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Electron spin resonance (ESR) dating of optically bleached quartz grains was performed on three sediment samples collected from the Middle Palaeolithic site of Cuesta de la Bajada (Spain). A standard multiple grain and multiple aliquot
additive dose procedure was employed, and both the Al and Ti centres were measured as part of the multiple centres approach.
ESR age estimates obtained for the three samples indicate that the Al centre provides a maximum possible chronology; use of the Ti centres show that the Al signal was likely not systematically reset to its residual level during sediment
transportation. A direct comparison between ESR ages based on the Ti centres and single grain optically stimulated luminescence (OSL) ages from samples collected nearby shows broadly consistent results. The Ti-H centre also appears to
provide suitable chronologies for at least two of the three Middle Pleistocene samples studied here. Surprisingly, the only
sample showing consistent ESR ages between the Al and Ti centres appears to be overestimated in comparison with the
Ti-centre and OSL ages derived from the other two samples. This indicates either incomplete bleaching of both the Al
and Ti centres for this sample, or unexpected impacts of other sources of De uncertainty, such as multi-grain averaging
effects. The ESR dating results overall indicate that the archaeological sequence of Cuesta de la Bajada CB-3 is most
likely correlated to either MIS 7 or 9.
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1. Introduction
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First proposed by Toyoda et al. (2000), the “Multiple Centres”
(MC) approach has undoubtedly been a major breakthrough in the development of the Electron Spin Resonance (ESR) dating method applied to optically bleached quartz grains. Though the few works involving the simultaneous dating of both Al and Ti centres have provided very encouraging results (e.g. Burdette et al., 2013; Tissoux et
al., 2007, 2008; Rink et al., 2007), many ESR dating studies remain
nevertheless focused on the analysis of a single centre (e.g. Voinchet
et al., 2013; Liu et al., 2013). Duval et al. (2015a, 2015b) recently
highlighted the importance of using the MC approach to date Early
Pleistocene fluvial deposits, by providing the first numerical ages
for the highest terrace deposits of the Alcanadre River in the Ebro
basin (Spain). Building on these promising results, it is now crucial
to further test the MC approach on late Middle Pleistocene deposits,
where comparative age control could be provided by another numerical dating method. For this purpose, optically stimulated luminescence
(OSL) is undoubtedly the best candidate; both OSL and ESR dating
may be applied to the same material (quartz grains) and both methods
date the same resetting event (i.e. the last sunlight exposure), thereby
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minimising the potential bias that may arise from the use of different dating approaches. So far, these methods have rarely been subject
to cross comparisons at the same locality. OSL is usually employed
for deposits whose chronology does not exceed the late Middle Pleistocene time range (200–300 ka), while ESR is primarily used to date
much older deposits, given the higher radiation saturation thresholds
of the signals (e.g. Cordier et al., 2012). Only a few ESR/OSL comparison studies have been published, and the results have been largely
inconclusive. For example, the chronology of the deposits analysed
by Burdette et al. (2013) was beyond the applicability of OSL dating,
while Tissoux et al. (2010) were not able to derive reliable ESR results. In contrast, Beerten et al. (2006) showed that analysis of the Ti
centres using a Multiple Aliquot Regenerative dose (MAR) method
could provide somewhat consistent results with Single Aliquot Regenerative dose (SAR) OSL dating. However, in this specific case the Al
centre was not measured as part of a MC approach.
In this context, the Middle Pleistocene archaeological site of
Cuesta de la Bajada (Spain) provides a useful opportunity for independently and thoroughly testing standard ESR and OSL procedures, as
well as for assessing new approaches in both palaeodosimetric methods. We have undertaken a combined ESR-OSL dating study of this
site using closely paired sediment samples. The present work presents the details of the ESR dating study, whose initial results have
been partly summarised in Santonja et al. (2014); while the companion paper by Arnold et al. (2016) focuses on the OSL dating results
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2.1. Optical bleaching characteristics of Al and Ti centres

UN
CO
R

RE

CT
ED

In order to evaluate the bleaching kinetics of each centre in different quartz samples, we first carried out a laboratory bleaching experiment with a UVACUBE 400 (Dr Honle) sunlight simulator connected
to a SOL 500 unit and equipped with a S lamp that reproduces the sunlight spectrum. A H2 filter was also added in order to remove UVC
rays, as Tissoux et al. (2007) previously showed that the decrease of
the ESR signal for both Al and Ti centres was mostly due to UVA
and UVB. The manufacturer specification indicates that illumination
intensity is about 7 times greater than natural daylight (commercial
information available at http://www.eleco-produits.fr/fileadmin/flyer/
SoSi__sun_simulation__A4_e.pdf). Two quartz samples (FN1001 and
MOR1101) from very different sedimentary environments were selected: MOR1101 was collected from the Middle Pleistocene fluvial deposits at Morée-Villeprovert, France (Despriée et al., 2011),
while FN1001 was sampled within the Early Pleistocene

F

2. ESR dating of optically bleached quartz grains

fluvio-lacustrine sediment of Fuente Nueva-3 site, Spain (Duval et al.,
2012). These two samples were divided into 26 aliquots and laboratory bleached for up to 1176 h. The depletion of the ESR intensities
for both the Al and Ti centres (Ti-H, option C and Ti-Li, option E; see
further details in Section 4) was assessed over repeated measurements
of each aliquot and the results are shown in Fig. 1.
As expected, our results show that the paramagnetic centres have
very different bleaching kinetics. The Al signal reaches a plateau at
around 860 h of illumination for both samples, i.e. an equivalent of
>8 months of natural continuous illumination. The residual ESR intensity represents 81% and 52% of the natural ESR intensity for samples
FN1001 and MOR1101, respectively. Such a difference is not surprising as the magnitude of the bleachable ESR signal component (defined
as the relative difference between the intensity of the natural aliquot
and that of the bleached one) is known to be sample dependent, although the values are usually quite homogeneous for samples from a
given site (see examples in Duval, 2008; Tissoux et al., 2012). For example, at Cuesta de la Bajada, this parameter varies within a very narrow range of between 54.3% and 56.5% (Table 1).
In contrast to the Al-centre, the Ti-H signal is much more light
sensitive and is fully reset in only a few hours, i.e. <4 h for sample MOR1101 and<1/2 h for FN1001, which roughly correspond to
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and the potential to obtain extended-range OSL chronologies using
quartz ‘supergrains’.
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Fig. 1. Evolution of the intensity of the ESR (Al, Ti-H and Ti-Li centres), OSL and TT-OSL signals under UV light exposure. Bleaching experiments were carried out with a SOL500
(Dr Hönle) sunlight simulator. Further details about the experimental setup may be found in the text. All intensities have been normalised to that of the corresponding natural aliquot.
Three samples were analysed: MOR1101 from Morée-Villeprovert, France (Despriée et al., 2011), FN1001 from Fuente Nueva-3, Spain (Duval et al., 2012) and ATG 10-2 from
Atapuerca Galería, Spain (Demuro et al., 2014). ESR Intensity errors represent experimental uncertainty (1 standard deviation) derived from a series of repeated measurements, while
OSL and TT-OSL intensity errors are based on counting statistics (following Galbraith, 2002) and curve fitting uncertainties. Colours are available on the pdf version of the paper.
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Table 1
Summary of the main features usually observed for the signals of the three paramagnetic centres (Al, Ti-Li and Ti-H) in a given sample (from Rixhon et al., 2016). Based
on the authors' experience, relative characterisation is provided (although some samples
may sometimes show different features): (+++) = high, (++) = medium, (+) = low.

+++

++

+

+++

++

+

No apparent
saturation at
high doses
(>60 kGy)
+

Non-monotonic
Non-monotonic
behaviour
behaviour
(maximum intensity (maximum intensity
∼6–10 kGy)
∼3–8 kGy)
++
+++

Yes

No
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Ti-H centre

No
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<28 h and <3.5 h of natural sunlight, respectively. By comparison,
the Ti-Li centre (option E, Duval and Guilarte, 2015) shows slower
bleaching kinetics and full resetting is achieved by<50 h for
MOR1101 and<23 h for FN1001, i.e. approximately <14.6 days and
<6.7 days of natural sunlight. These results indicate that the bleaching
kinetics of a given Ti centre may vary by a factor of >2 depending on
the sample considered, thus illustrating the existing variability in natural quartz samples.
To summarise, the two samples show the same trend in terms of
bleaching kinetics, with the Al and Ti-H centres being the least and
most light sensitive, respectively, and the Ti-Li yielding intermediary
bleaching rates. These relative differences are consistent with those
previously obtained by Tissoux et al. (2007) and Toyoda et al. (2000),
even though their absolute bleaching rates cannot be directly compared with our data given differences in the experimental setup (see
also Voinchet et al. (2003) and Walther and Zilles (1994) for comparison).
In order to compare the bleaching kinetics of the luminescence and
ESR signals, an additional experiment was carried out using the same
solar simulator setup: a series of 800-grain aliquots of ATG10-3 sample from Atapuerca Galería site, Spain (Demuro et al., 2014; Arnold et
al., 2015), were bleached over increasing time periods of up to 120 h
(n = 3 aliquots per time period). OSL and thermally transferred OSL
(TT-OSL) signals were measured after each bleaching period using
the instrumentation outlined in the companion paper (Arnold et al.,
2016) and the multi-grain SAR TT-OSL procedure outlined by Arnold
et al. (2013).
As expected, the OSL signal is optically depleted at a significantly
faster rate than the ESR signals (Fig. 1): about 99% of the natural signal intensity is reset after only 10 min. In comparison, the TT-OSL
signal shows a similar bleaching rate to that of the Ti-H signal in the
first 1.5 h. Thereafter, the TT-OSL bleaching rate is more akin to that
of the Ti-Li or the Al centre. After 120 h of UV-exposure, about 4%
of the average natural TT-OSL signal intensity is still present in this
quartz sample. However, the TT-OSL signal of one of the three measured aliquots was fully reset after 120 h of simulated daylight exposure. Complete resetting of the TT-OSL signal is therefore possible
for at least some aliquots of sample ATG10-3. It is difficult to know
from these data whether the average TT-OSL signal intensity of all
measured aliquots would be completely zeroed after more extended
bleaching periods (beyond 120 h).
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Bleaching kinetics
(speed)
Residual ESR
intensity
(unbleachable
component)

Ti-Li centre

In this context, it is worth mentioning that a previous bleaching experiment performed on multiple grain aliquots from Huescar-1, Spain
(Demuro et al., 2015), showed a TT-OSL residual intensity of 12%
after 19 weeks of exposure to natural sunlight (see also discussion
Section 4.2. in Demuro et al., 2015) . In contrast, a number of modern analogue and known age studies have shown that TT-OSL signals
can be fully reset under natural conditions or at least bleached down
to very low residuals (on the order of a few Gy or tens of Gy) under prolonged daylight exposure (e.g., Arnold et al., 2014, 2015). Single-grain TT-OSL studies have also revealed that multi-grain TT-OSL
signals may be dominated by grains with unfavourable TT-OSL behaviours or that apparent TT-OSL age offsets and artificial residual
doses may result from multi-grain averaging effects (Arnold et al.,
2015; Arnold and Demuro, 2015). These complications should therefore be taken into consideration when interpreting TT-OSL bleaching
rates from multi-grain aliquot solar simulator experiments.
Since single grain ESR dating is currently impractical on a routine
basis (Beerten and Stesmans, 2006), the present comparisons focus on
the multi-grain scale of analysis. The results in Fig. 1 suggest that the
signals of the Ti-H and Ti-Li centres are zeroed at a faster or similar rate in comparison with the multi-grain TT-OSL signal. However,
the potential for inter-sample variability in bleaching rates (as evident in Fig. 1) means it would be worthwhile confirming these pattern
on other samples, and carrying out parallel ESR, OSL and TT-OSL
bleaching comparisons on exactly the same samples.
Given the estimated time necessary to reset the ESR signals, especially for the Al centre (>8 months of natural continuous illumination),
one may reasonably question whether adequate bleaching can be realistically achieved during transportation in natural conditions. Empirical data show that this is possible, at least for some sites. For example,
Voinchet et al. (2007) collected several modern sand samples along
a downstream profile of the Creuse River (France), and showed that
the Ti signals had been fully bleached and the Al signals had been reset down to their unbleachable residuals in less than 2.5 km of fluvial
transport. Additionally, the ESR dating study of Vallparadís (Spain)
yielded Al centre ESR ages that were consistent with independent age
control spanning 0.78 and 0.99 Ma (Duval et al., 2015a,b), thus indirectly supporting adequate resetting of the bleachable Al signal component prior to burial.
In assessing the likelihood of ESR quartz bleaching in nature, it
may also be important to exert caution when converting solar simulator bleaching times into equivalent hours of natural sunlight exposure, simply because laboratory bleaching conditions are quite different from natural conditions. For instance, most bleaching experiments
are carried out on prepared (purified, etched and well-sorted) quartz
samples as opposed to polymineral, unsorted grain mixtures with surface coatings. Natural optical bleaching rates of quartz samples will
also be influenced by factors such as the altitude (e.g. Gao et al.,
2009), latitudinal variations in UV intensities, cloud cover, transport
medium, and depth below water surface. In addition, Liu and Grün
(2011) recently showed that mechanical processes of surface abrasion
may eventually lead to some ESR signal resetting as well.
In conclusion, our laboratory bleaching experiments provide some
useful information about the relative differences in bleaching sensitivity for each centre but any further extrapolation regarding the broader
reliability of ESR dating results would be speculative, as there are
most likely several underlying phenomena involved in the bleaching
processes that are poorly represented in the laboratory. Additionally,
as with OSL and TT-OSL dating, multi-grain averaging effect might
have a non-negligible impact on our data; although this remains difficult to quantify for ESR dating signals.
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The significant difference in bleaching rates between the Al and
Ti centres led Toyoda et al. (2000) to first propose the MC approach.
This method is based on the assumption that all the centres measured
in a given quartz sample should theoretically provide similar dose estimates. Hence, if the Al centre yields a significantly higher De value,
then this is most likely due to incomplete bleaching of this signal (i.e.
the signal was not reset to its residual, unbleachable intensity). Irrespective, the slow bleaching kinetics of the Al signal mean that this
centre should be considered by default to only provide maximum possible age estimates; i.e., the true age of the deposits is taken as being
either similar to, or younger than, the measured ESR age. If the Ti age
estimate is significantly younger than its Al equivalent, then the former should be considered as a best estimation of the chronology of the
deposits (Duval et al., 2015a,b).
Some authors have recently suggested that the consistency of the
DE values derived from each centre may be used as a criterion for considering an ESR age estimate as accurate (Rink et al., 2007). However,
such generalisations have recently been shown to be invalid by Duval
et al. (2015a, 2015b), since other sources of uncertainties may contribute to the age calculations; particularly for the dose rate evaluation,
which may strongly impact the accuracy of the final dating results.
Given the major advantage offered by the Ti centres in terms of
bleaching kinetics, one may reasonably question the interest of measuring the Al signal. However, the two centres offer useful, complementary properties for dating purposes (see an overview in Table
1). Since aluminum is the most abundant trace element in α quartz
(Preusser et al., 2009), it is possible to measure the ESR signal associated with the Al paramagnetic centre in all samples. The ESR signal
of the Al centre is also relatively easy to measure at low temperature
given its high intensity. Repeatable measurements can therefore be
performed, and goodness-of-fit tends to be very high. In contrast, the
Ti centres are sometimes absent from quartz samples and their weaker
intensities make it more complicated to achieve repeatable measurements (Duval and Guilarte, 2015). Goodness-of-fit is usually not as
good as that afforded by the Al centre, which sometimes raises questions about the reliability of the DE. However, by standardising and
optimising the analytical protocol for the specific evaluation of Ti centres, it is nevertheless possible to get meaningful results, especially
for the Ti-Li centre (Duval and Guilarte, 2015); though ESR measurements can take several hours and require optimum stability and careful
control of the experimental conditions (Duval and Guilarte Moreno,
2012). Despite these improvements in Ti-centre measurements, the
evaluation of the Ti-H centre remains complicated, as it can rarely be
measured and the reliability of the corresponding results is doubtful in
most cases (Duval et al., 2015a,b).
Consequently, the systematic measurement of both Al- and Ti-centres in a given sample should be seen as a necessary quality control
check to ensure reliable ESR results.

plain deposits characteristic of a gravel-dominated braided river channel (Fig. 2).
The local stratigraphic sequence at the site is about 3 m thick and
has been divided into five main units (Santonja et al., 2014 and references therein). At the bottom, layer G is dominated by sub-angular
to sub-rounded pebbles (Fig. 2). The overlying layers, named CB-3,
CB-2 and CB-1 from bottom to top, are dominated by clays, sands
and coarser deposits whose relative proportion varies vertically. These
three layers are topped by floodplain sediment (Unit P).
Hominin presence at Cuesta de la Bajada is documented by lithic
artefacts (Santonja et al., 2014) and evidence of percussion and cut
marks on bones (Domínguez-Rodrigo et al., 2015) found in layers
CB1, CB2 and CB3. The homogeneity of the archaeological material makes it impossible to differentiate these three layers from a
techno-typological perspective. The lithic assemblage may be attributed to the early Middle Palaeolithic technocomplex and comprises
hammerstones, cores, flake tools and other products documenting a
complete chaîne opératoire. The preserved lithic record therefore indicates that knapping was performed in situ (Santonja et al., 2014).
From a biostratigraphic perspective, the large mammal assemblage
at Cuesta de la Bajada includes several taxa such as Equus caballus, Cervus elaphus, Stephanorhinus hemitoechus and Canis lupus
(Santonja et al., 2014) that can be correlated to the Middle Pleistocene Faunal Unit (FU) 6 defined at the Atapuerca sites (Spain)
(Rodríguez et al., 2011). The micromammal assemblage is also consistent with this correlation, and includes the rodent taxa Cricetulus
(Allocricetus) bursae, Apodemus cf. sylvaticus, Microtus brecciensis
(= Iberomys brecciensis, Cuenca-BescÓS et al., 2014) and Arvicola
aff. sapidus (Santonja et al., 2014). In terms of biochronology, the associated rodent assemblage may be included within the Middle Pleistocene Iberomys brecciensis biozone defined by Cuenca Bescos et al.
(2010). At Atapuerca, FU6 covers TD8, TD10 and TD11 levels at
Gran Dolina, GII and GIII at Galería, TE18 and TE19 at Sima del
Elefante, and Sima de los Huesos (SH) (Rodríguez et al., 2011). Numerical ages available for these sites may help to roughly constrain
the chronology of this faunal unit, providing thus a (very) approximated time range for Cuesta de la Bajada: combined US-ESR dating
of fossil teeth suggest a chronology ranging from 610 ± 65 ka for TD8
(Falguères et al., 1999; Parés et al., 2013) to 230 ± 9 ka for TGIII,
whereas thermoluminescence (TL) and infrared stimulated luminescence (IRSL) ages obtained by Berger et al. (2008) indicate an alternative chronology ranging from 820 ± 140 ka for TD8 to 198 ± 19 ka
for TD11.
So far, there is only a limited number of numerical ages available in the surroundings of Cuesta de la Bajada site. Santonja and
Perez Gonzalez (2000) briefly mention one TL age of 138 ± 10 ka
for a sample collected below the excavated layers. However, the absence of details the methodology employed precludes its use as a reference for assessing the chronology of the site. U-series dating of
tufa deposits above an equivalent terrace in the Alfambra valley at
Los Baños, a few km North from Cuesta de la Bajada, provided several chronological results: Arlegui et al. (2006) obtained two ages of
169 ± 10 ka and 116 ± 4 ka, while Gutierrez et al. (2008) published
results of 250 + 32/-25 ka and 213 + 33/-26 ka. Since these tufa deposits cap the fluvial deposits of the terrace, the U-series ages might
provide a minimum age estimate for Cuesta de la Bajada. However,
the large scatter in the U-series ages, as well as the absence of details
given by Gutierrez et al. (2008), in particular about the detrital 232Th
content, do not allow any clear and definitive conclusion to be made
about methodological reliability.
A series of numerical ages has recently been published by Santonja
et al. (2014) for Cuesta de la Bajada excavation area. While the
ESR and OSL ages on quartz grains range between 250 and

OO
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3. Cuesta de la Bajada site

Cuesta de la Bajada site (Teruel, Spain) is located in the Alfambra river valley within the Teruel Depression. A total of 10 fluvial
terraces have been identified in this area, named T10 to T1 from the
present-day floodplain to the highest deposits. Cuesta de la Bajada
is part of the T4 terrace (+50–53 m above the current river level),
whose thickness is about 55 m due to syn-sedimentary subsidence
phenomena (Santonja et al., 2014 and references therein). The deposits are dominated by upward fining cycles of gravels and flood
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Fig. 2. Stratigraphy of the deposits at Cuesta de la Bajada locality, Spain) (modified from Santonja et al., 2014), including position and pictures (A, B and C) of the ESR and OSL
samples. Colours are available on the pdf version of the paper.

5. Methods

4. ESR sampling
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350 ka (full details are provided in the present work and companion
paper by Arnold et al., 2016), amino acid racemization (AAR) analysis of five equid teeth from CB-3 provided an older chronology, with
a mean age of 431 ± 44 ka. Additionally, combined US-ESR dating of
four fossil teeth collected from CB-3 provided very scattered results
ranging from 215 ± 15 ka to 737 ± 69 ka (Bahain et al., 2015). The
considerable amount of scatter in these US-ESR ages is likely attributable to the unexpectedly large variability in the observed DE values
(55%, corresponding to 1 standard deviation), and precludes the calculation of a meaningful mean age. In sum, the available chronology
for Cuesta de la Bajada is highly scattered and the employed dating
methodologies are usually not fully described. This underscores the
significance of undertaking a detailed ESR study of the site.

Three sediment samples were collected on site, by hammering a
PVC tube into the outcrop in order to prevent any sunlight exposure.
Sample CUB1005 were taken from layer CB-3 within the excavation
area, while CUB1004 lies stratigraphically below CUB1005 by about
60 cm. Sample CUB1006 was collected below the excavated layers,
about 80 cm beneath sample CUB1004 (Fig. 2). Additional OSL samples were collected adjacent to the three ESR sample, each one being laterally distant by<1 m (Fig. 2). Raw sediment samples were also
collected for the evaluation of water content and additional laboratory
dosimetry analyses.

The sediment samples were prepared in a dark room with dimmed
red light according to the following protocol: the 100–200 μm size
fraction was collected after wet sieving; HCl (18% and then 36%)
was used to dissolve carbonates, and H2O2 (30%) was used to eliminate organic matter. Density separations were performed using sodium
polytungstate (SPT) at d = 2.72 g/cm3 and d = 2.62 g/cm3, to remove
heavy minerals and feldspars, respectively. The samples were then
treated with HF (40%) for 40 min to eliminate the remaining feldspars
and to etch quartz grains. Finally, a neodymium magnet was passed
over the sediment to remove any magnetic minerals, and a second
round of (dry) sieving was carried out to isolate the 100–200 μm size
fraction.
Each prepared fraction of the natural samples was divided into 12
aliquots. Ten of these aliquots were irradiated using a 60Co gamma
source (Gammacell 220) with a dose rate of 12.81 Gy/min at the following doses: 250, 400, 630, 1000, 1600, 2500, 4000, 6000, 8500
and 12,000 Gy. The non-bleachable residual ESR signals of the Aluminium centre were measured after exposing an aliquot of each natural sample in a SOL 500 (Dr Hönle) solar light simulator for 1065 h.
ESR measurements were carried out at the Centro Nacional de Investigación sobre la Evolución Humana (CENIEH, Burgos) with an
EMXmicro 6/1Bruker X-band ESR spectrometer coupled to a standard rectangular ER 4102ST cavity. To ensure constant experimental
conditions over time, the temperature of the water circulating in the
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plitude, 60 ms conversion time, 10 ms time constant and from 2 to 15
scans to ensure a good S/N ratio. Each sample was measured 4 times
and a mean ESR intensity was extracted for DE calculation. The ESR
intensity of the Ti signal was evaluated in various ways (options A to
E; Fig. 3), as described in Duval and Guilarte (2015).
ESR intensities of Al and Ti centres were corrected by the corresponding receiver gain value, number of scans, aliquot mass and
a temperature correction factor (Duval and Guilarte Moreno, 2012).
The fitting procedures were carried out with Microcal OriginPro 8.5
using a Levenberg–Marquardt algorithm by chi-square minimisation,
and data were weighted by the inverse of the squared ESR intensity
(1/I2). For the Al centre, an exponential + linear (EXP + LIN) function
was fitted through the experimental points, as it has been demonstrated
that this function better describes the analytical data set compared to
the classic single saturating exponential function (SSE) (Duval, 2012).
DE values were obtained by extrapolating the EXP + LIN function to
the residual ESR intensity. For the Ti centres, the SSE was used and
results were compared to those derived from the Ti-2 function (fitting
equations are provided in Supplementary information Table S1). The
goodness-of-fit was assessed using the adjusted r-square (r2) value,
which accounts for the degrees of freedom of the system (see the Origin 8 User Guide for further details). Some examples of dose response
curves (DRCs) are shown in Fig. 4.

RE

CT
ED

magnet is controlled and stabilized at 18 °C by a water-cooled Thermo
Scientific NESLAB ThermoFlex 3500 chiller, and the temperature of
the room was kept constant at 20 °C by an air conditioning unit. ESR
measurements were performed at low temperature (90 ± 0.1 K) using
a ER4141VT Digital Temperature control system based on liquid nitrogen cooling. Further details about the setup and about its stability
over time can be found in Duval and Guilarte Moreno (2012).
The ESR signal associated with the Al centre was measured as follows: 10 mW microwave power, 1024 points resolution, 20 mT sweep
width, 100 kHz modulation frequency, 0.1 mT modulation amplitude,
40 ms conversion time, 10 ms time constant and 1 scan. Each aliquot
was measured 3 times after ∼120° rotation in the cavity in order to
consider angular dependence of the signal due to sample heterogeneity. The ESR measurements were further repeated 3 to 4 times over
distinct days to check the reproducibility of the DE values. A mean
ESR intensity was extracted for DE calculation. The ESR intensity of
the Al signal was evaluated from peak-to-peak amplitude measurements between the top of the first peak and the bottom of the last peak,
as indicated in Fig. 3.
The ESR signal associated with the Ti centres was measured as follows: 5 mW microwave power, 1024 points resolution, 20 mT sweep
width, 100 kHz modulation frequency, 0.1 mT modulation am
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Fig. 3. ESR spectra measured on a natural aliquot of quartz from Cuesta de la Bajada site (Spain). Left: ESR signal associated with the Al centre. Right: ESR signal of the Ti centres.
The ESR intensity of the Al signal was evaluated from peak-to-peak amplitude measurements between the top of the first peak and the bottom of the last peak (Toyoda and Falguères,
2003). The ESR intensity of the Ti signals was evaluated from peak-to-peak or peak-to-baseline amplitude measurements following the different options described in Duval and
Guilarte (2015). Colours are available on the pdf version of the paper.

Fig. 4. Examples of dose response curves (DRCs) obtained for the Al and Ti centres. All DRCs are provided in the supplementary information (Fig. S1, S2 and S3). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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EXP + LIN function for describing the increase of the signal with
dose. All these proxies demonstrate the robustness of the ESR data
based on the Al centre. DRCs are provided in supplementary information, Fig. S1.
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6.1.2. Ti-H centre
The three samples from Cuesta de la Bajada are characterised by
exceptionally high ESR intensities for the Ti-H signal (option C).
These signals represent between 62% and 65% of the ESR intensity
measured with option A. In contrast, this proportion did not exceed
37% in the six samples previously analysed by Duval and Guilarte
(2015).
As expected, data robustness is not as good as that achieved for the
Al centre: measurement repeatability ranges from 1.9% (CUB1005)
to 20.5% (CUB1006). The surprisingly high values obtained for samples CUB1004 and CUB1006 can simply be attributed to normal drift
of the ESR spectrometer (Table 3). While the four measurements of
sample CUB1005 were performed within eight days, the fourth ESR
measurement of CUB1004 and CUB1006 were carried out almost one
month after the first three ones. When excluding the values on Day #4,
the variability of the ESR intensities drops significantly to <2%. This
does not affect DE reproducibility as these two samples show the lowest variability. In contrast, the corresponding DE variability for sample
CUB1005 is 17%, although it should be noted that repeated DE values
are all within error.
The DRCs of the Ti-H signal are quite different from those of the
Al centre (Fig. 4). Several papers have recently described the non-monotonic dose dependence of the Ti-centre signal at high doses (Woda
and Wagner, 2007; Duval and Guilarte, 2015). Interestingly, the present data set does not clearly show such behavior. Instead, an almost
saturated dose response is observed at high doses above ∼2500 Gy
(Fig. 4). Two fitting functions (SSE and the so-called Ti-2; see equations in Table S1) were tested with option C: the SSE function provides DE values that are systematically lower than those derived from
the Ti-2 function, but all DE values are consistent at 1 sigma for a
given sample (see Table 3, Fig. 5 and Fig. S2). Furthermore, the SSE
function shows a better goodness-of-fit for two of the three samples
(CUB1004 and CUB1005).
A strong correlation between the maximum irradiation dose (Dmax)
and the final DE value has been observed elsewhere for some materials
when using the SSE function (e.g. Duval et al., 2009; Duval, 2012). To
assess this potential bias, the fitting was performed with a SSE by successively removing the experimental points at high dose range (Fig.
5).
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The total dose rate value was derived from a combination of in
situ and laboratory measurements. The external gamma dose rate was
measured in situ with a portable gamma spectrometer (Canberra Inspector 1000 coupled with a 1.5 × 1.5 inch NaI(Tl) probe) and calculated using the “threshold technique” (Duval and Arnold, 2013).
Radioelement (U, Th, K) contents were determined by high resolution gamma spectrometry (HRGS) analysis performed with HpGe detectors on ∼120 g of raw and dry sediments (collected from slightly
deeper in the ESR sample holes). These data were used to derive external alpha and beta dose rate components using the dose rate conversion factors from Guérin et al. (2011). Beta dose rate was also derived from measurements with a Risø GM-25-5 low-level beta counter
performed on small (<5 g) subsamples of bulk sediment taken directly
from the ESR sampling position (Bøtter-Jensen and Mejdahl, 1988).
Water content was assessed in the laboratory by drying the raw sediment at 50 °C during 3 weeks. Internal dose rate was assumed to be
50 ± 30 uGy/a, based on the work from Vandenberghe et al. (2008)
and assuming an alpha efficiency k of 0.15 ± 0.1 (Yokoyama et al.,
1985). Values were corrected for alpha and beta attenuation of spherical grains (Brennan et al., 1991; Brennan, 2003) and water attenuation using formulae from Grün (1994). The cosmic dose rate was calculated using formulae from Prescott and Hutton (1994), with depth,
altitude and latitude corrections (Prescott and Hutton, 1988).
ESR age calculations were performed using a non-commercial
SCILAB based software, with error assessed through Monte Carlo
simulations. ESR age errors are given at 1σ.
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6. Results and discussion
6.1. Evaluating ESR data robustness and reliability
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6.1.1. Al-centre
The bleaching coefficient values vary within a narrow range (from
54.3 to 56.5%), indicating very similar bleaching residuals for the various samples (Table 2). The ESR data collected for the three samples
show good measurement repeatability, as the variability of the ESR intensities does not exceed 3% (1 standard deviation). DE reproducibility (evaluated through the standard deviation of the mean De value) is
very high for samples CUB1004 (7.2%) and CUB1006 (4.0%), while
it is slightly lower for sample CUB1005 (∼12%).
DE values were calculated by averaging the mean ESR intensities obtained over repeated measurements, and range from 722 ± 64
to 899 ± 85 Gy depending on the sample. With adjusted r2 values
systematically >0.99, the goodness-of-fit is considered to be highly
suitable for all the samples and indicates the appropriateness of the
Table 2
ESR data derived from the measurements of Al centre. For a given sample: (i) measurement repeatability is assessed through the variability of the average ESR intensities
obtained from each day of measurement (1 relative standard deviation); (ii) DE reproducibility is evaluated via the variability of the DE values obtained after each day of
measurement (1 relative standard deviation). Fitting was performed with a EXP + LIN
function with data weighted by 1/I2.
Sample

CUB1004
CUB1005
CUB1006

Al centre

Measurement
repeatability (%)

DE
reproducibility
(%)

Bleaching
coef. (%)

Adj. r

2.4
2.8
2.0

7.2
11.9
4.0

56.5 ± 0.3
56.5 ± 0.5
54.3 ± 0.4

0.9967
0.9970
0.9971

2

Table 3
ESR data derived from the measurements of the Ti-H centre. Fitting was performed with
both SSE and Ti-2 functions with data weighted by 1/I2. For a given sample: (i) measurement repeatability is assessed through the variability of the average ESR intensities
obtained from each day of measurement (1 relative standard deviation); (ii) DE reproducibility is evaluated via the variability of the DE values (using the SSE function) obtained after each day of measurement (1 relative standard deviation). Key: (*) without
considering measurements on Day 4.
Sample

Option C

DE (Gy)

789 ± 75
925 ± 85
722 ± 64

Ti-H

CUB1004
CUB1005
CUB1006

Measurement DE
repeatability reproducibility
(%)
(%)
Adj. r2

SSE DE
(Gy)

Adj. r2

Ti-2 DE
(Gy)

18.8 [1.8*]
1.9
20.5 [0.6*]

665 ± 93
553 ± 78
329 ± 38

0.9797
0.9788
0.9936

720 ± 115
573 ± 93
363 ± 32

13.1
17.0
7.4

0.9800
0.9806
0.9880
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Fig. 5. Dose evaluation based on the Ti-H centre (option C). Top: Influence of the fitting function (SSE and Ti-2) on the DE result. Bottom: Impact of the Dmax on the DE value.

tematic, and significant, deviation in the results, with option A yielding 32% higher DE values on average (Fig. 5). Such a trend is very
likely caused by the peak at g = 1.979: when isolated, this peak alone
(option E) systematically provides DE values > 2000 Gy, i.e. between
3.3 and 5.7 times higher than those from option D (Fig. 6 and Table
5). Although the reliability of the fitting results is counterbalanced by
the poor goodness-of-fit values (r2 < 0.97; Table 5), the significant,
and systematic, DE overestimation produced by option E is consistent
with the previous observations of Beerten et al. (2006). In addition, the
vicinity of the Al signal, whose intensity is several times higher than
that of the Ti centres, may also affect option E, and thus to some extent the resulting dose evaluation. Consequently, for the all the above
mentioned reasons, the reliability of the DE values derived from both
options A and E can thus be reasonably questioned, at least for the present dataset.
As previously mentioned, options B and D both represent a mixture of the Ti-Li and Ti-H centres. Because the relative contributions
of each centre in those options is unknown, the term Ti-Li-H centres
(option D or B) will be used from now onwards. While Ti-centre option D shows measurement repeatability similar to that of the Ti-H
centre, the DE reproducibility appears to be, in contrast, significantly
better on average (<6%, Table 4). The DRCs of Ti-centre option D
show an apparent saturation from ∼4 kGy (Fig. S3). As with the Ti-H
signal, both the SSE and Ti-2 fitting functions were used to assess DE
dependency of Ti option D: the DE results are consistent, with relative
differences of <3%, while the goodness-of-fit is slightly better when
using the SSE function (Table 4). To assess the impact of the Dmax,
the SSE fitting was repeatedly performed after successively removing
data points in the high dose range (Fig. 6). The resultant DE results are
all consistent for a given sample, irrespective of the chosen Dmax: DE
values change by <2.8% when varying the Dmax from 6 kGy to 12 kGy
(Fig. 6), confirming the appropriateness of the SSE function for this
data set. The adjusted r2 values obtained with Ti-Li-H (option D) centres range from 0.987 to 0.992 (Table 4). These goodness-of-fit results
lie between those obtained for the Al centre and the Ti-H centre.
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The results of this comparison indicate there is very little influence of the Dmax on the DE value. The DE values vary by <5% (i.e.
not beyond the error range) when changing the Dmax from 6 kGy to
12 kGy (Fig. 5). These results thus support the appropriateness of the
SSE function for the present data set. Consequently, we have derived
the final age estimates using this fitting function.
It should also be noted that the Ti-H data robustness and reliability
(e.g., goodness-of-fit) are consistently lower than those observed for
the Al and Ti-Li centres. Nevertheless they remain much higher than
any other samples previously analysed by the authors (see an overview
in Duval and Guilarte, 2015). This is most likely attributable to the especially high concentrations of Ti-H centres in the Cuesta de la Bajada
quartz grains. Consequently, there is a series of consistent proxies suggesting that dose estimates derived from the Ti-H centre in the present
study may be considered as reliable from a methodological point of
view.
6.1.3. Ti-Li centre
One of the main debates with the Ti-Li centre lies in the best option (integration range) to use for evaluating the ESR intensity. The
favoured approach is usually to measure the peak-to-peak amplitude
either between the peaks at g = 1.979 and g = 1.915 (e.g. Rink et
al., 2007; named option A in Fig. 3), or between the peaks around
g = 1.931 (e.g. Beerten et al., 2008; named option B here; Fig. 3), or
the peak-to-baseline amplitude at g = 1.915 (e.g. Tissoux et al., 2007;
named option D in the present work, Fig. 3). However, it should be
emphasised that these options are most likely a mixture of contributions from Ti-Li and Ti-H centres, given that they both have absorption lines at very close g-values, i.e. at g = 1.913 and g = 1.915,
respectively. In fact, the peak at g = 1.979 (=option E, Fig. 3) is
very likely the only way to measure the Ti-Li centre alone without
any interference. In most cases, options A, D and E yield consistent
DE values (Duval and Guilarte, 2015), suggesting that the influence
of the Ti-H centre is generally negligible, as its intensity is usually
very weak in comparison with the Ti-Li. However, the samples from
Cuesta de la Bajada show a distinct pattern. Although options A and
D yield consistent DE values at 2σ (Table 4), there is an apparent sys
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Table 4
ESR data derived from the measurements of the Ti-Li centre. Fitting was performed with a SSE function with data weighted by 1/I2. For a given sample: (i) measurement repeatability
is assessed through the variability of the average ESR intensities obtained from each day of measurement (1 relative standard deviation); (ii) DE reproducibility is evaluated via the
variability of the DE values obtained after each day of measurement (1 relative standard deviation). Key: (*) without considering measurements on Day 4.
B

Centre

Mixture of Ti-Li and
Ti-H

Mixture of Ti-Li and
Ti-H

Mixture of Ti-Li and Ti-H

Sample

SSE function

SSE function

SSE function

2

2

DE (Gy)

Adj. r

DE (Gy)

0.9926

1063 ± 91

0.9859

1011 ± 119

CUB1005
CUB1006

0.9896
0.9912

962 ± 98
561 ± 55

0.9797
0.9940

923 ± 135
529 ± 43

Ti-Li

Ti-2 function

Measurement DE
repeatability reproducibility
(%)
(%)
Adj. r2
19.2%
[0.7%*]
1.7%
19.9%
[0.7%*]

F
Mixture of Ti-Li and TiH (sum of options C and
E ESR intensities)

SSE function

SSE function

DE (Gy)

Adj. r2

DE (Gy)

Adj. r2

DE (Gy)

Adj. r2

DE (Gy)

4.3%

0.9921

795 ± 70

0.9913

820 ± 92

0.9612

4396 ± 1089

0.9831

984 ± 126 Gy

5.4%
1.6%

0.9872
0.9913

733 ± 84
426 ± 42

0.9854
0.9901

733 ± 90
426 ± 45

0.9517
0.9653

2436 ± 580
2412 ± 473

0.9077
0.9976

610 ± 190
467 ± 23
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Fig. 6. Evaluation of the ESR intensity of the Ti centres. Top: Comparisons of the DE values derived from options A, B, D and E. Option E corresponds to the peak at g = 1.979, and
is obtained by subtracting the intensity of option D from that of A. Option F is derived from the sum of the ESR intensities extracted for option C (pure Ti-H) and E (pure Ti-Li).
Bottom: Impact of Dmax on the final DE value (option D) derived from the SSE function.
Table 5
Radionuclide activities measured by High Resolution Gamma Spectrometry (HRGS)
for the 3 samples from Cuesta de la Bajada site.

CUB1004
CUB1005
CUB1006

U-238 (Bq/kg)

Rn-222 (Bq/kg)

Th-232 (Bq/kg)

K (%)

22.7 ± 2.70
33.3 ± 3.05
12.6 ± 1.56

21.7 ± 1.59
36.8 ± 3.02
11.2 ± 0.77

18.7 ± 0.53
28.6 ± 1.69
11.3 ± 0.78

0.82 ± 0.03
1.29 ± 0.04
0.57 ± 0.02

DE values derived using option B are systematically higher than
those obtained with option D, but all results are in agreement within
the 1σ error ranges (Fig. 6). Overall, option B shows a lower goodness-of-fit for two of the three samples and, as a consequence, higher
DE errors. These observations are consistent with those made by Duval
and Guilarte (2015) and suggest that option D should be preferred to
option B for dose evaluations.

Finally, the potential of another option was also explored for comparison: option F was obtained by summing ESR intensities of options
C (pure Ti-H) and E (pure Ti-Li) in order to get to get a resulting intensity that may correspond to a total Ti concentration. DE results are
somewhat consistent with option D, but goodness-of-fit is lower for 2/
3 samples. The third sample (CUB1006) for which r2 > 0.99 shows a
DE value that is very close to that of option D. This might indirectly
indicate that relative contributions of Ti-Li and Ti-H centres in option
D are similar to those of option F, but more conclusive data are required for the moment to confirm this hypothesis.
To summarise, a series of factors indicate the robustness of the
Ti-centre ESR data derived using option D (i.e., good measurement
repeatability and DE reproducibility), as well as the reliability of the
dose estimates (goodness-of-fit, appropriateness of the SSE function).
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6.3. Dose rate evaluation

6.4. ESR age estimates

ESR age estimates were calculated using: (i) the final DE values
obtained by pooling all the ESR intensities from each repeated measurement (see Duval, 2012); (ii) water content values corresponding
to 60% of the saturated water content estimated in the laboratory; (iii)
beta dose rate derived from total beta counting for sample CUB1006
and from HRGS analyses for the other two samples. The final ages obtained for the three samples are shown in Fig. 8 and Table 7.
It should be noted that the aforementioned parameters used for the
age calculations differ slightly from those published in Santonja et
al. (2014). These updated calculations have resulted in a marginally
younger age (by 7%) for sample CUB1005. However, this difference
is not significant, as both results remain consistent within the 1σ-error
range.
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HRGS analysis of ∼120 g of dry sediment collected in the same
position as the ESR samples shows no significant disequilibrium in the
238
U decay chain; 222Rn and 238U activities being systematically within
error (Table 5).
Sediment was analysed in situ as well as in the laboratory by
HRGS and total beta counting in order to check the consistency of
the various approaches used for evaluation of the different dose rate
components (Table 6). Gamma dose rates derived from in situ measurements and HRGS analysis are in agreement for samples CUB1004
and CUB1005. In contrast, sample CUB1006 shows a significant rel

F

As meaningful ESR data can rarely be extracted from the Ti-H centre, the present work is one of the few studies in which the Ti and Al
centres can be directly compared for a given sample (Fig. 7). The Ti-H
centre (=option C) provides the lowest DE values of the data set: they
are 20%–57% lower than those calculated for the Al centre and between 16% and 25% lower than those derived from Ti-Li-H (option
D) centre. In comparison, option E (pure Ti-Li) provides unreasonably
high DE values (>2000 Gy). This pattern is similar to that described by
Beerten et al. (2008) and Tissoux et al. (2008).
Option C (Ti-H centre), option D (Ti-Li centre) and the Al centre
all yield consistent DE values for sample CUB1004 (although the option C systematically provides the lowest DE values), suggesting possible adequate resetting of the bleachable Al signal prior to sediment
deposition (according to the assumptions of the MC approach). In contrast, the other two samples exhibit Ti option D DE values that are significantly lower than their Al equivalents; differing by 19 and 41% for
samples CUB1005 and CUB1006, respectively.

ative difference of ∼25% between the two methods. This is very likely
due to spatial heterogeneity in the sedimentary environment of this
sample. Unlike samples CUB1004 and CUB1005, which were collected from apparently homogenous deposits, CUB1006 was collected
from a ∼10 cm thick layer of fine to medium sandy deposits that
were surrounded by coarser deposits (Fig. 2). Beta dose rates calculated from dry sediment show the same pattern: results derived from
total beta counting and HRGS are consistent for samples CUB1004
and CUB1005, whereas a difference of ∼17% is apparent for sample
CUB1006. Again, this difference is very likely due to lateral variations of the sediment matrix and the limited extent of the sandy layer,
since the raw sediment for HRGS was collected slightly deeper into
the ESR sample hole. Given these observations, we consider the total beta counting results obtained directly from the ESR sample itself
to provide the most accurate estimation of the true beta dose rate for
CUB1006.

OO

6.2. Comparison of the DE values obtained from the different centres
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Fig. 7. Overview of the DE values derived from the Ti-H, Ti-Li and Al centres for the three samples.

Table 6
Comparison of gamma and beta dose rates derived from different analytical techniques.
Sample

Measured water content (%)

Gamma dose rate (μGy/a)
In situ

CUB1004
CUB1005
CUB1006
a

7.1%
11.5%
2.7%

Laboratory

Threshold

HRGS Pre-Rn

523 ± 29
844 ± 47
444 ± 25

564 ± 76
850 ± 104
330 ± 47

a

Beta dose rate (μGy/a)
Laboratory
HRGS full series
572 ± 72
825 ± 94
341 ± 50

Lab.
b

Beta counting
1055 ± 43
1577 ± 63
796 ± 33

Lab.
c

HRGS Pre-Rn
1031 ± 151
1627 ± 229
662 ± 107

Lab.
c

HRGS full seriesc
1038 ± 132
1604 ± 183
671 ± 98

Gamma dose rate calculated assuming disequilibrium in the U-238 decay chain (i.e. using the Pre-Rn dose rate conversion factors from Guérin et al., 2011), and attenuated by the
measured water content for a given sample.
b

Gamma dose rate calculated assuming equilibrium in the U-238 decay chain (i.e. using the full series dose rate conversion factors from Guérin et al., 2011), and attenuated by the
measured water content for a given sample.
c

Non-attenuated beta dose rates calculated for dry sediment.
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Fig. 8. Final ESR and OSL age results calculated according to different approaches or signals. Samples are presented in stratigraphic order, from CUB1005/CB10-2 (top) to
CUB1006/CB10-4 (bottom). Ages are correlated with the Marine Isotopic Stages (MIS) derived from the LR04 benthic d18O stack (Lisiecki and Raymo, 2005).

The dose rate calculations highlight the large variability of the radioactive environment within the Cuesta de la Bajada sequence. The
gamma and beta dose rate values of individual samples vary by a factor of two. Three sets of ESR age estimates have been obtained using
different selected ESR signals (Al, Ti-H and Ti-option D). We have
opted not to calculate an age for Ti-Li (option E) given the unreliable
fitting results that were achieved (i.e., poor goodness-of-fit, DE values > 2000 Gy).
The results show the same pattern that has been previously observed for the MC approach: for a given sample the Al centre systematically provides the oldest age, whereas the Ti-H signal yields the
youngest results. The Ti-option D signal provide age estimates that
are on average 26% higher than those derived from the Ti-H signal

(with 1/3 samples consistent at 1σ and 2/3 consistent at 2σ), while the
Ti-option D ages are on average 21% lower than their Al equivalents
(with 1/3 samples consistent at 1σ and 2/3 consistent at 2σ).
The Al centre ESR age estimates are in stratigraphic order and
range from 416 ± 44 ka (CUB1005) at the top to 620 ± 61 ka
(CUB1006) at the bottom of the local sequence. Following the principles of the MC approach, these estimates should be considered as
maximum possible ages given the slow optical bleaching kinetics of
the Al centre. For one sample (CUB1004), the three ESR age estimates are all consistent at 1 sigma, suggesting that the Al signal
has been fully bleached to its residual level prior to deposition. This
is sometimes seen as important additional evidence of age accuracy
(e.g. Rink et al., 2007), but the Ti results of the surrounding samples
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CUB1004

CUB1005

CUB1006

Internal dose rate (microGy/a)
Alpha dose rate (microGy/a)
Beta dose rate (microGy/a)
Gamma dose rate (microGy/a)
Cosmic dose rate (microGy/a)
Total dose rate (microGy/a)
DE (Gy) Al centre (*)
DE (Gy) Ti-H centre (*)
DE (Gy) Ti-Li-H centres Option D (*)
Age (ka) Al centre
Age (ka) Ti-H centre
Age (ka) Ti-Li-H centres (option D)

50 ± 30
30 ± 27
836 ± 64
514 ± 42
24 ± 4
1456 ± 108
789 ± 53
671 ± 58
792 ± 45
542 ± 54
461 ± 53
543 ± 51

50 ± 30
47 ± 40
1267 ± 98
843 ± 71
24 ± 5
2231 ± 167
929 ± 68
551 ± 49
732 ± 46
416 ± 44
247 ± 29 (**)
328 ± 32 (**)

50 ± 30
22 ± 19
648 ± 56
425 ± 35
24 ± 5
1169 ± 87
725 ± 46
331 ± 22
423 ± 25
620 ± 61
283 ± 28
362 ± 34
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provide a different perspective. For samples CUB1005 and CUB1006,
each of the Ti-centre options are in good agreement at 1 sigma, and
they are consistent with the stratigraphy: they provide a chronology
between 247 ± 29 and 283 ± 28 ka based on option C (Ti-H centre)
and between 328 ± 32 and 362 ± 34 ka with option D (Ti-Li-H centres). In contrast, sample CUB1004 yields significantly older Ti-centre ages of between 461 ± 53 ka and 543 ± 51 ka, depending on the
option selected. The Ti-centre ages of CUB1004 therefore appear significantly overestimated in comparison with the results from the other
two samples: the Ti ages of this sample are higher by > 200 ka in comparison to those obtained for CUB1005, which was collected from the
same layer (CB3) and is located above CUB1004 by only ∼60 cm.
Several possible explanations may be envisaged to account for the
apparent age overestimation of CUB1004. For example, incomplete
bleaching of both the Al and Ti centres remains a possibility, and
could have resulted in an overestimation of the calculated DE values
for CUB1004. However, we do not have any direct evidence to confirm this hypothesis and this problem does not appear to have similarly
affected sample CUB1005 from the same layer. Additionally, it should
be mentioned here that the ESR spectra of the bleached aliquots of
each sample showed that all the Ti signals were fully reset, precluding thus the possibility of a residual, non-bleachable component, that
would induce a DE overestimation for sample CUB1004. Another explanation might be an underestimation of the dose rate, since the total
dose rate calculated for CUB1004 is about 33% lower than that obtained for CUB1005. However, this seems unlikely because laboratory
and in situ measurements showed consistent values (Table 6). That
said, we cannot rule out the possibility of recent radionuclide mobilization within the sediment matrix, or other time-dependent changes
in dose rate that cannot be directly detected in the present-day environment. Consequently, the underlying phenomenon leading to the age
overestimation of CUB1004 is not definitively known, and will require further investigation.

F

Sample

and very high characteristic saturation dose (D0) limits of 200 to
>600 Gy. These favourable properties have permitted the establishment of single-grain OSL ages that exceed the traditional upper age
limits of quartz OSL dating at Cuesta de la Bajada. The calculated
single-grain SAR OSL age estimates range from 264 ± 22 ka to
351 ± 25 ka (Fig. 8). These ages are systematically lower than those
obtained using the Al centre, but they are in good agreement with
those obtained using the Ti centres for samples CUB1005 and
CUB1006. The single grain OSL age obtained for CUB1005 is similar to the Ti-H ESR age for this sample (247 ± 29 vs 264 ± 22 ka),
while the single-grain OSL age of sample CUB1006 is closer to
the corresponding ESR age obtained using Ti-option D (351 ± 25 vs
362 ± 34 ka). In contrast, the ESR ages of sample CUB1004 are significantly older than the associated single-grain OSL age.
In terms of dating precision, the Al ages have average 1σ uncertainties of 10.3% for the three samples. The precision afforded by
the Ti centres is slightly lower at 15.3% and 12.7% for the Ti-H and
Ti-Li-H (option D) centres, respectively. These differences in precision primarily originate from the DE determination procedure, and relate particularly to the repeatability of the ESR measurements for each
centre. In comparison, the single grain OSL ages have a mean uncertainty of 7.9%, while the simulated multi-grain aliquot OSL ages of
Arnold et al. (2016) have a similar precision to the ESR ages (∼16.6%
on average).
Differences in the specific methodologies employed in the OSL
and ESR studies may potentially introduce bias in our dating comparison at Cuesta de la Bajada. Several sources of uncertainty can
be identified, but their real impact on the final ages may be difficult to quantify; particularly differences in the chosen grain size
range (100–200 μm in ESR vs 212–250 μm in OSL), or differences
in the approach employed for DE reconstruction (single aliquot regenerative dose method in OSL vs multiple aliquot additive dose
method in ESR). Differences in the number of grains analysed between the two studies represents another important consideration: single grain analyses were performed on the OSL samples, while multiple grain aliquots were used in the ESR study. Furthermore, the ESR
measurements were performed on aliquot masses of <300 mg, which
may approximately correspond to between 27,000 and 216,000 quartz
grains per tube. The impact of grain averaging may be directly assessed in single-grain OSL dating studies by creating simulated multiple grain aliquots (e.g. Arnold et al., 2012). This is achieved by deriving a summed De value from all the grains contained on a single grain disc, including grains that were considered unreliable for
dating and were previously rejected during the single grains analysis
(e.g. Arnold et al., 2013) (with the exception of grain showing signals related to feldspar contamination or inclusions). This approach
was employed in the companion study of Arnold et al. (2016), resulting in the creation of synthetic multi-grain aliquots containing about
95 grains each. The multi grain OSL ages obtained from these simulations are systematically older than the corresponding single grain
ages of each sample by 23%–54%. Interestingly, comparison of the
synthetic aliquot results for OSL samples CB10-1 (= ESR sample
CUB1004) and CB10-2 (= ESR sample CUB1005), which were taken
from the same layer, reveal different degrees of multi-grain averaging effects (Fig. 8). For the former, the multi-grain averaging effects
appear more significant, and the resultant synthetic aliquot OSL ages
are surprisingly consistent with the Ti and Al ages (albeit with a large
associated uncertainty range). This observation opens up the possibility that multi-grain averaging effects might also be affecting the
ESR ages of samples CUB1004 and CUB1005 to different extents.
This may offer another possible explanation for the ESR age overestimation of the latter sample. However, the potential parallels between
multi-grain OSL averaging effects and ESR average effects do not

OO

Table 7
ESR age estimates obtained for samples CUB1004, CUB1005 and CUB1006.Key: (*)
final DE values were calculated by pooling all the ESR intensities derived from the repeated measurements, which has virtually no impact on the DE value but result in an improved associated error (Duval, 2012). (**) Ti-Li-H and Ti-H ages estimates obtained
for sample CUB1005 slightly differ, (but remain within error) from those published by
Santonja et al. (2014).
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6.5. Comparison with OSL ages on quartz grains

ESR and OSL dating studies were performed independently, i.e.
using the specific methodology and instrumentation for each technique. Full details about the companion single-grain OSL dating are
provided in Arnold et al. (2016). The quartz samples from this site exhibit exceptional OSL dose saturation properties and contain significant populations of individual ‘supergrains’ with bright OSL signals
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6.6. Summary
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(2006) compared OSL results (obtained using a multiple grain SAR
approach) and ESR results (obtained using a MAR approach) for several samples from the Murray Basin (Australia). For the youngest samples (Late Pleistocene), the authors observed good agreement between
the OSL age estimates and the ESR results derived from the Ti-H centre, whereas the Ti-Li centre seemed to provide systematic age overestimation. For older samples (Middle Pleistocene), the Ti-H seemed to
yield age underestimation, while an option based on a total Ti concentration produced more consistent ages in comparison with the OSL results. It should also be mentioned that the thermal stability of the Ti-H
centre is unknown in comparison with the other centres (see Toyoda
and Ikeya, 1991), and the ability of this centre to accurately register dose values above 1000 Gy has also been questioned (Duval and
Guilarte, 2015). For these reasons, it is for the moment quite unclear
how the Ti-H signal would behave for chronologies >300–400 ka,
and any conclusions about this centre derived from the present study
should in first instance not be extrapolated to samples older than the
late Middle Pleistocene time range.
Consequently, these observations, combined with the lower robustness of the data derived from the Ti-H centre, would in the first instance indicate that the ESR chronology obtained using the Ti-Li-H
centres (option D) is potentially more reliable at Cuesta de la Bajada.
Regardless, these ESR results clearly demonstrate the importance of
systematically and simultaneously measuring both the Al and Ti centres in a given sample. Additional ESR dating of fossil teeth from layer
CB-3 is currently ongoing (Duval et al., 2016) and should provide additional semi-independent age control for this site.
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seem applicable to sample CUB1006, for which the multi-grain OSL
age is significantly higher than the Ti ESR ages.
Although it would be tempting to explain the ESR age overestimation of sample CUB1004 by a grain averaging effect (as observed in
the OSL dating study), it is currently unclear whether this phenomenon would impact the ESR results to the same extent. The information
available regarding single grain behavior in ESR dating is very limited. Recent attempts at undertaking single grain ESR measurements
using Q band ESR spectrometry (e.g. Beerten and Stesmans, 2006)
have shown that grains may indeed exhibit very different behaviors
with irradiation dose, ranging from a clear increase (e.g., linear, exponential or saturating exponential) to an almost stochastic response (see
Fig. 5 from Beerten and Stesmans, 2006). This grain-to-grain variability may partially explain the scatter usually observed in multi-aliquot
ESR DRCs. However, the proportions of grains that actually contribute to the main ESR signal measured with multigrain aliquots remains unknown, as does the proportion of those grains that show appropriate dose response characteristics (∼5% for the Cuesta de la Bajada samples in OSL, see Arnold et al., 2016). Although single grain
ESR measurement would provide additional useful information and
may help to improve the accuracy of the method, such an approach
is likely to have many practical limitations (time consuming measurements; difficulties of achieving repeatable measurements in the
Q-band; the need for permanent access to a gamma irradiation source
for single aliquot measurements), precluding routine implementation
by the vast majority of the ESR dating laboratories around the world.
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6.7. Refining the chronology of Cuesta de la Bajada
Because OSL and ESR samples CUB1005 and CB10-2 were both
collected from archaeological layer CB-3 and within the exact area of
the excavation, they should therefore be considered as the most appropriate samples to assess the chronology of Cuesta de la Bajada site.
Following the MC approach, the ESR results indicate that the intensity
of the Al centre was probably not completely zeroed prior to sediment
deposition. Consequently, the Al-ESR age of 416 ± 44 ka should be
considered as a maximum possible age estimate for the archaeological
layer. In this context, the ESR ages derived from the Ti centres provide more correct estimations of the true age of the site. Even though
the Ti-centre ages of CUB1005 are consistent at one sigma, they differ by ∼25% (Fig. 8). Based on comparisons with OSL age estimates,
Beerten et al. (2006) suggested the use of a total Ti-centre concentration, which would correspond to the option D age of 328 ± 32 ka.
However, it is worth noting here that the single grain OSL and Ti-H
ESR age estimates of CUB1005 are in closest agreement at 1 sigma
(264 ± 22 and 247 ± 29 ka, respectively).
According to Santonja et al. (2014), analysis of the micro- and
large mammal assemblages indicates a transitional landscape between
forest and prairies, and the proximity of water, which suggests a temperate climate at the time of human occupation. Consequently, Cuesta
de la Bajada might be tentatively correlated to an interglacial stage,
very likely either MIS 7 or 9 (Lisiecki, and Raymo, 2005).
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The Cuesta de la Bajada quartz grains show some unique features
in comparison with the samples previously analysed by Duval and
Guilarte (2015). For the moment it is unclear how these properties impact the final ESR ages. First, the quartz samples exhibit an exceptionally high content of Ti-H centres, enabling the possibility of obtaining a seemingly robust DE data set. Second, options A, B, C and D do
not behave as usually reported for the Ti centres: instead of showing
non-monotonic dose response behaviors, the ESR signals display an
apparent saturation at high dose values.
The differences observed in the dose estimates from each centre
may naturally raise some questions regarding the choice of the most
appropriate signal for ESR dating. For a given sample, the Al centre provides systematically higher DE estimates in comparison with
those derived from the Ti centres; though they sometimes yield consistent dose estimates. This suggests that the signal of the Al centre has
not been fully reset during transportation. In contrast, the Ti-Li centre measured alone (option E) provides unexpectedly high, and unrealistic, DE estimates, which may mostly be explained by a poor goodness-of-fit. Both Ti-H and Ti-Li-H option D provide the most consistent results when compared with the single-grain OSL ages, although
it is unclear which of these two options should be preferred from the
available data.
The results presented in this study are fairly consistent with those
obtained by Beerten and Stesmans (2006) and Beerten et al. (2006).
These authors specifically mentioned the possibility of systematic bias
in DE estimation when both Ti-Li and Ti-H centres are present in a
given sample: Ti-Li centres appear to show DE overestimate in the
presence of Ti-H centres, suggesting some connection/transfer between the two centres. In light of these observations, Beerten and
Stesmans (2006) recommend the use of a total Ti centre concentration for the DE calculation, which could correspond here in first instance to either options D or F. In a previous study, Beerten et al.

7. Conclusion
Following on from the research undertaken on the Early Pleistocene deposits of the Alcanadre River (e.g., Duval et al., 2015a,b),
this ESR dating study of the Middle Pleistocene site of Cuesta de
la Bajada again demonstrates the usefulness of using the Multiple
Centres approach. Although the Al centre can provide ESR ages that
are stratigraphically consistent, it should routinely be interpreted as
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yielding maximum possible chronologies in the absence of associated
Ti results or independent age control. It has now become obvious that
the systematic measurement of both Al and Ti centres should be a minimum requirement in the analytical procedure of quartz ESR dating.
The numerical ages obtained at Cuesta de la Bajada show good
overall consistency between the Ti-ESR signals and the equivalent
single-grain OSL results. Given the unique characteristics of these
quartz samples, it has been possible to derive an apparently robust
chronology based on the Ti-H centre. These Ti-H ages are systematically younger than those provided by the Ti-Li-H (option D) centres but they are broadly consistent with the OSL age estimates. Direct
comparison of the ESR/OSL dating results is made somewhat complicated by major differences in the analytical procedures; particularly
regarding the number of grains used for DE analysis. From a methodological point of view, it seems important to further understand the
behavior of the ESR signals at a single grain level and to investigate
the impacts of averaging effects at a multi-grain scale. Regardless, the
present ESR dating comparison reveals great potential for using Ti
centres to date late Middle Pleistocene deposits.
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