCl (32%) was applied. Finally, samples were dry sieved in 
order to isolate the final pure quartz grains within the 100–200 μm 
grain-size fraction (Table SD1 in Supplementary Data). 

The Multiple Aliquots Additive dose (MAAD) approach for dating 
quartz grains was applied (Table SD1 in Supplementary Data). Each 
sample was divided into 10 multiple grain aliquots. Eight of these ali-
quots were irradiated using a calibrated Gammacell-1000 137Cs gamma 

source (dose rate ~ 8 Gy/min) at the following doses: 150, 300, 600, 
1200, 2400, 5000, 10000 and 15000 Gy. For each sample, one aliquot 
was preserved natural (no irradiated and no bleached) and one aliquot 
was optically bleached for around 1500 h using a SOL2 (Dr. Hönle) solar 
light simulator in order to evaluate the ESR intensity of the non- 
bleachable residual signal associated with the Aluminium center of 
quartz (Voinchet et al., 2003). 

4.2.2. ESR dose reconstruction 
The Multiple Center approach (Toyoda et al., 2000) was applied to 

the ESR samples (Table SD1 in Supplementary Data). The method is 
based on the assumption that all the centers measured in a given quartz 
sample should provide similar dose estimates. However, due to the 
different bleaching kinetics of Aluminium (Al) and Titanium (Ti) centers 
(Tissoux et al., 2007), this assumption is rarely met. Thus, if the Al center 
provides a significantly higher DE value, then this is most likely due to 
incomplete bleaching of this signal. Therefore, the Al age should be 
considered to provide maximum age estimates. If the Ti age estimate is 
significantly younger than the corresponding Al age estimate, then the 
former should be considered as the best estimation for the chronology of 
the deposit (Duval et al., 2015). In this work, both Al and Ti centers were 
measured and analyzed. 

ESR measurements were performed at low temperature (90 K) using 
a nitrogen gas flow system connected to an EMXmicro 6/1 Bruker X- 
band ESR spectrometer coupled to a standard rectangular ER4102ST 
cavity at the ESR laboratory of the CENIEH. To ensure constant exper-
imental conditions over time, the temperature of the water circulating in 
the magnet is controlled and stabilized at 18 ◦C by a water-cooled 
Thermo Scientific NESLAB thermoflex 3500 chiller and the tempera-
ture of the room was kept constant at 20 ◦C by an air conditioning unit. 
The following experimental conditions were employed for the Al center: 
5 mW microwave power, 1024 points resolution, 100 kHz modulation 

Fig. 5. View of Pitarque site, where the Teruelo segment of the Concud-Teruel Fault juxtaposes Miocene claystome agains Pliocene limestone and ofsets a terrace of 
the Valdelobos Stream situated 60 m above the thalweg. A new ESR age of 307 ± 25 ka has been obtained from this terrace, whereas the six ages provided by the 
UAM Luminescence Lab ranged between 78.3 and 46.5 ka. The youngest one was used in previous studies to estimate the slip rate of the fault segment. Teruel city in 
the background. 
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frequency, 1 G modulation amplitude, 40 ms conversion time, 40 ms 
time constant, 9 mT sweep width and 1 scan. The ESR signal associated 
with the Ti center was measured as follows: 5 mW microwave power, 
1024 points resolution, 100 kHz modulation frequency, 1 G modulation 
amplitude, 60 ms conversion time, 40 ms time constant, 200 G sweep 
width and 1–3 scan. The angular dependence of the ESR signal due to 
sample heterogeneity was taken into account by measuring each of the 
ten aliquots (one natural, one optically bleached and eight γ-irradiated) 
three times after a ~120◦ rotation in the cavity. Furthermore, data 
reproducibility was checked by running ESR measurements over 
different days. This procedure was carried out for both the Al and Ti 
signals. 

The ESR intensity of the Al center was extracted from peak-to-peak 
amplitude measurements between the top of the first peak (g =
2.0185) and the bottom of the 16th peak (g = 1.9928) (Toyoda and 
Falguères, 2003). The ESR intensity of the Ti centers was measured in 
three different ways following the recommendation of Duval and Gui-
larte (2015) (See Fig. SD2 in Supplementary Data):  

- Peak-to-peak amplitude measurement between g = 1.979 and the 
bottom of the peak at g = 1.913 (Option A; Ti–Li center)  

- Peak-to-baseline amplitude measurement around g = 1.913–1.915 
(Option D; Ti–Li center)  

- Peak-to-baseline amplitude measurement around g = 1.915 (Option 
C; Ti–H center). 

For each aliquot, ESR intensities of the Al and Ti centers were cor-
rected by the corresponding receiver gain value, number of scans and 

aliquot mass. Final ESR intensities correspond to the mean value derived 
from the repeated measurements. 

The equivalent dose (DE) values were calculated with the Microcal 
Origin 8.5 software using the Levenberg-Marquardt algorithm by chi- 
square minimization. For the Al center, a single saturating exponen-
tial + linear function (SSE + LIN) (Duval et al., 2009) was fitted through 
the experimental points. For the Ti centers, the Ti-2 function initially 
proposed by (Woda and Wagner, 2007) was used (Table SD2 in Sup-
plementary Data). With the SSE + LIN function, data were weighted by 
the inverse of the squared ESR intensity (1/I2), whereas with the Ti-2 
function data were weighted by the inverse of the squared error 
(1/s2), as described in Duval et al. (2015). 

4.2.3. Dose rate and age calculation 
The dose rate is derived from the analysis of radioactive elements in 

the sample and its surroundings by a combination of in situ and labo-
ratory measurements. Around 100 g of raw sediment from each sample 
were analyzed by high resolution γ-spectrometry (HRGS) in order to 
derive α, β and γ external dose rate values from U, Th and K contents in 
powder of raw sediment (Table SD3 in Supplementary Data). External 
γ dose rates derived from in situ measurements were also available 
thanks to the in situ gamma spectrometry performed at the exact sam-
pling spot using NaI(Tl) and LaBr3(Ce) probes connected to an 
Inspector1000 multichannel analyzer (Canberra) and calculated using 
the threshold approach (Duval and Arnold, 2013). Total dose rates were 
calculated using the dose rate conversion factors from Guérin et al. 
(2011). Values were corrected with β and α attenuations for spherical 
grains (Brennan, 2003; Brennan et al., 1991) and water attenuation 

Fig. 6. Image of Daroca Fault site. Here, the Daroca fault juxtaposes Paleozoic bedrock against the red Plio-Quaternary fill of the Daroca Half-graben (U1) and a 
pediment deposit (U2) inset into the basin fill. The fault is truncated at the site of the image by a recent colluvial deposit (U3). The faulted pediment was dated at ca. 
113 and 119 ka by the UAM Luminensce Lab and at 329 ± 43 ka by ESR in this work. 
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formulas from Grün (1994). The final water content used for the dose 
rate evaluation was assumed to be around 60% of the water content at 
saturation measured in the laboratory (Table SD4 in Supplementary 
Data). The resulting values range from 14 to 25%. A α-efficiency k-value 
of 0.15 ± 0.10 (Yokoyama et al., 1985) was assumed for the alpha dose 
rate. The cosmic dose rate was calculated from the equations of Prescott 
and Hutton (1994), with latitude, altitude and depth corrections. An 
internal dose value of 50 ± 30 μGy/a was systematically assumed 
(Vandenberghe et al., 2008). 

ESR age calculation was performed using a non-commercial software 
based on the open access program Dose Rate and Age Calculator (DRAC) 
(Durcan et al., 2015) which takes into account the uncertainties derived 
from concentrations, depth, water content, in situ gamma dose rate, at-
tenuations and DE values. The errors associated with total doses, 
equivalent doses and ESR age results are given at 1σ (Table 3). 

4.3. Luminescence dating 

4.3.1. Sample preparation 
Sample preparation was performed at the CENIEH’s Luminescence 

dating Laboratory following standard procedures in a dark room under 
controlled dimmed light conditions (>2 μW/cm2; 600–690 nm) to avoid 
OSL signal depletion before measurements. The sample preparation 
protocol consists of: (1) wet sieving to separate the target grain size 
(90–125 μm); (2) chemical treatment with HCl (32%) to remove car-
bonates and with H2O2 (35%) to eliminate organic material; (3) heavy 
minerals and feldspar were removed by high-density liquid separation 
(Sodyum Polytungstate, SPT); (4) the quartz extract was subjected to a 
treatment in concentrated hydrofluoric acid (40%, 40 min) and (5) final 
dry re-sieving to obtain a better quartz 90–125 μm grain-size fraction. A 
separate bulk sediment sub-sample was used to carry out water content 
analysis. This sample was subsequently, ground for beta dosimetry and 
gamma spectrometry measurements (See Table SD1 in Supplementary 
Data). 

Fig. 7. Shaded relief model of the Munébrega W Fault site, showing the location of a previous trench (Gutiérrez et al., 2009) and the artificial excavation from which 
a new sample was collected for ESR dating. The image shows a pediment that merges with a terrace of the Jalón River offset by the fault, expressed as an 
uphill-facing scarp. 
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4.3.2. OSL dose evaluation 
OSL dose evaluations were carried out using a Single Aliquot 

Regenerative-dose protocol (SAR) (Murray and Wintle, 2000). Details of 
measurement protocols are presented in Supplementary Data 
(Table SD5). Every sample was mounted on stainless steel discs using a 2 
mm silicone-sprayed mask. Quartz OSL measurements were carried out 
using automated Risø TL/OSL DA-20 luminescence readers of the 
CENIEH equipped with 90Sr/90Y beta sources with dose rates around 
0.10 Gy/s. Luminescence was detected using bialkali EMI 9235QB15 
photomultiplier tubes trough a 7.5 mm Hoya U-340 filter. Stimulation 
used blue light (470 ± 30 nm). Preliminary tests prior to the final 
Equivalent Dose (DE) measurements (Fig. SD3 in Supplementary Data) 
included preheat-plateau, thermal transfer, dose recovery and Infra-Red 
depletion assessments. A preheat-plateau test with increasing 

temperatures between 180 and 280 ◦C (held for 10 s) and a cut heat 
20 ◦C below the preheat temperature was performed for all samples. 
Results are shown in Supplementary Data (Fig. SD4). A dose recovery 
test was conducted on quartz from sample T-BAN-1703. The test con-
sisted of a double bleach for 500 s at 30 ◦C, with a 1500 s pause between 
stimulations. Then, aliquots were irradiated with a known beta dose, 
equal to the estimated DE. Resulting ratios average 0.95 ± 0.04. 
Acceptance criteria applied to all measured aliquots combined several 
paramaters: IR depletion ratio (<10% (Duller, 2003),), natural 
normalized signal (Lx/Tx) above saturation of the dose response curve 
(De < 2*D0), recycling ratio <10%, recuperation <10% and sensitivity 
change <10%. 

In the event of OSL signal saturation occurring in any of the samples 
during the initially applied tests, prior to the final DE measurement using 

Table 2 
List of samples collected and sampling techniques used in this work. (BAN: Los Baños site; PI: Pitarque site; DA: Daroca Fault; CAL: Munébrega W Fault; Co: Cociero site; 
MAT: Mataueta site).  

Dating 
method 

Sample Sampling 
Method 

Geographic Location (UTM) Altitude 
a.s.l. 

Depth below ground 
SurfaTo DC: Insert "rowsep" 
to this entryce (m) 

Type of deposit 

ESR T-BAN1701 Drilling 30T 0661519 - 4471437 925 10.8 Grain supported 
conglomerate overlying fine 
sand and lutite 

T-BAN1704 Drilling 30T 0661519 - 4471437 927 5.7 Sand and gravel with erosive 
bases 

T-BAN1705 Hammering 
PVC tube 

30T 0661519 - 4471437 927 2.9 Thick colluvioums made of 
gravel and pink sand 

T-BAN1708 Drilling 30T 0661537 - 4471565 950 3.5 Fine sediment 
T-PI1713 Hammering 

PVC tube 
30T 0661319 - 4464496 926 2.3 Medium sand unit below 

cemented conglomerate 
T-DA1715 Drilling 30T 0633778 - 4551333 786 10.5 Fine sand aluvial deposit 
T-CAL1716 Hammering 

PVC tube 
30T 0603776 - 4574058 591 3.3 Sheetflood deposit 

OSL T-BAN1703 Sediment block 30T 0661519 - 4471437 927 8.5 Silt with tufa fragments 
T-CO1711 Hammering 

PVC tube 
30T 0661645 - 4470302 915 2.3 Fluvial sand 

T-MAT1714 Hammering 
PVC tube 

30T 0661666 - 4470526 926 1.4 Fine sand 

U- Series T-BA-SU-1 – 30T 0661738 - 4471802 959 0.53 Quarry 
T-BA-SU-2 – 30T 0661738 - 4471802 959 – Quarry 
T-BA-SU-3 – 30T 0661519 - 4471437 927 10.5 Fault 

Radiocarbon T-BAN1706 – 30T 661522 - 4471445 935 – Organic sediment 
T-BAN1707 – 935 – Organic sediment 
T-CO1712 – 30T 66154 - 4470296 917 – Organic sediment  

Table 3 
ESR results obtained on quartz grains for the Concud–Teruel Fault, Daroca Fault and Munébrega W Fault. (Bl: bleaching; Dint: internal dose rate; Dα: alpha dose rate; Dβ: 
beta dose rate; Dγ: gamma dose rate; Dcos: cosmic dose rate; D: total dose rate; DE: equivalent dose).    

Concud - Teruel Fault Daroca Fault Munébrega Fault 

Los Baños site Pitarque site 

PI - Lower package PII - Upper package Alfambra terrace  Level U2 Level A1 

T-BAN1701 T-BAN1704 T-BAN1705 T-BAN1708 T-PI1713 T-DA1715 T-CAL1716 

Dint (μGy/a) 50 ± 30 50 ± 30 50 ± 30 50 ± 30 50 ± 30 50 ± 30 50 ± 30 
Dα (μGy/a) 49 ± 12 33 ± 8 36 ± 8 36 ± 8 33 ± 8 62 ± 15 82 ± 19 
Dβ (μGy/a) 983 ± 18 774 ± 17 819 ± 18 862 ± 20 914 ± 22 1291 ± 26 2283 ± 54 
Dγ (μGy/a) 466 ± 16 486 ± 17 402 ± 14 601 ± 21 581 ± 21 918 ± 32 1247 ± 43 
Dcos (μGy/a) 59 ± 6 102 ± 10 155 ± 15 142 ± 14 170 ± 17 35 ± 4 135 ± 14 
Bl (%) 51.7 ± 1.3 45.7 ± 1.7 49.0 ± 0.9 58.0 ± 0.6 58.6 ± 0.4 58.3 ± 0.8 56.6 ± 0.1 
D (μGy/a) 1607 ± 41 1446 ± 41 1461 ± 42 1691 ± 45 1748 ± 46 2357 ± 53 3797 ± 79 

DE (Gy) Al 1150 ± 136 654 ± 34 686 ± 66 916 ± 94 1048 ± 99 1545 ± 191 2792 ± 298 
DE (Gy) Ti–Li D option 771 ± 68 538 ± 39 289 ± 22 551 ± 50 537 ± 42 1428 ± 265 915 ± 187 
DE (Gy) Ti–H C option 569 ± 63 438 ± 51 185 ± 24 385 ± 33 424 ± 33 776 ± 100 894 ± 206 

Age (ka) Al 716 ± 87 452 ± 27 469 ± 47 542 ± 57 599 ± 59 655 ± 82 735 ± 80 
Age (ka) Ti–Li D option 480 ± 44 372 ± 29 198 ± 16 327 ± 31 307 ± 25 606 ± 113 241 ± 50 
Age (ka) Ti–H C option 354 ± 40 303 ± 36 127 ± 17 228 ± 20 242 ± 20 329 ± 43 235 ± 54  
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the conventional OSL approach, thermally-transferred – OSL (TT-OSL) 
was the chosen measurement method to obtain the final DE distribution 
of the saturated sample. To date, multiple authors have demonstrated 
the efficiency of recovering reliable OSL ages applying the TT-OSL 
approach (Adamiec et al., 2010; Chapot et al., 2016; Hernandez et al., 
2012; Porat et al., 2009). TT-OSL signals originated from deeper traps 
with higher saturation levels can also produce reliable natural fast 
component signals. Some of those studies have shown that OSL test dose 
corrections may produce inaccurate TT-OSL dose-recovery results 
whereas TT-OSL test dose corrections (Stevens et al., 2009) can produce 
reliable TT-OSL dose recovery results (Arnold and Demuro, 2015). In 
order to ensure the reliability of our TT-OSL measurements, a 
dose-recovery test was performed on the sample in question (See Section 
5.2) in order to acknowledge the suitability and reliability (i.e., lack of 
thermal transfer) of the TT-OSL approach. 

The final accepted DE values were estimated using Analyst 4.31.9 
(Duller, 2015). An interpolation of the natural sensitivity-corrected 
signal (Lx/Tx) onto the dose response curve fitted using a single satu-
rating exponential function with 7–9 regenerative doses was used. Final 
DE values were estimated following the Central Age Model (CAM) if 
overdispersion (OD) values were <20% and following the Minimum Age 
Model (MAM) when OD > 20% (Duller, 2008; Galbraith and Roberts, 
2012). When applying the MAM, a 3-parameters Minimum age Model 
was used to estimate the paleodose, and a sigmab value of 0.2 was 
assumed. 

4.3.3. Dose rate evaluation and age calculation 
Total dose rate values were derived from a combination of in situ and 

laboratory measurements, which included (1) water contents and 
maximum water saturation in the laboratory, (2) in situ gamma spec-
trometry with a portable gamma spectrometer (Canberra InSpector 
1000 coupled with a 1.5*1.5 inch NaI (Tl) probe) and calculated using 
the Threshold approach (Duval and Arnold, 2013), (3) beta spectrom-
etry with a (RISØ) low-level beta multicounter, and (4) elemental con-
centration determination of 238U, 232Th and 4 K by high resolution 
gamma spectrometry (HPGS) with Hyperpure Germanium (HPGe) de-
tector. For dosimetry calculation, conversion factors from Guérin et al. 
(2011) have been used. Grain size attenuation factors (Brennan, 2003; 
Brennan et al., 1991; Guérin et al., 2011), water content (Aitken and Xie, 
1990) and etching attenuation factors (Brennan, 2003) were applied. 
Cosmic dose rate was calculated following Prescott and Hutton (1994). 
Total dose rate and ages were calculated using DRAC v1.2 (Dose Rate 
and Age Calculator, Durcan et al., 2015) Age estimations are given at 1σ 
(Table 4). 

4.4. U/Th series dating 

4.4.1. Sample preparation 
Sample preparation was conducted at the Uranium series Dating 

Laboratory at CENIEH. Bulk samples were cut using a diamond layered 
saw and precleaned using diluted HCl rinsed with deionized water. 
Subsequently, samples were dried in clean conditions. Samples T-BA-SU- 
1 and T-BA-SU-2 were also polished carefully in order to remove 
spurious material and reveal possible internal structure such as layering 
or lamination. Sample T-BA-SU-3 was too friable to produce polished 
surfaces. 

As it is well known, Uranium and Thorium (U/Th) dating of calcar-
eous tufa is problematic due to the frequent presence of detrital and/or 
organic material (Garnett et al., 2004). Therefore, before chemical 
separation and purification, the samples were inspected for detrital 
particles and cleaned by sonication (10 min) in MilliQ water to wash out 
the pores of the calcareous material. Subsamples (50–150 mg) of the tufa 
specimens were extracted using a micro-drill with a tungsten carbide tip 
(1 mm diameter). The most compact parts of the tufa samples with 
primary texture were selected for the extraction of the subsamples in 
order to avoid pores, root traces, solution features and secondary 

cements. 
Ultrapure water (R > 18.2MΩ cm) was obtained from a MilliQ A10 

water purification system (Millipore) starting from previously purified 
water from an Elix purification system (Millipore). Trace metal grade 
14M HNO3 and 12M HCl were further sub-boiling bidistilled (Savillex 
DST-1000) in order to keep the reagent background as low as possible. 
30–32% (v/v) H2O2 and 1M H2O2 solutions were prepared by the 
convenient dilution from the ultra-purity grade (UPa) products acquired 
from ROMIL™. 

Samples were dissolved, spiked with an addition of a gravimetric 
dilution of IRMM 3636a standard for 236U and NIST SRM 4328c for 
229Th, so that the intensities at the detectors were as close to the analytes 
as possible, and homogenized in 7M HNO3. The digestion was carried 
out by using a sequence of HNO3 – H2O2 – HCl. After drying the residue 
and reconstituting it into 6M HCl, U and Th were separated in a strong 
acid anion AG 1X-8 resin using the gravity-column method. Each frac-
tion was then purified using UTEVA anion resin columns. Finally, pu-
rified U and Th solutions were put in 0.36M HCl for the measurement 
procedure. 

4.4.2. MC ICP-MS measurements 
U and Th concentrations and isotopic ratios measurements were 

carried out with a Multicollector Inductively Coupled Plasma Mass 
Spectrometer (MC ICP-MS, Thermo Scientific Neptune). The samples 
were introduced into the plasma using a 50 μl min− 1 PFA concentric 
nebulized assembled on a Scott type PFA spray chamber carrying the 
sample into an Aridus II membrane desolvator (Cetac). Isotope ratios 
234U/238U, 235U/238U, 236U/238U, 229Th/232Th and 230Th/232Th were 
measured in low-resolution mode, with the Faraday collectors con-
nected to 1011Ω resistors and the central SEM. Instrument settings and 
data acquisition parameters are summarized in Table SD6. Two 

Table 4 
Summary of OSL results on quartz grains, including dosimetry calculations, DE 
values and final ages. (Ḋ: Dose Rate; N: number of aliquots that passed SAR 
acceptance criteria/total measured aliquots; OD = Overdispersion; DE: Equiva-
lent Dose. CAM: Central Age Model. MAM: Minimum Age Model).    

Los Baños 
site 

Cociero site Mataueta 
site 

T-BAN-1703 T-CO-1711 T-MAT- 
1714 

Dosimetry Water content (%) 18.52 ± 0.25 19.27 ±
0.30 

15.63 ±
0.24 

Ḋ β (μGy/a) 784 ± 31 1165 ± 44 876 ± 34 
Ḋ γ (μGy/a) 418 ± 15 403 ± 15 418 ± 15 
Ḋcosmic (μGy/a) 81 ± 20 159 ± 20 177 ± 20 
Total Ḋ (μGy/a) 990 ± 33 1320 ± 40 1180 ± 40 
238U concentration 
(ppm) 

2.22 ± 0.03 2.13 ±
0.03 

2.28 ± 0.03 

232Th concentration 
(ppm) 

3.99 ± 0.10 6.38 ±
0.19 

4.01 ± 0.13 

40 K concentration 
(%) 

0.64 ± 0.02 1.17 ±
0.03 

0.80 ± 0.02 

DE Grain size fraction 
(μm) 

90–125 90–125 90–125 

Method TT-OSL OSL OSL 
Protocol SAR SAR SAR 
No. Regenerative 
Doses 

9 9 7 

Pre-Heat (◦C) 220 200 260 
N 14/36 23/24 23/24 
OD (%) 42 14.4 6.9 
Age Model MAM CAM CAM 
DE CAM (Gy) 699.2 ± 61.4 79.2 ± 2.3 102.8 ± 1.7 
DE MAM (Gy) 274 ± 33 – – 

Age MAM Age (ka) 276.86 ± 
34.59   

CAM Age (ka) 706.30 ± 
69.53 

59.98 ± 
2.49 

87.08 ± 
2.97  
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independent measurement sequences for U and Th were run after 
applying the sample introduction settings and instrumental fine tuning. 
Acid blank (0.6M HCl) and procedural blank were checked several times 
along the measurement sequence to evaluate their contribution to the 
analyte signal intensity. 

The isotope ratios were measured by the standard bracketing method 
with errors below 5%. Mass bias was checked by measurements of the 
standard solutions IRMM 183, IRMM 184 (uranium) and IRMM 35 and 
IRMM 036 (thorium) and the exponential law was followed. The con-
centrations of 238U and 232Th were calculated by the isotopic dilution 
mass spectrometry (IDMS) method. 

4.5. Radiocarbon dating 

Radiocarbon samples were analyzed at Beta Analytic Inc. (Miami, 
Florida) applying the standard AMS isotope counting method of the 
laboratory. The AMS method measures directly the amount of the un-
stable 14C isotope in the sample, whereas the less sensitive decay 
counting method measures the decay rate, requiring larger samples and 
longer counting times. The following procedures were applied to obtain 
the ages estimates:  

(1) Sample pre-treatment: samples were dispersed, floated and then 
sieved to <180 μm to remove any rootlet or other macrofossil 
material. After sieving the sample to <180 μm, no charred frag-
ments larger than that size were found. This is attributed to 
fragmentation of the original charcoal samples during trans-
portation in a non-rigid container (i.e., plastic bags). Therefore, 
the samples were treated as organic sediment and dated on the 
bulk-organic fraction. Subsequently, they were treated serially 
with HCl acid at 70–90 ◦C to remove any carbonates. Then, the 
sediments were rinsed to neutral with deionized water and dried 
at 90 ◦C. They were then homogenized and a small aliquot was 
separated and tested with concentrated HCl to verify that car-
bonate species were completely removed.  

(2) CO2 generation and measurement of the δ13C: The sediment was 
then combusted by an active oxygen stream within an enclosed 
vacuum system. The CO2 derived from the combustion was dried 
and cryogenically purified to remove water vapor and any non- 
combustible/condensable gases using a series of dry-ice/ 
methanol water traps at ca. − 78 ◦C. A small amount of the CO2 
generated during the combustion was used to measure the 
13C/12C ratio with an ordinary thermo Delta-Plus isotope ratio 
mass spectrometer. This ratio, expressed as δ 13C, is used in the 
calculation of the conventional radiocarbon age to correct for 
isotopic fractionation, which is unrelated to time.  

(3) Conversion of CO2 to graphite: the purified and dry CO2 was then 
converted to graphite in a graphitization cell under vacuum to 
produce the elemental carbon for measurement by AMS. The 
CO2-graphite conversion was achieved through the Bosch reac-
tion, in which carbon dioxide and hydrogen sequentially react at 
550–650 ◦C with the aid of a cobalt powder catalyst (free of any 
carbon contaminants) to produce elemental carbon (graphite), 
water and heat. Water generated in the graphitization processes 
is continuously removed via a cold finger by a dry-ice Methanol 
slush. Once graphitization has gone to completion (yield >80%), 
the graphitization cell is placed under a vacuum and allowed to 
warm to room temperature drying the graphite. The graphite is 
then purged 1x with ultra-pure (99.999) argon to remove any 
CO2 and with a silicone drying agent to remove any remaining 
water vapor.  

(4) Cathode preparation and AMS counting: the graphite is placed 
into an AMS cathode and then compressed to a minimum of 150 
psi. The cathode is then placed into a cathode wheel and into the 
AMS. Radiocarbon AMS counting was performed with a 250Kev 
NEC single stage accelerator mass spectrometer (NEC SSAMS). 

The carbon atoms of the sample are converted into charged atoms 
by bombarding the sample with cesium ions and then focused 
into a fast-moving beam.  

(5) Age estimation and calibration: conventional radiocarbon age, 
corrected for total fractionation effects, are obtained using the 
parameters outlined by Stuiver and Polach (1977). These ages 
were calibrated using the high probability density range method 
(BetaCal3.21) and the database Intcal13 (Reimer et al., 2013). 
Conventional radiocarbon ages and sigmas are rounded to the 
nearest 10 years. For sigmas lower than ± 30 years, a conserva-
tive ± 30 BP is cited in the result. 

5. Results 

5.1. ESR dating on quartz grains 

The ESR analytical data and all the ESR Dose Response Curves (DRC) 
derived from the evaluation of the Al, Ti–Li and Ti–H centers are pro-
vided in Fig. 8 and in Supplementary Data (Tables SD7, SD8 and 
Appendix). 

5.1.1. Fitting results 
Regarding the Al center, all samples show ESR intensity values with a 

very good reproducibility. The difference between the ESR intensities 
measured in three different days is less than 4%. Dose equivalent (DE) 
values were calculated by considering the ESR intensity measured each 
day instead of averaging the mean ESR intensities obtained over 
repeated measurements. The fitting results derived from the Al center 
(Table SD7) show an excellent goodness-of-fit for all samples (adjusted 
R2 > 0.99), resulting in relative DE errors ranging from 5% to 12%. The 
high reproducibility of the measurements, combined with the good 
adjustment to the experimental points, indicate the high reliability of 
the results obtained with the Al center. ESR intensities of the bleached 
aliquots are within a relatively narrow range between 46% and 57%, 
suggesting similar bleaching conditions for all samples. These values are 
close to those obtained from Cuesta de la Bajada site (54–56%) located 
in a terrace of the Alfambra River valley, very close to the sites of the 
Concud-Teruel Fault analyzed in this work (Duval et al., 2017a). 

Concerning the Ti center, all samples also show ESR intensity values 
with a very good reproducibility (<5%). The dose equivalent (DE) values 
were calculated, as for the Al center, by considering for each aliquot the 
ESR intensity measured each day. The only exception is T-DA1715 
sample which reaches 8%. This worse reproducibility induced a much 
poorer adjustment of the function using all the measurements. For this 
reason, in this only case the DE value was calculated by averaging the 
mean ESR intensities obtained over 3–5 days. To confirm their reli-
ability, the adjusted R2 value and the relative errors on the fitted pa-
rameters obtained when calculating the DE from the Ti center, should be 
greater than 0.98 and lower than 50%, respectively (Duval and Guilarte, 
2015). In our samples, the Ti–Li center (options A and D) shows adjusted 
R2 values higher than 0.98 indicating a high goodness-of-fit and errors 
ranging between 7% and 18%, with the exception of sample T-CAL1716 
(options A and D: R2 < 0.95 and errors >25%). It can be observed that 
option A leads to significantly higher DE values than those obtained with 
option D (Table SD7). This could be due to the influence of the peak at g 
= 1.979 which, taken alone, provides much higher DE values (Duval and 
Guilarte, 2015). This pattern has also been observed in regions close to 
our study area such as Cuesta de la Bajada site (Duval et al., 2017a) and 
in other fluvial systems such as the Cher River (Middle Loire catche-
ment, France) (Duval et al., 2020). The Ti–H center (option C) has also 
been measured, but the reliability of the fitting results obtained are 
questionable given the poor goodness-of-fit observed (R2 ranging be-
tween 0.86 and 0.97). Only three samples (T-BAN1708, T-PI1713 and 
T-DA1715) show adjusted R2 values greater than 0.98 and relative errors 
ranging between 8% and 23%. 

Our fitting results are consistent with previous observations (Duval 
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and Guilarte, 2015) and studies (Bartz et al., 2018; Duval et al, 2017a, 
2020; Méndez-Quintas et al., 2018; Moreno et al., 2019) that have 
shown that the more rapidly bleached Ti–Li (option D) center provides 
the most reliable burial age estimates for the deposits (Duval et al., 
2017a) (Table 3). Consequently, the final ESR ages for samples collected 
at Los Baños site (PI: T-BAN1701 and PII: T-BAN1704, T-BAN1705) and 
Munébrega fault (T-CAL1716) were derived from Ti–Li (option D). 
However, we have also observed that samples from the Alfambra terrace 
(T-BAN1708), Pitarque site (T-PI1713) and Daroca Fault (T-DA1715) 
yielded good fitting results from Ti–H (option C). Consequently, we have 
considered the DE values from Ti–H (option C) and Ti–Li (option D) for 
age calculations (Table SD7). 

5.1.2. Dose rate evaluation 
As expected, the gamma dose rates derived from laboratory mea-

surements are between 2% and 15% higher than those obtained from in 
situ measurements (Table SD7). Such a difference is very likely due to 
the heterogeneity of the sedimentary environment in the vicinity of the 
samples. 

Total dose rate values (D) (Table 3) in the sites of the Concud-Teruel 
Fault differ slightly to those of Daroca and Munébrega faults. Samples 
from the Concud-Teruel Fault show the lowest values between 1607 and 
1748 μGy/a. In comparison, samples from the Daroca and Munébrega 
faults have values of 2357 and 3797 μGy/a, respectively. This difference 
can be attributed to the fact that the Daroca and Munébrega half-grabens 
are associated with siliceous Cambrian rocks (Gutiérrez et al., 2020a) 
that contain minerals with higher levels of U, Th and K. However, the 
outcrops around the Concud-Teruel Fault are dominated by Neogene 
sediments (mudstones, limestones) and secondarily Jurassic carbonate 
rocks. 

5.1.3. ESR age estimates 
The Al center systematically provides the oldest ages whilst Ti–H 

(option C) center yields the youngest, being between 49 and 269% lower 
than those of the Al center. The differences between Al center and Ti–Li 
(option D) are remarkable, but less pronounced than with Ti–H, ranging 
from 8% to 205% (Table 3). These results suggest an incomplete 
bleaching of the Al center due to its slower bleaching kinetics compared 
to that of the Ti center (Tissoux et al., 2007). Therefore, in accordance 
with the Multiple Center (MC) approach (Toyoda et al., 2000), the ages 
obtained from the Al center should be interpreted as maximum age es-
timates for these deposits. 

At Los Baños site, the Ti–Li (option D) center ESR yielded an age of 
480 ± 44 ka for unit I1 (Lower package) and ages of 372 ± 29 ka and 
198 ± 16 ka for two beds that have been sampled in unit PII (Upper 
package) in the downthrown block. In the footwall, the sample T- 
BAN1708 yielded a Ti–Li (option D) age of 327 ± 31 ka and a Ti–H 
(option C) of 228 ± 20 ka (Table 3). From a methodological point of 
view, both ages are consistent but geomorphologically, we consider that 
the Ti–Li (option D) center provides a more accurate estimate of the 
burial age of this deposit. Sample T-BAN1708 has been collected 4.6 m 
above the base of the terrace deposit with an upper tufa unit up to 7 m 
thick. This tufa unit has been dated by Gutiérrez et al. (2008) (250 +
32/-25 ka and 213 + 33/-26 ka) and Gutiérrez et al. (2020b) (285.2 ±
14 ka and 228.4 ± 11.4 ka) using U/Th series which is coherent with our 
age of 327 ± 31 ka for the lower detrital unit of this deposit. These re-
sults also suggest that the ages initially proposed by Arlegui et al. (2006) 
(169 ± 10 ka and 116 ± 4 ka) are minimum values with a large deviation 
from the actual ones (Fig. 2 and Table 1). 

At Pitarque site (+60 m terrace), the sample T-PI1713 yielded a Ti–Li 
(option D) age of 307 ± 25 ka and a Ti–H (option C) of 242 ± 20 ka 
(Table 3). As with sample T-BAN1708, both ages are consistent from a 
methodological point of view. Nevertheless, the Ti–Li (option D) yielded 
an age closer to those suggested for Cuesta de la Bajada archeo- 
paleontological site (+55 m terrace) (Duval et al., 2017a; Lisiecki and 
Raymo, 2005; Santonja et al., 2014) and at Los Baños site (+60–66 m 

Fig. 8. Examples of three Dose Response Curves (DRC) obtained in this work. 
All the ESR DRC’s derived from the evaluation of the Al, Ti–Li and Ti–H centers 
are provided in Supplementary Data (SD). 
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terrace) (T-BAN1708, this work), both located in nearby terrace deposits 
of the Alfambra River. The ESR age obtained in the terrace of the Val-
delobos Stream faulted by the Teruel Fault (307 ± 25 ka) is also much 
older than the wide range of numerical ages provided by the UAM 
Luminescence Lab for the same terrace deposit (78.3–46.5 ka; Simón 
et al., 2017, 2012). The latter ages are very difficult to justify consid-
ering that this terrace is perched 60 m above the thalweg, indicating 
extremely high incision rates. 

In the case of Daroca Fault, the age obtained from Ti–H (option C) has 
been considered the best estimate (Fig. 6 and Table 3). Sample T- 
DA1715 yielded a Ti–H age of 329 ± 43 ka and close Al and Ti–Li results 
around 600 ka, all ESR ages are much older than the two OSL ages 
provided by the UAM Luminescence Lab (113 and 119 ka; Table 1) 
(Gutiérrez et al., 2008). The ESR age from the pediment faulted by the 
Munébrega W Fault (241 ± 50 ka) is also much older than that provided 
by the UAM Luminescence Lab for the same pediment (72 ka; Table 1) 
(Gutiérrez et al., 2009). 

5.2. Luminescence dating 

5.2.1. OSL performance 
A dose recovery preheat-plateau test was performed on the three OSL 

samples. Most appropriate preheat temperatures are specified in 
Table 4. Feldspar contamination was tested using IR stimulation and no 
detectable signal was observed. To evaluate the different components of 
the OSL signal, “linearly modulated” OSL (LM-OSL) was performed on 
all the samples. The OSL signal was dominated by the fast component on 
all accounts. The number of aliquots passing the rejection criteria varied 
between 55% and 95% (Table 4 and Fig. 9). Samples T-CO-1711 and T- 
MAT 1714 show low overdispersion (OD) values of 14.4% and 6.9%, 
respectively, both under the 20% threshold. Hence, these samples yiel-
ded CAM DE values of 79.2 ± 2.25 Gy and 102.8 ± 1.7 Gy, respectively 
(Table 4). 

For sample T-BAN-1703, 100% of the aliquots measured by con-
ventional OSL SAR protocol (Table SD4) were close to or above satu-
ration (D0). DE values obtained for these aliquots are beyond the 
saturation limit suggested by (Wintle, 2008b) for reliable application of 
the OSL SAR protocol. Hence, TT-OSL was the method chosen for this 
sample. TT-OSL measures a luminescence signal (Adamiec et al., 2010; 
Chapot et al., 2016; Hernandez et al., 2012) in quartz that saturates at 
much higher radiation doses (up to 4000 Gy) than the traditional OSL 
signal (Porat et al., 2009). The Stevens et al. (2009) TT-OSL protocol 
(Table SD5) was used to measure T-BAN-1703, resulting in a high 
dispersion of the obtained DE values distribution (OD = 42%), sug-
gesting incomplete bleaching of the sediment. Due to slower kinetics of 

the TT-OSL signal, the sample may not have been adequately reset 
during transport and/or deposition. Due to the heterogeneity and 
multi-modal (multiple DE population peaks) behaviour of the DE dis-
tribution, CAM should not be used to calculate the age of this sample. 
Quartz grains with lower paleodoses may be the most suitable ones to 
calculate the true age of the last burial as they may be better bleached. 
Thus, MAM was the selected model to calculate the age of sample 
T-BAN-1703, yielding a DE of 274 ± 33 Gy. Nevertheless, the proportion 
of aliquots when applying the MAM with an assumed sigmab value of 
0.2 is only 10%. The final number of aliquots used for De calculation 
may not be enough. Furthermore, it is difficult to discern at a multi-grain 
level if the MAM isolates aliquots with low TT-OSL lifetimes rather than 
well-bleached aliquots. We assumed that all aliquots were affected 
equally by thermal instability, but this DE value should be handled with 
caution. 

5.2.2. Dose rate evaluation 
Laboratory and in situ γ spectrometry, together with β dose values 

and cosmic dose rate provided environmental dose rate values ranging 
between 990 and 1320 μGy/a (Table 4). Due to the heterogeneity of the 
sampled units, total environmental dose rates derived from laboratory 
HRGS are 13–20% higher than the in situ gamma spectrometry results. 

5.2.3. OSL age estimates 
Final OSL age estimates were calculated using the OSL-derived DE 

values and environmental dose rates values based on in situ and labo-
ratory measurements. 

Samples T-CO-1711 and T-MAT-1714 yielded ages of 59.98 ± 2.49 
ka and 87.08 ± 2.97 ka, respectively (Table 4). They differ significantly 
from the ages previously published (Ezquerro et al., 2014; Gutiérrez 
et al., 2008; Lafuente, 2011; Lafuente et al., 2011; Simón et al., 2016). 
The ages provided by the UAM Luminescence Lab are around 15 ka for 
the unit correspond to sample T-CO-1711 and 12.8–27.6 ka for the 
pediment deposits dated with sample T-MAT-1714. Sample T-BAN-1703 
instead, present an OD value of 42% (very large dispersion of 1700 Gy). 
Hence, DE value for the final age estimation was calculated using the 
Minimum Age Model (Galbraith and Roberts, 2012). This sample pro-
vides an age of 276.86 ± 34.59 ka. Despite using the MAM, this age 
exceeds notoriously the 71.7 ± 5.2 ka from previous studies (Gutiérrez 
et al., 2020b). Dose distributions of the three samples are shown in 
Fig. 9. 

5.3. U/th series dating 

The chronology of the three samples collected at Los Baños site was 

Fig. 9. Luminescence dating results. Multiple-grain equivalent dose (DE) distributions of samples (a) T-BAN-1703 (TT-OSL), (b) T-CO-1711 (OSL) and (c) T-MAT- 
1714 (OSL), displayed as abanico plots (Dietze et al., 2016). N = number of aliquots passing rejection criteria. OD = Overdispersion. MAM = Minimum age model. 
CAM = Central Age Model. 
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derived from the U/Th disequilibrium method. For this purpose, age 
estimation has been calculated using the general equation of radioactive 
decay and the most recent update of radionuclide half-lives (Cheng 
et al., 2013; Ivanovich and Harmon, 1992). Provided that age correc-
tions for detrital contamination are considered mandatory in those 
samples with 230Th/232Th ratios <20 (Martínez-Aguirre et al., 2019; 
Toker, 2017), only slight age corrections were expected for our samples. 
Detrital correction was conducted applying the average crustal 
230Th/232Th atomic ratio of 4.4 ± 2.2 × 10− 6. A summary of the results 
obtained from the three tufa samples is presented in Table 5. 

Since calcareous tufa cannot be considered as closed systems, the 
obtained corrected dating should be treated as rough age estimates. The 
two samples collected from the thick tufa deposit capping the terrace of 
the Alfambra River in the footwall of Concud Fault yielded corrected 
ages of 285.2 ± 14 ka and 228.4 ± 11.4 ka. These age estimates are older 
than those obtained by Arlegui et al. (2006) from the same unit (169 ±
10 ka and 116 ± 4 ka). These authors neither indicate the applied 
analytical technique nor the sample amount range required for each 
determination, and therefore their published ages cannot be comparable 
with the one obtained in our work. The new dates obtained in our 
investigation provide an update of the tufa ages, which compare well 
with those reported by Gutiérrez et al. (2008) (250 + 32/-25 ka and 213 
+ 33/-26 ka) based on a multicollection technique for the isotope ratio 
determinations. 

5.4. Radiocarbon dating 

The radiocarbon samples collected from the two youngest fissure fills 
associated with Concud Fault (FF2 and FF3) have provided calibrated 
age ranges of 2344–2155 cal BP and 7972-7851 cal BP (error margin at 2 
σ), respectively (Fig. 2 and Table 6). These ages are not in correct 
stratigraphic order. Gutiérrez et al. (2020b) indicated that the youngest 
age obtained from fissure FF2 could be related to contamination and that 
the age of FF3 could be a good approximation to the most recent faulting 
event recorded in this exposure. The UAM Luminescence Lab provided 
much older ages for the short-transport colluvial deposits of these fis-
sures (38.6 ± 2.3 ka and 32.1 ± 2.4 ka; Lafuente et al. (2011). The 
radiocarbon age from the colluvium that truncates the fault at Cociero 
site (7589-7486 cal BP) (Fig. 3 and Table 6) is also much younger than 
the OSL age of the UAM Luminescence Lab (14.9 ± 1 ka; Lafuente et al., 
2011). 

6. Discussion 

6.1. Refining the chronology of deposits associated with quaternary faults 
in the central sector of the Iberian Chain 

Neotectonic and paleoseismological studies in the central sector of 
the Iberian Chain have gone through two main eras. In the first period, 
the published work was mainly focused on the identification of faulted 
Pliocene and Quaternary deposits, and the assessment of their 
displacement. The chronology of the Pliocene deposits was based on 
biostratigraphic data (e.g., Mein et al., 1989), whereas the relative age of 
the Quaternary deposits, mainly terraces and mantled pediments, where 
referred to the local morpho-stratigraphic scheme of alluvial levels. 
Traditionally, there was a tendency to identify four terrace levels 

correlative to the Alpine glaciations (e.g., Moissenet, 1985), leading to 
erroneous correlations and offset over-estimates (Gutiérrez et al., 
2020b). More recent studies, based on larger-scale mapping revealed a 
larger number of terrace levels in most fluvial systems (Gutiérrez, 1998; 
Gutiérrez et al., 2020b). In a second era, the application of geochrono-
logical methods provided the opportunity to assess slip rates. Moreover, 
the concept of differentiating surface-faulting events attributable to 
paleoearthquakes was applied for the first time in Gutiérrez et al. 
(2005). This reveals the late commence of paleoseismic studies in the 
Iberian Chain. 

The first slip rate estimates using numerically dated Quaternary 
deposits were provided for Concud Fault at Los Baños site. These slip 
rates were based on U/Th ages from tufa deposits at the footwall and the 
assumption that those deposits are correlative to a tufa layer in the 
downthrown block with markedly different thickness and facies (Arlegui 
et al, 2005, 2006; Simón et al., 2005) (Fig. 2). Subsequently, the number 
of numerical ages increased very rapidly, concurrently with the number 
of paleoseismological investigations aimed at assessing the seismic 
hazard associated with the faults. However, the new ages were TL dat-
ings provided by the now closed commercial UAM Luminescence Lab, 
lacking any cross-checking with other methods or laboratories. These 
geochronological data, together with the inferences derived from them, 
raised serious questions due to a number of inconsistencies difficult to 
conciliate with the regional geomorphological and neotectonic context: 
extremely high fluvial downcutting rates, anomalously high fault-slip 
rates, difficult-to-justify low earthquake recurrences and highly diver-
gent ages for the same terrace or pediment level. The new ages obtained 
by our multi-method dating approach carried out at the CENIEH confirm 
the underestimation of the ages of the UAM Luminescence Lab and allow 
to preliminarily reassess the slip rates of some Quaternary faults in the 
Iberian Chain, a critical parameter for seismic hazard assessment. 

6.1.1. The Concud-Teruel Fault 
At Los Baños site (Fig. 2), two samples from the upper tufa unit of the 

Alfambra river terrace (+60–66m) were dated by U/Th series at 169 ±
10 ka and 116 ± 4 ka (Arlegui et al, 2005, 2006). Gutiérrez et al. (2008) 
published new overlapping U/Th series ages of 250 + 32/-25 ka and 
213 + 33/-26 ka for the tufa unit and suggested than the terrace deposit 
was older that the ages obtained in previous studies. The two samples 
collected from the upper tufa unit in this work have provided minimum 
corrected U/Th series ages of >285 ± 14 ka and 228 ± 11 ka, which are 
consistent with those obtained by Gutiérrez et al. (2008). The ESR 
sample, collected from a sand bed intercalated within the lower detrital 
unit of this terrace, yielded an age estimate of 327 ± 31 ka. In the 
downthrown block, the five ESR, TT-OSL (MAM) and U/Th samples 
collected in this study provided ages between 3 and 6 times older than 
the TL datings previously obtained by the UAM Luminescence Lab for 
the same units (Fig. 2). In the lower package (PI), the unit I1 has been 
dated at 113.6 ± 7.3 ka by the UAM Luminescence Lab while our ESR 
sample yielded an age of 480 ± 44 ka. The tufa layer I3 and the overlying 
fine-grained detrital unit I4 have been dated by U/Th series at >388 ±
10 ka and by TT-OSL at 277 ± 35 ka, respectively. This new TT-OSL age 
estimate is significantly older than the TL age provided by the UAM 
Luminescence Lab (71.7 ± 5.2 ka) (Gutiérrez et al., 2008), although it 
should be taken with caution due to low number of aliquots involved in 
the DE calculation. The three new ages obtained in this work using ESR, 

Table 5 
Measurements and age estimates obtained from the analyzed tufa samples collected at Los Baños site. Values in parenthesis indicate the 2σ uncertainty. Decay 
constants used in the calculations: λ238 = 1.55125x10-10; λ234 = 2.82206x10-6; λ230 = 9.1705x10-6 (from Cheng et al., 2013).  

ID 238U 230Th 230Th/232Th δ234U δ234Uinit 
230Th/238U 230Th 230Th corr 

Sample [μg g− 1] [μg g− 1] x 10− 6 [at/at] [meas] [calc] [Bq/Bq] [yr] [yr] 

T-BA-SU-1 0.746 ± 0.003 0.070 ± 0.003 214 ± 1 244 ± 2.5 546 ± 20 1.210 ± 0.003 337 750 ± 16 900 285 182 ± 14 250 
T-BA-SU-2 0.270 ± 0.003 0.048 ± 0.003 124 ± 1 276 ± 2.5 525 ± 29 1.225 ± 0.003 256 567 ± 12 828 228 432 ± 11 425 
T-BA-SU-3 0.688 ± 0.001 0.154 ± 0.003 97 ± 2 262 ± 2.3 782 ± 2 1.324 ± 0.003 391 527 ± 9450 387 754 ± 9526  
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TT-OSL and U–Th for the Lower Package (PI) are consistent with each 
other and with the geological context suggesting that the lower package 
of the downthrown block is not correlative and is much older than the 
footwall terrace (Gutiérrez et al., 2020b). 

In the upper package (PII), the new samples collected yielded ESR 
ages (372 ± 29 ka and 198 ± 16 ka) much older than the corresponding 
previous TL ages (64.2 ± 4.4 ka and 62.4 ± 6.6 ka, respectively). 
However, the two radiocarbon samples collected from the youngest 
fissure fills (FF2 and FF3) made up of short-transport deposits have 
yielded ages of 2344–2155 cal BP and 7942–7851 cal BP, much younger 
than the corresponding previous TL ages (38.6 ± 2.3 ka and 32.1 ± 2.4 
ka, respectively). The reverse order of these radiocarbon ages is attrib-
uted to contamination in the intermediate fissure FF2. 

At Cociero site, located 1.1 km SSE of Los Baños site, we obtained an 
OSL age four times higher (60 ± 2 ka) than those obtained by the UAM 
Luminescence Lab (15.0 ± 0.9 ka and 15.6 ± 1.3 ka) for the upper fine- 
grained unit of the terrace (Gutiérrez et al., 2008; Lafuente et al., 2011). 
As in the case of Los Baños site, the new radiocarbon age obtained from 
the non-deformed and poorly sorted colluvium that truncates the fault 
(7589–7486 cal BP) is younger than the TL age provided by the UAM 
Luminescence Lab (14.9 ± 1.0 ka). 

At Mataueta site, located around 300 m north of the Cociero site, 
Ezquerro et al. (2014) investigated a trench in a mantled pediment and 
published ten TL ages from the UAM Luminescence Lab ranging between 
12.8 and 27.6 ka. According to Ezquerro et al. (2014) the ages derived 
from samples collected at both sides of the fault exposed in the trench 
lack consistency. The authors decided to use the six ages obtained from 
the downthrown block arguing a rejuvenation of the TL ages from the 
footwall related to erosion and reworking processes. The new OSL 
sample collected in this work yielded an age significantly older (87 ± 3 
ka) than the ten ages provided by the UAM Luminescence Lab for the 
same pediment deposit. In addition, this new OSL age is consistent with 
our OSL age obtained for the terrace deposits exposed at the Cociero site 
(60 ± 2 ka), which corresponds to a younger morpho-stratigraphic unit. 

At Pitarque site, Simón et al. (2017) investigated two trenches dug in 
a terrace of the Valdelobos Stream perched around 60 m above the 
current channel. These authors published six TL ages from this terrace 
provided by the UAM Luminescence Lab, ranging from 78.3 to 46.5 ka, 
and decided to use the youngest one for the estimation of slip rates. The 
new ESR sample collected from a sand bed intercalated within the same 
terrace has yielded an age of 307 ± 25 ka. The ages estimated by the 
UAM Luminescence Lab (Simón et al., 2017) are incongruously young 
compared to those obtained from nearby terraces of the Alfambra River 
at similar heights above the current channel. For instance, the +60–66 m 
terrace deposit at Los Baños site has been dated in this work by ESR at 
327 ± 31 ka, while the Cuesta de la Bajada archeo-paleontological site, 
located in a +55 m terrace would be correlated to either MIS 7 or 9 (i.e., 
243–337 ka; (Lisiecki and Raymo, 2005). This chronology has been 
established using a combination of OSL (293 ± 24 ka, 264 ± 22 ka and 
281 ± 32 ka), ESR (350 ± 49 ka and 264 ± 42 ka) and Amino Acid 
Racemization (AAR) (431 ± 44 ka) dating (Duval et al., 2017a; Santonja 
et al., 2014). 

6.1.2. The Daroca Fault 
The Daroca Fault clearly ruptures a mantled pediment deposit in a 

quarry located 1.5 km south of Daroca town. This unit was dated by the 
UAM Luminescence Lab at 118.7 ± 16.2 ka and 112.8 ± 9.1 ka 
(Gutiérrez et al., 2008). However, the new sample collected from the 
same unit in this work has yielded a much older ESR age of 329 ± 43 ka. 

6.1.3. The munébrega W fault 
Gutiérrez et al. (2009) investigated a trench excavated across a 6–7 

m high upslope-facing scarp generated by the Munébrega W Fault on a 
mantled pediment, with merges with a terrace of the Jalón River situ-
ated 45 m above the thalweg. These authors published various ages 
provided by the UAM Luminescence Lab from different units accumu-
lated in the sediment trap associated with the antislope scarp (41, 32, 19 
and 10 ka) and from the pre-deformation mantled pediment (71.8 ± 5.5 
ka). A new sample collected from this pediment deposit has yielded a 
much older ESR age estimate of 241 ± 50 ka. 

6.2. How reliable are the ages of the UAM luminescence lab? 

The previous ages estimated by the UAM Luminescence Lab at the 
Concud-Teruel (Los Baños, Pitarque, Cociero and Mataueta sites), 
Daroca and Munébrega W faults show two clear trends. First, they are 
systematically 6–3 times younger than the new ESR-OSL-U/Th ages 
obtained in this work. The only exception are the new radiocarbon ages 
that are younger than the previous TL ages, all of them derived from 
colluvial facies, including two fissure fills. Second, they show an 
anomalous concentration around 46 ± 29 ka (mean ± 1sd). This tem-
poral clustering is obtained considering all the TL ages from the UAM 
Luminescence Lab published in studies on faults of the Iberian Chain 
(Fig. 10). The application of a TL protocol used for dating ceramics 
instead of luminescence dating methods specific from sediments could 
explain the systematic large deviation that exists between the ages 
provided by the UAM Luminescence Lab and the more consistent ones 
presented in this work (See Section 3.1. and Table SD1 in Supple-
mentary Data). Overall, the new ages presented in this paper have a 
more scattered temporal distribution coherent with the diverse mor-
phostratigraphic position of the sampled units, and strongly suggest that 
the UAM Luminescence Lab significantly underestimate the age of the 
deposits (Fig. 10). 

The main problem we faced when carrying out this work was the lack 
of information about the analyses performed by the UAM Luminescence 
Laboratory. Simple publication of dates alone is quite inadequate. To 
assess whether the ages are meaningful, reports from specialized lumi-
nescence laboratories and, most importantly, scientific publications 
including those ages should provide sufficient information on the 
following aspects, at least as freely accessible supplementary data 
(Duller, 2008; Duval et al., 2017b): (1) sample details such as a brief 
description of the sampling technique, photographs showing sampling 
locations, the depth below the current ground surface or stratigraphic 
and contextual relationships (Moreno et al., 2017; Nelson et al., 2015); 
(2) laboratory procedures used to prepare samples, the equipment used 
to make measurements or the details of rejection criteria undertaken; (3) 
the methods used for dose rate measurements, differentiating clearly 
between in situ and laboratory measurements; (4) graphs showing ex-
amples of the luminescence signal measured, tables of results including 
sampling depth, water content values, grain size, U, Th and K contents, 

Table 6 
Radiocarbon samples dated by accelerator mass spectrometry. Sample code, laboratory number provided by Beta Analytic, material, conventional ages and calibrated 
ages with error margins of 1σ and 2σ calculated using the high probability density range method (BetaCal3.21) and the database Intcal13 (Reimer et al., 2013).  

Code Laboratory number Material Conventional age14C (yr BP) Calibrated age (1σ) (yr BP) Calibrated age (2σ) (yr BP) 

T-CO-1712 Beta - 512900 organic sediment 6670 ± 30 7542 - 7512 (41.6%) 
7578–7558 (26.6%) 

7589–7486 (95.4%) 

T-BAN-1707 Beta – 471194 organic sediment 2250 ± 30 2239–2181 (43.7%) 
2333–2304 (24.5%) 

2270–2155 (64.1%) 
2344–2296 (31.3%) 

T-BAN-1706 Beta - 471193 organic sediment 7090 ± 30 7959–7927 (41.5%) 
7895 - 7871 (26.7%) 

7972–7851 (95.4%)  
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equivalent doses (DE), dose rate (D) etc, (Duller, 2008; Duval et al., 
2017b; Wintle and Huntley, 1982). As far as we know, none of these 
aspects have been published or provided by the commercial UAM 
Luminescence Lab in their reports (Gutiérrez et al., 2008; Lafuente et al, 
2011, 2014; Martín-Bello et al., 2014; Simón et al, 2012, 2016, 2017). 

Considering all these issues, we seriously question the reliability of 
the ages provided by the UAM Luminescence Lab. Even though they 
mention calculating OSL ages in several published papers, optical 
stimulation was never applied to their samples, and as mentioned in 
Section 3.1., the TL “fine grain” method (Zimmerman, 1971) was sys-
tematically performed. As we have explained in Section 6.1., the pro-
posed lack of validity of the TL ages of the UAM Luminescence Lab is also 
supported by a number of inconsistencies and anomalous parameters 
derived from them. Thus, the UAM Luminescence Lab ages published 
and used by many authors from multiple research fields during the last 
two decades in Spain cannot be properly validated and all previous 
published ages should be considered with caution. 

6.3. Geomorphological and seismic hazard implications 

The fact that the new ages obtained by different methods (ESR, OSL, 
U/Th) for Quaternary terraces and pediments associated with active 
faults are 3–6 times older than the previous and questionable ages of the 
UAM Luminescence Lab, has important implications for landscape- 
evolution studies and seismic hazard assessments. The new ages 
strength the need of abandoning old and simplified morphostratigraphic 
schemes based on 3–4 alluvial levels, and the importance of producing 
new geomorphological maps including complete terrace and pediment 
morphosequences. This is essential for avoiding misleading correlations, 
potentially resulting in erroneous displacement estimates, and for pre-
venting chronological contradictions. For instance, Simón et al. (2017; 
Table 1), differentiates four terrace levels in the Alfambra-Turia fluvial 
system, but the two intermediate terraces are split into 2–3 sublevels. 
Moreover, the faulted terrace sublevel at Pitarque site has received 

difficult-to-conciliate ages from the UAM Luminescence Lab of 90.5 ka, 
76 ka, and 78.3–46.5 ka, but the authors decide to use the youngest one 
for estimating a slip rate for the Teruel Fault (Simón et al., 2017 and 
references therein). An ESR age of 307 ± 25 ka has been obtained for 
that terrace at Pitarque site in this work, and detailed mapping pre-
sented in Gutiérrez et al. (2020b) reveals that it is not a terrace of the 
Turia River, but of a tributary stream, which shows a sequence of eight 
terrace levels. 

As discussed in Gutiérrez et al. (2020b), the young TL ages of terrace 
deposits provided by the UAM Luminescence Lab implicitly indicate 
anomalously high fluvial downcutting rates above 0.5 mm/a, with 
difficult-to-justify extreme values as high as 1.3 mm/a (e.g. terrace at 
Pitarque site). These values are not consistent with numerous studies 
conducted in central and eastern Spain that provide long-term incision 
rates below 0.2 mm/a for multiple fluvial systems and using various 
methods (Benito-Calvo et al, 1998, 2018; Giachetta et al., 2015; Moreno 
et al., 2012; Ortiz et al., 2009; Sancho et al., 2016; Silva et al., 2017). 
The new ages, although limited and obtained from deformed deposits 
that have experienced some post-sedimentary vertical displacement, 
indicate downcutting rates within the range of 0.1–0.3 mm/a, consistent 
with the specific literature on the subject (Gutiérrez et al., 2020b). 

Some of the main parameters used to characterize fault sources in 
probabilistic seismic hazard analyses rely upon geochronological data: 
slip rates, number and timing of paleoearthquakes, including the MRE, 
and earthquake recurrence. Obviously, the data derived from the TL 
ages of the UAM Luminescence Lab have questionable validity and most 
probably result in significant hazard overestimates, given that they 
correspond to minimum ages far from the actual ones. This is supported 
by cross-checking those hazard parameters with various types of data 
independent from the ages of the UAM Luminescence Lab. As discussed 
in Gutiérrez et al. (2020b), the long-term slip rates estimated using the 
TL ages of the UAM Luminescence Lab, with values as high as 0.29 mm/a 
(e.g., Concud Fault; Simón et al., 2016), are significantly higher than: (1) 
those calculated for the same faults using Pliocene limestones (≤0.1 

Fig. 10. Ages obtained in this work at the CENIEH’s Geochronology laboratories (red squares) versus the 55 previously published UAM Luminescence Lab ages (cyan 
circles) from different sites associated with the Concud-Teruel, Calamocha, Daroca and Munébrega W Faults in the central sector of the Iberian Chain. (A) Frequency 
density histograms and density plot of the ages represented in B. The 500 ka time period is divided into 30 equal bins. UAM Luminescence Lab ages are depicted with 
dashed lines. (B) Scatterplot showing that the ages of the UAM Luminescence Lab are systematically younger than those of the CENIEH and are concentrated at 
around 46 ± 29 ka (mean ± 1σ; cyan horizontal dashed line). Dating methods are represented as labels in the CENIEH’s ages. (C) Scatterplot representing new 
CENIEH ages versus previous TL ages of the UAM Luminescence Lab for the same stratigraphic unit. BA: Los Baños (Gutiérrez et al., 2008; Lafuente et al, 2010, 2011); 
CO: Cociero (Gutiérrez et al., 2008; Lafuente et al, 2011, 2014); PI: Pitarque (Simón et al, 2012, 2017); HO: Hocino (Lafuente et al, 2010, 2014); MA: Mataueta 
(Ezquerro et al., 2014; Simón et al., 2016); VA: Valdelobos (Simón et al, 2012, 2017); DA: Daroca (Gutiérrez et al, 2008, 2020a); CA: Calamocha (Martín-Bello et al., 
2014); MU: Munébrega (Gutiérrez et al., 2009). 
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mm/a); (2) the slip rates estimated for some Quaternary faults in the 
Iberian Chain using radiocarbon ages (0.05–0.07 mm/a in Rubielos de la 
Cérida Fault; Gutiérrez et al., 2008) or recent OSL ages from a 
non-commercial lab (0.05 mm/a in Valdecebro Fault (Simón et al., 
2019); and (3) the slip rates estimated for normal faults in the Catalan 
Coastal Ranges in NE Spain, related to the same geotectonic mechanism 
(i.e., post-orogenic extension on the western margin of the Valencia 
Trough; Perea et al., 2012). A similar discrepancy is observed in this 
latter region, where most of the faults have slip rates below 0.1 mm/a 
(Perea et al., 2012), with only one outlier (0.26–0.3 mm/a; Torreblanca 
Fault), which corresponds to the only fault characterized using 
geochronological data from the UAM Luminescence Lab (Simón et al., 
2013). In contrast, slip rates estimated for the different faults (Gutiérrez 
et al., 2020b) with the new geochronological data presented in this work 
indicate slip rates 6.6–2.7 times lower than those derived from the ages 
of the UAM Luminescence Lab, and consistent with the published 
literature independent of those questionable TL ages (See further dis-
cussion in Gutiérrez et al., 2020b). 

The debatable reliability of the TL ages from the UAM Luminescence 
Lab also generates serious concerns about the validity of the paleo-
seismic histories inferred for some faults from multiple trenches, and the 
hazard parameters derived from their integration. The numerical ages 
provide the basis for correlating/differentiating paleoearthquakes, 
establishing the paleoseismic history, bracketing the age of the events, 
and estimating average earthquake recurrence. The societal impact of 
the estimates derived from the ages of the UAM Luminescence Lab is 
illustrated by a seismic hazard analysis which induced the stoppage and 
re-design of the construction of the Hospital of Teruel in the vicinity of 
Concud Fault. This hazard analysis incorporated as seismic sources 
(Simón et al., 2016): (1) an earthquake catalog from a relatively large 
area (ca. 75 × 75 km), without applying attenuation laws; and (2) the 
Concud Fault as the control fault source, considering that it has expe-
rienced 11 surface faulting events since 74 ka (average recurrence 7–8 
ka), with the MRE constrained at 12.8–3.4 ka, and a slip rate of 0.29 
mm/a. However, the new ages strongly suggest that the Concud Fault 
has a much lower seismogenic potential, with significantly higher slip 
rate and recurrence (Gutiérrez et al., 2020b). 

7. Conclusions 

The multi-method dating approach applied to Quaternary deposits 
associated with active faults in the central sector of the Iberian Chain 
(NE Spain), has provided a new set of numerical ages for assessing the 
validity of the ages previously obtained by the commercial UAM 
Luminescence Lab. The new ages strongly challenge the reliability of the 
previous geochronological data and provide a preliminary basis for re- 
assessing the previously overestimated slip rate of the faults and the 
long-term incision rates of the fluvial systems. The main conclusions of 
this investigation can be summarized as follows: 

1) The new ESR, OSL and U/Th numerical ages obtained by the CEN-
IEH’s Geochronology Laboratory are systematically 6 to 3 times 
older than the previous ones provided by the UAM Luminescence 
Lab. The latter show an anomalous concentration around 46 ± 29 ka 
(mean ± 1sd). Very few details of the methodology applied by the 
UAM Luminescence Lab have been published. However, although 
they used to deliver succinct reports indicating the calculation of OSL 
ages, optical stimulation was never applied to their samples. It ap-
pears that this laboratory used the TL “fine grain” method (Zim-
merman, 1971) for sediments just as it was used for pottery. This 
could explain the systematically large deviation between the anom-
alously young ages provided by the UAM Luminescence Lab and the 
more consistent ones presented in this work.  

2) The reliability of the ages provided by the UAM Luminescence Lab is 
seriously questioned. The lack of information on important aspects 
such as the sampling technique, laboratory sample preparation 

procedures, equipment used to make measurements, details on 
rejection criteria, methods applied to calculate the dose rate, and 
graphs or tables of results, prevents the evaluation of the technique 
applied and the ages obtained. Thus, previous ages from the UAM 
Luminescence Lab used by many authors to make interpretations on 
various geological and archaeological issues during the last two de-
cades in Spain cannot be properly validated and should be consid-
ered with caution.  

3) The use of unreliable ages for the characterization of fault sources in 
the central sector of the Iberian Chain has led to erroneous seismic 
hazard assessments with significant societal and economic impact, 
such as those that induced the interruption of the construction of a 
new hospital in Teruel city (Simón et al., 2016). Hopefully, the new 
data will contribute to alert about the need for new geochronological 
studies and hazard assessments.  

4) The multi-dating approach has demonstrated its potential to cross- 
checking the validity of the available numerical ages, to identify 
systematic biases and to take decisions about anomalous ages. This 
work has also highlighted the need to review the ages of other lo-
cations in the region, ideally using this approach, to refine the 
chronology of Quaternary studies and hazard analyses. 
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bassin de Teruel. Paleontologia i Evolució 23, 121–139. 
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González, A., Falguères, C., 2019. ESR dating of Middle Pleistocene archaeo- 
paleontological sites from the Manzanares and Jarama river valleys (Madrid basin, 
Spain). Quat. Int. 520, 23–38. https://doi.org/10.1016/j.quaint.2017.09.003. 
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Sesé, C., Soto, E., Arnold, L.J., Duval, M., Demuro, M., Ortiz, J.E., de Torres, T., 
Mercier, N., Barba, R., Yravedra, J., 2014. The Middle paleolithic site of Cuesta de la 
Bajada (Teruel, Spain): a perspective on the acheulean and Middle paleolithic 

technocomplexes in europe. J. Archaeol. Sci. 49, 556–571. https://doi.org/10.1016/ 
j.jas.2014.06.003. 
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Simón, J.L., Pérez-Cueva, A.J., Calvo Cases, A., 2013. Tectonic beheading of fluvial 
valleys in the Maestrat grabens (eastern Spain): insights into slip rates of Pleistocene 
extensional faults. Tectonophysics 593, 73–84. https://doi.org/10.1016/j. 
tecto.2013.02.026. 

Sowers, J.M., Noller, J.S., Lettis, W.R. (Eds.), 1998. Dating and Earthquakes: Review of 
Quaternary Geochronology and its Application to Paleoseismology (Washington, D. 
C).  

Stevens, T., Buylaert, J.-P., Murray, A.S., 2009. Towards development of a broadly- 
applicable SAR TT-OSL dating protocol for quartz. Radiat. Meas. 44, 639–645. 
https://doi.org/10.1016/j.radmeas.2009.02.015. 

Streig, A.R., Weldon II, R.J., Biasi, G., Dawson, T.E., Gavin, D.G., Guilderson, T.P., 2020. 
New insights into paleoseismic age models on the northern san Andreas Fault: 
charcoal inbuilt ages and updated earthquake correlations. Bull. Seismol. Soc. Am. 
XX, 1–13. https://doi.org/10.1785/0120190307. 

Stuiver, M., Polach, H.A., 1977. Discussion reporting of 14C data. Radiocarbon 19, 
355–363. https://doi.org/10.1017/S0033822200003672. 

Tissoux, H., Falguères, C., Voinchet, P., Toyoda, S., Bahain, J.J., Despriée, J., 2007. 
Potential use of Ti-center in ESR dating of fluvial sediment. Quat. Geochronol. 2, 
367–372. https://doi.org/10.1016/j.quageo.2006.04.006. 

Toker, E., 2017. Quaternary fluvial tufas of Sarıkavak area, southwestern Turkey: facies 
and depositional systems. Quat. Int. 437, 37–50. https://doi.org/10.1016/j. 
quaint.2016.06.034. 

Toyoda, S., Falguères, C., 2003. The method to represent the ESR signal intensity of the 
aluminium hole center in quartz for the purpose of dating. Adv. ESR Appl. 20, 7–10. 

Toyoda, S., Voinchet, P., Falguères, C., Dolo, J.M., Laurent, M., 2000. Bleaching of ESR 
signals by the sunlight: a laboratory experiment for establishing the ESR dating of 
sediments. Appl. Radiat. Isot. 52, 1357–1362. https://doi.org/10.1016/S0969-8043 
(00)00095-6. 

Vandenberghe, D., De Corte, F., Buylaert, J.-P., Kučera, J., Van den haute, P., 2008. On 
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