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A B S T R A C T

The major river basins o the Iberian Peninsula that drain towards the Atlantic coast contain extensive Lower
Palaeolithic (Acheulean) records associated with well-preserved uvial terrace sequences. These open-air
archaeological records are oten difcult to constrain chronologically due to a lack o suitable material or
dating (e.g., aunal remains) or because their Middle Pleistocene antiquity precludes the use o otherwise
routinely applicable geochronometric techniques such as conventional optically stimulated luminescence (OSL)
dating. As a result, many important Iberian Acheulean sites lack precise and accurate chronologies, and their
existing temporal rameworks are based solely on morphostratigraphic correlations with regional uvial terrace
systems. Here we present the frst application o extended-range luminescence dating – namely multi-grain post-
inrared inrared stimulated luminescence (pIR-IRSL) dating o K-eldspars and single-grain thermally
transerred-OSL (TT-OSL) dating o quartz – to a series o terrace sequences in the Duero basin (central sector)
and Guadiana basin, as well as associated Lower Palaeolithic sites o La Maya I, II and III along the Tormes River,
Burganes (and related sites) along the Tera River, and Albalá along the Guadiana River. Additionally, we present
results o a parallel electron spin resonance (ESR) quartz dating study o the Tormes River terrace (Duero basin),
which has been undertaken independently on the same samples to enable stratigraphically paired dating com-
parisons. Our study indicates that sedimentary quartz rom this sector o the Duero basin produces very weak TT-
OSL signals, variable Al signal repeatability and below-average Ti signal ftting uncertainties, though it is still
possible to determine consistent comparative ages using the measurements protocols employed here. For samples
where both pIR-IRSL and TT-OSL signals were measured, the paired luminescence dating ages are in agreement
at 1σ. Agreement between the quartz ESR and TT-OSL ages is also observed or one sample rom the Tormes
River. However, the ESR signals (both Al and Ti) o a second sample showed insufcient bleaching and age
overestimation in comparison to the paired TT-OSL dataset. Comparison o our latest dating results with pub-
lished chronological datasets point to some uvial terraces o the Duero basin potentially having diachronous
ormation histories. Despite this, our combined chronological results show that the terrace systems are chro-
nologically ordered and suggest that, regionally, the +8 to +34 m terraces likely post-date marine isotope stage
(MIS) 10, whilst the +50 m terraces ormed prior to, or during, MIS 10. The related Acheulean sites that contain
lithic material in stratigraphic position are dated to MIS 9–7 (193–314 ka at 2σ age range), and temporally
overlap with the early Middle Palaeolithic records in the Duero basin, also dated here to MIS 8–7 (or 159–259 ka
at 2σ). Our results are consistent with previous observations regarding the chronological overlap o these two
technologies in the region, and support the possibility o a non-linear pattern o replacement or the Acheulean in
the Iberian Peninsula during the Lower to Middle Palaeolithic transition.
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1. Introduction

A signifcant proportion o the Lower Palaeolithic (Acheulean) re-
cords rom the Iberian Peninsula are associated with uvial terrace se-
quences o the major river basins that drain into the Atlantic;
particularly the Duero, Tagus, Guadiana (Santonja and Villa, 2006),
Miño (Méndez-Quintas et al., 2018, 2019), and, to a lesser extent, the
Guadalquivir (García-Vadillo et al., 2023) drainage systems. Unortu-
nately, these open-air archaeological records are oten difcult to
constrain chronologically due to a lack o suitable material or dating (e.
g., calcite ormation, aunal remains, well-preserved organics) or
because they lie beyond the upper dating limits o commonly employed
(oten commercially sourced) sedimentary geochronometric techniques,
such as multi-grain quartz optically stimulated luminescence (OSL)
dating or radiocarbon dating. As a result, many important Middle
Pleistocene Acheulean sites o the Iberian meseta lack precise and ac-
curate chronologies, and their existing temporal rameworks are based
on either morphostratigraphic correlations with regional uvial terrace
systems (Santonja and Villa, 2006; Santonja and Pérez-González, 2010)
or, where available, macro- and micromammal aunal assemblages
ound in association with archaeological materials (e.g., Panera et al.,
2014; Laplana et al., 2015; Rubio-Jara et al., 2016); though the latter is
typically not a viable option owing to the poor preservation o ossil
remains at most Iberian uvial terrace sites (e.g., the Guadiana basin
sites; Santonja and Villa, 2006).

Over the past two decades, luminescence and/or electron spin
resonance (ESR) dating o silicates (quartz and potassium eldspars) has
been employed in a number o geochronology studies o uvial terraces
rom major tributaries o the Duero basin (Moreno et al., 2012, 2016;
Arnold et al., 2013; Terradillos-Bernal et al., 2023), Miño basin
(Méndez-Quintas et al., 2018, 2019; Demuro et al., 2020a, 2020b) and
Tagus basin (Cunha et al., 2008; Martins et al., 2009, 2010; Panera et al.,
2011; López-Recio et al., 2015; Moreno et al., 2019), among others.
These past studies were mainly ocused on establishing chronological
rameworks or uvial incision rates and, in some cases, to determine the
age o associated archaeological (Acheulean occupation) sites. Despite
these eorts, most o the uvial networks and associated archaeological
sites within these Atlantic basins remain undated and there is very
limited chronological inormation to assess Middle Pleistocene human
occupation patterns across this important geographic region, especially
rom open-air sites.

In order to improve the chronological ramework o uvial deposits
located in the middle reaches o the Duero and Guadiana basins (central-
west Spain), as well as the Acheulean records o northern and central
Iberia, we present the frst application o extended-range luminescence
dating o sediment samples (multi-grain post-inrared inrared stimu-
lated luminescence (post IR-IRSL) dating o K-eldspars and single-grain
thermally transerred-OSL (TT-OSL) dating o quartz) rom uvial ter-
races at selected localities within these catchments. Some o the samples
studied are directly associated with important Lower Palaeolithic sites
that were surveyed or excavated in the 1970-80’s: namely, Burganes I to
III and Olmillos I and II, both located within the Tera River terrace
system, La Maya I to III, located within the Tormes River terrace system
(Duero basin; Santonja and Pérez-González, 1984), and the site o
Albalá, located on a terrace o the Guadiana River (Guadiana basin;
Santonja and Villa, 2006). Additionally, subsets o prepared quartz
grains rom the luminescence dating samples o the Tormes River ter-
races are dated using ESR to enable stratigraphically paired, compara-
tive age assessments.

The aim o this paper is to: (i) assess the suitability o extended-range
luminescence signals or dating the Middle Pleistocene deposits o the
Duero and Guadiana basins via the application o a series o quality
assurance criteria (e.g., signal intensity assessments, dose recovery tests)
and semi-independent ESR dating comparisons or selected samples; (ii)
establish new multi-method chronologies and evaluate the accuracy o
existing chronostratigraphic rameworks or the terrace sequences and

associated archaeological sites, and (iii) assess the wider implications o
the dating results or understanding Acheulean occupation patterns in
the Iberian Peninsula more broadly.

2. Study sites and samples

Accessible locations with well-preserved stratigraphic exposures
were targeted within the Tera, Tormes and Guadiana River basins
(Fig. 1a) or luminescence and ESR sample collection. Further de-
scriptions o geographic locations, uvial terrace elevations and sedi-
mentary sequence associated with each sampling site are outlined in the
Supplementary Inormation. In total, three dating samples were
collected rom the +16–20 m and +30–34 m terraces o the Tera River,
six samples were collected rom the +8m, +14 m, +34 m and +50 m
terraces o the Tormes River and two samples were collected rom the
+8 m terrace o the Guadiana River.

2.1. Tera River terraces (Duero basin)

The Tera River is located on the northern ank o the Duero basin,
where it joins the Esla River and eventually drains into the midsection o
the Duero, approximately 25 km to the west o the city o Zamora.
Archaeological surveys were undertaken during the 1970-80’s near the
town o Burganes de Valverde (Zamora province), just prior to the
conuence with the Esla River (Fig. 1b). The terrace system identifed in
this section o the Tera River is composed, in its lower part, o our
terraces at +3–5 m, +10–12 m, +16–20 m and +30–35 m elevations
above the river level. Surveying o the+16–20m uvial terrace revealed
a series o archaeological sites located on the west margin o the river
(Fig. 1; Santonja and Pérez-González, 1984). Four o these sites con-
tained Acheulean assemblages in stratigraphic position, namely Bur-
ganes I and II and Olmillos I and II (see Fig. 1b), which were
subsequently studied in detail. A fth site, Burganes III, was also iden-
tifed as containing exposed lithics within surfcial deposits. Unlike the
aorementioned our sites, the age o the Burganes III assemblage is
considered to be younger than the ormation o the +16–20 m uvial
terrace.

To chronologically constrain the Tera River terrace ormations and
associated Acheulean records, three luminescence dating samples were
collected rom exposures o uvial deposits in the vicinity o the town o
Burganes de Valverde and within the previously surveyed archaeolog-
ical areas: one sample (BGN16-1; Fig. S1a) was collected rom the
+30–35 m terrace and two samples (BGN16-2 and BGN16-3;
Figs. S1b–c) were collected rom an exposure corresponding to the
+16–20 m terrace (Fig. 1b).

2.2. Tormes River terraces (Duero basin)

The Tormes River is located on the southern ank o the Duero basin
and joins the main Duero River at the border between Spain and
Portugal. The present study ocuses primarily on terrace ormations and
archaeological sites located to the south o the town o Santa Teresa de
Tormes (Fig. 1c). In this section o the Tormes River, the better pre-
served terraces are at middle and lower elevations, mapped at +4–6 m,
+8 m, +14 m, +30–32 m and +50–54 m above the river level (Fig. 1c;
Santonja and Pérez-González, 1984). The middle-to-upper and upper
terraces are poorly preserved due to erosion, though three to our extra
terraces have been identifed above the +50 m level, with the highest
point at +100–110 m (Santonja and Pérez-González, 1984). Archaeo-
logical surveying undertaken in the 1970’s identifed the site o La Maya
I within a quarry exposure, which contained archaeological material in
stratigraphic position. La Maya I was subdivided into two excavation
areas: a 12 m2 excavation called ‘Zona 1’, which sits within the +14 m
terrace, and a second 6 m2 excavation area called ‘Zona 2’, which is
located on the+8 m terrace. A urther two sites, La Maya II and La Maya
III, were also identifed, though in both cases the archaeological material
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was ound on top o the surace deposits capping the +30–32 m and
+50–54 m terraces, respectively (see Fig. 1c; Santonja and
Pérez-González, 1984). The lithic material ound in all instances was
classed as Acheulean, though the assemblage rom the +8 m terrace
excavation at La Maya I ‘Zona 2’ was deemed to exhibit certain char-
acteristic elements o a late Acheulean or early Middle Palaeolithic
(EMP) toolkit (Santonja and Villa, 2006).

In total, six luminescence and ESR dating samples were collected
rom the uvial terrace system o the Tormes River (see Fig. S2). Due to a
lack o stratigraphic exposures or the+50–54 m and+30–32 m terraces

near Santa Teresa de Tormes, two correlative localities were identifed
24 km downstream o the Tormes River near the town o Villargonzalo
de Tormes (Fig. 1d). Further downstream rom here, the terrace system
is better preserved and the number o uvial terraces identifed in-
creases signifcantly, including several higher terraces at +62–64 m,
+78–80 m,+108 m and+120 m above river level (Fig. 1d; Santonja and
Pérez-González, 1984). In situ and surfcial archaeological material have
also been studied in this sector o the Tormes (locations shown in
Fig. 1d). Within this system, we collected three luminescence and ESR
samples, LM18-1 and LM18-2 rom the+50 m terrace, and LM16-1 rom

Fig. 1. Maps showing (A) the general location o study sites along the Tera, Tormes and Guadiana Rivers. Luminescence dating sampling locations within the Duero
basin or the: (B) Tera River terraces at (1) +16–20 m and (2) +30–35 m elevation; (C) Tormes River terraces at (3) +14 m and (4) +8 m elevation; and (D) Tormes
River terraces at (5) +34 m and (6) +50 m elevation. Also shown are the locations o associated archaeological sites La Maya I, II and III, Burganes I, II and III, and
Olmillos I and II. Panels B–D have been modifed rom Santonja and Pérez-González (1984).
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the +34 m the terrace (Figs. S2b and d). These three samples provide
chronological control or the correlative terraces near the town o Santa
Teresa de Tormes and maximum age constraint or the surfcial
archaeological material o La Maya II and III. Two luminescence dating
samples were collected rom the excavation exposures at La Maya I
‘Zona 1’ corresponding with the +14 m terrace: sample LM16-2 was
collected rom Level ‘a’ and sample LM16-3 rom overlying Level ‘b’ 
(Fig. S2c). Finally, due to a lack o available exposures in LaMaya I ‘Zona
2’, one luminescence dating sample, LM16-4, was collected rom a
nearby exposure o the +8 m terrace, which was located approximately
100 m away rom the La Maya I ‘Zona 2’ site (Fig. S2a).

2.3. Guadiana River terrace (Guadiana basin)

The Guadiana River basin is an extensive uvial network that runs
parallel to the Tagus River and drains a large portion o the meridional
meseta. However, the Guadiana terrace system exhibits less vertical
development (Santonja and Pérez-González, 2010) and ewer Lower
Palaeolithic archaeological sites than in neighbouring basins to the
north (Santonja and Villa, 2006). Despite this, several important
Acheulean sites have been discovered and studied since the 1970’s
within the Campo de Calatrava region, an area located in the
mid-section o the Guadiana River near the city o Ciudad Real (Santonja
and Villa, 2006; Santonja et al., 2022). Previous studies have identifed
at least ten terrace levels in the Guadiana River basin, rom +2 to 3 m to
+60–65 m elevation (Portero et al., 1986; Santonja et al., 2022). The
studied archaeological sites with Acheulean assemblages include El
Martinete (on the +11–13 m terrace) and Albalá (on the +8 m terrace).
Other important Acheulean sites in the area, including El Sotillo and
Porzuna (Santonja and Villa, 2006; Arroyo and de la Torre, 2013; San-
tonja et al., 2022), are located a ew kms to the north o the Guadiana
River and are not directly associated with its terrace system. So ar, the
only chronology available or these Early Palaeolithic occupations in the
Campo de Calatrava region comes rom the site o El Sotillo, which has
been dated to 258–303 ka using multi-grain K-eldspar pIR-IRSL and
single-grain quartz TT-OSL (Santonja et al., 2022).

Two luminescence dating samples, ALB17-1 and ALB17-2, were
collected rom uvial deposits o the +8 m Guadiana River terrace at a
laterally continuous (>20 m) exposure (2–3 m thick) located on a road
cutting, between the towns o Piedrabuena and Pozuelos. The uvial
deposits here are >7 m thick. Sample ALB17-1 was collected rom a
lower layer composed o cobbles and gravels, while sample ALB17-2 was
collected rom an overlaying layer composed predominantly o sands
(see Supplementary Inormation or details; Figs. S3a–d).

3. Methods

3.1. Luminescence De determination

All samples were dated using replicate K-eldspar pIR-IRSL and
quartz TT-OSL procedures, with the exception o Guadiana River sam-
ples ALB17-1 and ALB17-2, which were only dated using pIR-IRSL
procedures owing to the signifcantly longer measurement re-
quirements o TT-OSL dating, and Tormes River sample LM18-1, which
was principally prepared or ESR dating and not measured or pIR-IRSL
or TT-OSL dating owing to machine time limitations. Full details o the
luminescence dating procedures and instrumentation employed in this
study (including quality assurance criteria used to eliminate unreliable
grains and aliquots) are provided in the Supplementary Inormation.
The 90–125 μm ractions o K-eldspar and quartz concentrates were
prepared using standard preparation procedures (e.g., Demuro et al.,
2014) including HF acid etching to remove the alpha-irradiated external
layers (10% HF digestion or 10 min to etch the K-eldspar ractions;
48% HF digestion or 40 min to etch the quartz ractions; Aitken, 1998;
Duval et al., 2017). Multi-grain pIR-IRSL and single-grain TT-OSL
measurements were made using the single-aliquot regenerative-dose

(SAR) protocols (Murray and Wintle (2000) detailed in Arnold et al.,
2014, 2019) and Demuro et al. (2015, 2019a, 2019b, 2022), and shown
in Tables S1a–b. The pIR-IRSL procedure makes use o raised tempera-
ture stimulation at 225 ◦C ater a preheat o 250 ◦C or 60 s, and is herein
denoted pIR-IRSL225. The suitability o these SAR procedures or De
determination is supported by reliable dose-recovery test results or the
quartz raction o sample LM16-3 (TT-OSL signal) and K-eldspar rac-
tions o samples LM16-2, BGN16-1 and ALB17-1 (pIR-IRSL225 signal), as
outlined in the Supplementary Inormation and Tables S2–S3.

Grains or aliquots that passed the SAR rejection criteria described in
the Supplementary Inormation were used or fnal De estimation and
age calculation (Table S6). Representative burial dose estimates have
been calculated using the central age model (CAM), and the 3-parameter
and 4-parameter minimum age models (MAM-3 and MAM-4) o Gal-
braith et al. (1999). The choice o model to use or the fnal age calcu-
lations has been made on statistical grounds using the overdispersion
parameter (calculated using the CAM) and the maximum log likelihood,
Lmax, criterion o Arnold et al. (2009) (to ascertain the statistical
appropriateness o the MAM-3 versus MAM-4), and by taking into
consideration the depositional context o these samples (i.e., uvial
settings with direct or indirect sub-aerial exposure between trans-
portation events), as well as the dierent bleaching characteristics o the
various luminescence signals under consideration (Arnold et al., 2013,
2019, 2022; Demuro et al., 2015; Duval et al., 2017).

3.2. ESR De determination

ESR dating o quartz grains was undertaken on our samples
collected rom the Tormes River uvial deposits. The unused coarse
quartz grain ractions o samples LM16-1 (180–250 μm), LM16-4
(180–250 μm), LM18-1 (125–212 μm) and LM18-2 (125–250 μm) pre-
pared as part o the luminescence dating study were selected or ESR
dating. ESR dose evaluation was perormed at the National Research
Centre or Human Evolution (CENIEH), Spain, using published analyt-
ical procedure and experimental conditions (e.g., Duval et al., 2020a).
Quartz grains were dated using the multiple aliquot additive dose
(MAAD) method and ollowing the multiple centre (MC) approach
defned by Toyoda et al. (2000). ESR measurements were carried out at
90–92 K, with an EMXmicro 6/1Bruker X-band ESR spectrometer
coupled to a standard rectangular ER 4102ST cavity (setup #1 in Gui-
larte and Duval, 2021).

For all samples, the ESR signals o the Aluminium (Al) and Titanium
(Ti) centres were acquired in a single spectrum (e.g., Fig. S6). Detailed
acquisition parameters and experimental conditions are outlined in the
Supplementary Inormation. The ESR intensity o the Al signal was
extracted rom peak-to-peak amplitude measurements between the top
o the frst peak (g = 2.0185) and the bottom o the last peak at g values
between ~2.018 and ~1.993 (Toyoda and Falguères, 2003). The ESR
intensity o the Ti centres was measured rom the peak-to-baseline
amplitude o the peak at g = 1.913 (i.e., option D sensu Duval and
Guilarte, 2015). For completeness, the ESR intensities were also
measured ollowing options A, C and E sensu Duval and Guilarte (2015),
although the ftting results are not discussed here (see Supplementary
Inormation and Table S12). The fnal Dose Response Curves (DRCs)
were obtained by plotting the mean ESR intensities and associated
standard deviations derived rom the repeated measurements. The DRC
ftting conditions are described in the Supplementary Inormation.

3.3. Environmental dose rates

Environmental dose rates or both the luminescence and ESR dating
calculations were determined via a combination o in situ feld gamma-
ray spectrometry and low-level beta counting (Table S4). The ‘energy
windows’ method described in Arnold et al. (2012a) and Duval and
Arnold (2013) has been used to analyse the feld gamma spectra and
determine radionuclide concentrations o K, U and Th or the
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surrounding sediment matrices. External gamma dose rates have been
calculated using the conversion actors o Guérin et al. (2011). External
beta dose rates have been derived rom laboratory measurements o
homogenised sediment sub-samples collected immediately adjacent to
the luminescence dating samples using a Risø GM-25-5 beta counter.
Contributions rom cosmic rays have been calculated using the approach
described in Prescott and Hutton (1994). An internal 40K content o 12.5
± 0.5% (Huntley and Baril, 1997) and 87Rb content o 400 ± 100 ppm
(Huntley and Hancock, 2001) have been assumed or determining the
internal dose rates o K-eldspar grains. An internal dose date o 0.03
Gy/ka was assumed or quartz grains ollowing previous publications
(see ootnote ‘e’ in Table S4).

The present-day sediment water contents o these samples are not
considered to be entirely representative o true moisture conditions
prevailing throughout the burial period because the exposed sediment
profles had partially dried out prior to sampling and feldwork was
conducted during the drier summer months. To determine more suitable
long-term sediment moisture contents or dose rate determination, we
have used 60% o the present-day saturated water contents, consistent
with the long-term average water contents adopted or similar types o
deposits rom the Iberian Peninsula (e.g., Arnold et al., 2013; Demuro
et al., 2015; Méndez-Quintas et al., 2018; Rios-Garaizar et al., 2022;
Santamaría et al., 2023; Terradillos-Bernal et al., 2023). This approach
resulted in long-term moisture contents ranging rom 9.8% to 20.3% (as
percentage o dry weight) depending on the sample (Table S4). A 1σ 
relative uncertainty o ±20% (±40% at 2σ) was assigned to these
long-term estimates to account or any past variations in hydrological
conditions during burial. High-resolution gamma spectrometry was
additionally perormed on a subset o representative samples rom each
basin to assess the state o secular equilibrium in the 238U and 232 Th day
series (Table S5). The daughter-parent isotopic ratios or 238U, 226Ra,
210Pb, 228 Ra and 228Th are consistent with unity at either 1σ or 2σ or all
samples, confrming that the 238U and 232Th chains exhibit present-day
secular equilibrium.

4. Results

4.1. Luminescence dating

The measured single-grain TT-OSL signals were generally very weak;
approximately 71–86% o grains did not produce detectable lumines-
cence (i.e., Tn signal <3 × signal background; Table S6) and a urther
10–18% o grains displayed dim Tn signals with large associated errors
o >30% (Table S6). The three Tera River samples (BGN16-1, BGN16-2
and BGN16-3) displayed the weakest TT-OSL signals, ollowed by the
Tormes River samples LM18-2, LM16-1 and LM16-4 (brightest 1% o
grains produced 0.10–3 counts/Gy/0.26 s; Fig. 2a). Samples LM16-2 and
LM16-3, both rom the +14 m terrace o the Tormes River, had
marginally stronger TT-OSL signals (brightest 1% o grains produced
1–9 counts/Gy/0.26 s; Fig. 2a). The proportion o measured grains per
sample that passed the single-grain TT-OSL SAR rejection criteria was
generally very low, between 0.7 and 1.6% in most cases, though or
samples LM16-2 and LM16-3 the yield o useable grains was slightly
higher at 2.5% and 5% o measured grains, respectively (Table S6).
Despite this, all TT-OSL signals used or De estimation were ast-
decaying and generally depleted by >90% within the frst 0.26 s o
stimulation. An example o a sensitivity-corrected dose-response and TT-
OSL decay curve or a moderately bright grain that passed the SAR
rejection criteria is shown in Fig. 2b. The single-grain TT-OSL dose-
response curves are all well-represented by a single saturating expo-
nential unction and display continued signal growth at high doses
(>103 Gy) (Fig. 2b).

All pIR-IRSL225 signals are bright and ast decaying, with the signals
decreasing by >90% in the frst 20 s o stimulation. Fig. 2c shows an
example o a multi-grain pIR-ISL225 decay curve and corresponding
dose-response curve or sample LM18-2. The dose response curves are

Fig. 2. (A) Single-grain TT-OSL signal brightness plot or samples collected
rom the Tera and Tormes River terraces. (B) Representative single-grain TT-
OSL decay and sensitivity-corrected dose response curves measured, example
shown is rom a grain o sample LM16-1. (C) Representative multi-grain pIR-
IRSL225 decay and sensitivity-corrected dose response curves measured,
example is rom an aliquot o sample LM18-2.
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optimally ftted using an exponential plus linear unction. For the
samples collected rom the Tera and Guadiana River terraces, the De
estimates were all calculated rom the non-saturated portion o the dose
response curves, though the De values or samples LM16-1, LM16-2,
LM16-3 and LM18-2 rom the Tormes River +34 m, +14 m, +14 m and
+50 m terraces, respectively, were obtained rom portions o the dose
response curve that are closer to saturation (800–1200 Gy).

The degree o athermal loss o K-eldspar pIR-IRSL225 signals over
burial timescales was examined or all samples through anomalous
ading assessments made on subsets o aliquots that had been used to
derive De values (three aliquots per sample). The mean ading rates or
individual samples generally range between 1.31 ± 0.15 and 1.90 ±
0.14 %/decade (with only one sample producing a higher value o 2.11
± 0.19 %/decade) and the combined weighted average g-value (n = 30)
is 1.64 ± 0.09 %/decade (Table S7). These empirical ading rates are
consistent with those obtained or higher temperature pIR-IRSL signals
(pIR-IRSL290 signals) or a subset o the Tormes, Tera and Guadiana
River terrace samples (mean value = 1.43 ± 0.09 %/decade; Table S7).
More broadly, the measured ading rates or the pIR-IRSL225 signals are
also consistent with published g-values or higher temperature pIR-IRSL
signals (see summary in Arnold et al., 2015), as well as published
g-values or athermally stable quartz OSL signals (Buylaert et al., 2012),
and they all within the 1–2%/decade range that is generally considered
to be an arteact o laboratory procedures and potentially representing
unreliable indicators o long-term ading rates (see discussions in Arnold
et al., 2015). As such, we have not applied an empirical ading correc-
tion to the pIR-IRSL ages obtained in this study; though the ading
corrected ages o a representative dataset (the Tormes terrace samples)
are presented in the Supplementary Inormation and Table S8 or
comparative purposes.

Sample LM18-2 (Tormes River +50 m terrace) could not be dated
using single-grain TT-OSL because the measured grains consistently
displayed weak or non-existent luminescence signals (i.e., ~94% o
grains had unsuitably low Tn signals), or aberrant behaviour, and none
o the measured grains passed the SAR quality assurance criteria. For the
rest o the samples, a low, but sufcient, number o single-grain TT-OSL

De values (22–35 grains per sample) passed the SAR quality assurance
criteria and could be used to calculate an age. The single-grain TT-OSL
De distributions o most samples are characterised by low to moderate
scatter, with overdispersion values between 5% and 35%, which are
consistent with those reported or well-bleached TT-OSL datasets (e.g.,
Arnold et al., 2019, 2022) (Table 1; Fig. S4). Only one sample, BGN16-2,
exhibits an above-average overdispersion value o 51± 11%, albeit with
a large uncertainty range (2σ uncertainty = ±22%) (Fig. S4). For all
samples, the De scatter is mostly randomly spread around the mean, with
a ew precise high and low De values or some datasets, and none o the
De distributions display clear evidence o partial bleaching (i.e., there is
a general absence o distinct leading-edges o low De values or elongated
tails o higher De values; Arnold and Roberts, 2009; Bailey and Arnold,
2006) (see radial plots in Fig. S4 and De summary statistics in Table S9).
Thereore, all fnal De values and age calculations have been determined
using the CAM. This choice o age model is supported by the Lmax scores
obtained or the dierent age models, which indicate the CAM is sta-
tistically avoured over the MAM-3 and MAM-4 in all instances (Arnold
et al., 2019), and the weighted skewness scores, which indicate that
none o the samples are signifcantly positively skewed according to the
criterion outlined by Arnold and Roberts (2009) (Table S9).

All pIR-IRSL225 De datasets display low scatter, with overdispersion
values ranging rom 0% to 19%, and none o the samples display the
typical asymmetric spread associated with partially bleached grain
populations, as shown by the weighted skewness scores (see radial plots
in Fig. S5 and Table S10). These characteristics suggest the pIR-IRSL225
signals o all ten samples were likely well-bleached at deposition,
consistent with the single-grain TT-OSL datasets, hence we have used
the CAM De values or age determination. The suitability o the CAM
over the MAM-3 and MAM-4 is urther supported by the Lmax scores
obtained or these datasets (Arnold et al., 2019; Table S10).

4.2. ESR dating

The Al centre measurements or samples LM16-4 and LM18-2 reveal
good repeatability o 5–10 % (Table S12), which are within standards

Table 1
Summary o single-grain TT-OSL and multi-grain pIR-IRSL225 dating results or the Tera, Tormes and Guadiana River terrace samples.
Sample Terrace

elevation
(m)

Single-grain TT-OSLa Multi-grain pIR-IRSL225e Combined
age (ka)Accepted/

measured
grains

OD
(%)b

De (Gy)c Total dose
rate or Qz
(Gy/ka)

Age
(ka)d

Accepted/
measured
aliquots

OD
(%)b

De (Gy)c Total dose
rate or K-
eldspars
(Gy/ka)

Age
(ka)d

Tormes River
LM16-4 +8 22/1900 29± 12 527± 55 2.52± 0.14 209± 25 6/6 4± 2 656± 14 2.98± 0.14 221± 12 219± 19
LM16-3 +14 25/500 23± 7 1019± 75 3.83± 0.20 266± 24 6/6 5± 2 1051± 25 4.29± 0.20 245± 14 250± 18
LM16-2 +14 32/1300 5± 21 971± 68 4.10± 0.24 237± 22 6/6 3± 2 1126± 23 4.56± 0.24 247± 15 244± 19
LM16-1 +34 35/2200 34± 7 972± 77 3.91± 0.20 249± 24 11/13 19± 5 1112± 72 4.37± 0.20 254± 21 252± 23
LM18-2 +50 0/1100 – Not

possible
– 15/15 0± 0 1168± 18 3.88± 0.18 323± 19 – 

Tera River
BGN16-3 +16-20 20/2400 37± 11 586± 63 2.64± 0.14 222± 27 15/15 6± 2 767± 14 3.10± 0.14 247± 13 242± 21
BGN16-2 +16-20 22/2500 51± 11 547± 69 2.62± 0.14 209± 29 12/12 8± 2 749± 18 3.07± 0.14 244± 14 237± 23
BGN16-1 +30-35 29/3600 31± 9 409± 36 1.37± 0.07 300± 30 6/6 10± 3 666± 27 1.82± 0.08 365± 22 342± 27
Guadiana River
ALB17-2 +8 – – Not

measured
– 9/9 14± 3 400± 19 1.77± 0.08 226± 15 – 

ALB17-1 +8 – – Not
measured

– 6/6 5± 2 487± 11 1.93± 0.08 252± 13 –  

a TT-OSL measurements were made using the ‘pseudo’ single-grain approach (i.e., ~18 grains per hole; Arnold et al., 2012b).
b OD= overdispersion.
c De values have been calculated using the central age model (CAM; Galbraith et al., 1999).
d Mean± total uncertainty (68% confdence interval), calculated as the quadratic sum o the random and systematic uncertainties. Total uncertainty includes a

systematic component o ±2% associated with laboratory beta-source calibration.
e pIR-IRSL225 measurements were made using 160-grain aliquots o 90–125 μm potassium eldspar grains.
 Weighted mean age has been calculated rom the replicate TT-OSL and pIR-IRSL225 ages or each sample. The associated 1σ uncertainty on the combined age has

been calculated by multiplying the average relative uncertainties o the replicate age estimates by the combined weighted mean age estimate.
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or this signal (Duval et al., 2024). The exponential plus linear dose
response curves or these two samples also show high goodness-o-ft
values (adjusted r2 > 0.99), and the resultant De estimates are in
agreement at 1σ when using either the 1/I2 or 1/s2 weighing methods
(Table S12). The repeated Al centre measurements or sample LM18-1
show slightly higher variations in De values (15–17%). It is worth
noting that one o these measurements was erroneously perormed with
a microwave power o 0.6 mW instead o 5 mW, resulting in much
smaller ESR intensities but with no signifcant impact on the resulting De
estimate (Table 2). The exponential plus linear dose response curves
obtained or LM18-1 using the two weighting options show regular
goodness-o-ft values (adjusted r2 ~0.98) and the resultant De estimates
dier by about 20%, but are nevertheless in agreement at 1σ. Finally, the
repeated Al centre measurements or sample LM16-1 show very low
repeatability, with De estimates varying by ~54%. The De values ob-
tained using the exponential plus linear dose response fttings vary by
~50% depending on the weighing method used (538 ± 209 Gy versus
1082 ± 292 Gy when using the 1/I2 and 1/s2 weighting, respectively;
Table S12). There is evidence to suggest that the higher De value o 1082
± 292 Gy obtained using the 1/s2 weighting is more reliable (see
Fig. S7), namely (i) its goodness-o-ft value (adjusted r2 = 0.997) is
higher than that resulting rom the 1/I2 weighted ftting (adjusted r2 =
0.974), and (ii) the 1/I2 weighted ftting is more sensitive to biases
caused by the signifcant scatter observed over the low dose points or
this sample, as it gives higher weighting to the low dose region o the
dose response curve (see Joannes-Boyau et al., 2018). Regardless, both
Al centre De values or LM16-1 should be considered with extreme
caution given the large variability observed over repeated
measurements.

The Ti signal o samples LM16-4 and LM18-2 shows De repeatability
within standards (i.e., between 0 and 15%, consistent with 90% o
quartz samples in the synthesis study o Duval et al., 2024), and mod-
erate to high goodness-o-ft values or the Ti-2 and single saturating
exponential dose response curves (adjusted r2 < 0.98 and >0.99,
respectively). Both fttings return De estimates in agreement with each
other at 1σ, though there is a ~250 Gy dierence in the corresponding
De values obtained or sample LM18-2 (Table S12). This De variability
mostly reects signifcant ftting uncertainty over the low dose region o
the dose response curve (especially as the low dose points are scattered
and the natural dose point is higher than the lowest irradiated dose
point; see Fig. S8). In this case, the Ti-2 De value derived rom all data
points in the dose response curve, which shows a higher goodness-o-ft
value, is regarded as more reliable than the De value obtained using the
single saturating exponential ft, which is derived exclusively rom the
lower dose points (i.e., using a Dmax o 9.7 kGy). For sample LM18-1,
which shows slightly inerior repeatability o 17.2%, the Ti-2 and sin-
gle saturating exponential dose response curve ftting methods yield De
values in agreement at 1σ (2086 ± 365 Gy and 1850 ± 298 Gy;
Table S12). These De estimates should nevertheless be treated with
caution given their moderate goodness-o-ft values (adjusted r2 values
o 0.95–0.96; Table S12). However, the suitability o the Ti-2 ft im-
proves (r2 increases rom 0.950 to 0.962) when excluding the scattered
dose point at 9.7 kGy (Fig. S8), and the resultant De estimate comes into
closer alignment with that obtained using the single saturating expo-
nential unction (i.e., 1850 ± 249 Gy; Table S12). Finally, sample
LM16-1 shows very high Ti signal variability over repeated

measurements (39%) but the De estimates obtained using the two ftting
methods are in close agreement (1516.7 ± 173.9 Gy versus 1407.0 ±
247.6 Gy), with the Ti (1/s2) ftting resulting in higher goodness-o-ft
(Table S12). In general, the overall quality o the Ti signal dataset or
these samples should be regarded as below usual standards (see
compilation in Duval et al., 2024), with either low De precision over
repeated measurements, regular goodness-o-ft, or non-negligible
ftting uncertainties. The comparative results obtained in the present
work or the Al and Ti signals also illustrate the limitations o the MAAD
method or dose determination when ESR datasets do not meet routine
quality standards.

Based on these observations, the Al centre ESR De values used or age
evaluations are those obtained using an exponential plus linear dose
response curve unction ftting with 1/s2 weighting or sample LM16-1
and 1/I2 weighing or samples LM16-4, LM18-1 and LM18-2
(Table S12). The Ti centre ESR De estimate used or age evaluations
are those derived rom the Ti-2 (1/s2) dose response curve fttings,
which provide equally or more reliable ftting results than the alterna-
tive approaches or all samples (Table S12). Fig. 3 shows a comparison o
the fnal De value obtained using the Al and Ti signals. Following the
principles o the MC approach, the Al centre is expected to provide
maximum burial dose estimates given its slower optical bleaching rate
(Toyoda et al., 2000; Duval et al., 2017). In comparison, the Ti signal
should yield a closer estimate o the true burial dose given its more rapid
and complete bleaching characteristics. Samples LM16-4, LM18-1 and
LM18-2 show the typical De pattern expected rom the known relative
bleaching rates o each signal (i.e., De (Ti) < De (Al)). For these three
samples, the relative dierences in the comparative Ti and Al De values
are limited (varying by only 6 % to 16 %), and the paired De esti-
mates are all within error, suggesting that the Al signal has been ully
reset prior deposition, as per the assumptions o the MC approach
(Toyoda et al., 2000). Consequently, a weighted mean De value has been
calculated or these samples using the results obtained rom the Al and
Ti signals. This yields a combined De value o 970 ± 67 Gy or sample

Table 2
Summary o the quartz ESR results or the our Tormes River samples. Dose rate components are given in Table S4. Final De values have been derived rom either the Al
signal (LM16-1) or by combining (as a weighted mean) the De values rom the Al and Ti signals (see text or urther explanations).
Sample Terrace elevation (m) De (Gy) Total dose rate (Gy/ka) Age (ka)

LM16-4 +8 m 970 ± 67 (Al–Ti) 2.41 ± 0.13 402 ± 36
LM16-1 +34 m 1082 ± 292 (Al) 3.76 ± 0.19 288 ± 79
LM18-1 +50 m 1945 ± 199 (Al–Ti) 4.67 ± 0.26 416 ± 50
LM18-2 +50 m 1441 ± 48 (Al–Ti) 3.33 ± 0.17 433 ± 28

Fig. 3. Comparison o the quartz ESR De estimates obtained using the Al and Ti
signals or the Tormes River terrace samples. The associated De uncertainties
represent the 1σ ranges.
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LM16-4, 1945 ± 199 Gy or sample LM18-1 and 1441 ± 48 Gy or
sample LM18-2.

In contrast, sample LM16-1 shows an outlying pattern with De (Ti) >
De (Al). Although the De values obtained or the two signals overlap
within their uncertainty ranges, this apparent agreement should be
treated with some caution as it mainly reects the large associated De
uncertainty ranges (11–27%), particularly or the Al signal, which act to
mask a signifcant systematic inversion o 40% in the expected De re-
lationships o the Ti and Al centres. The basic principles o the MC
approach cannot explain this inverted De relationship because, all things
being equal, it is not possible or the more rapidly bleached Ti signal to
be reset to a lesser extent than the slower bleached Al signal prior to
burial. We presently do not have an objective explanation or this un-
expected result, though we cannot exclude the possibility that it might
partly or wholly reect the low quality o the ESR data or this sample;
particularly the low repeatability o the measured De estimates, which
varied by 39–54 % or the two signals (Table S12). In this context, the
most conservative interpretation o the ESR dataset would be to consider
the Al signal as providing a maximum constraint o 1082 ± 292 Gy or
the true burial dose o LM16-1.

4.3. Final ages

The fnal luminescence ages obtained in this study are summarised in
Table 1. For samples where both single-grain TT-OSL and multi-grain
pIR-IRSL225 ages have been obtained, all o the paired luminescence
dating ages are in agreement at 1σ. Tera River sample BGN16-1 rom the
+30–35 m produces a combined TT-OSL and pIR-IRSL225 age o 342 ±
27 ka, whilst the +16–20 m terrace samples (BGN16-2 and BGN16-3)
yield combined ages o 237 ± 23 ka and 242 ± 21 ka, respectively.
For the Tormes River terrace sequence, a multi-grain pIR-IRSL225 age o
323 ± 19 ka is obtained or the +50 m terrace sample (LM18-2), while
the combined TT-OSL and pIR-IRSL225 ages or the +34 m and +14 m
terraces show only modest age dierentiation, ranging between 252 ±
23 ka and 244 ± 19 ka, and the +8 m terrace produces a systematically
younger age o 219 ± 19 ka, as expected (Table 1). Finally, the multi-
grain pIR-IRSL225 ages obtained or the Guadiana River +8 m terrace
samples (ALB17-1 and ALB17-2) are 252 ± 13 ka and 226 ± 15 ka,
respectively, which result in a combined age o 242 ± 14 ka or the
ormation o this terrace.

The fnal ESR ages obtained or the Tormes River terraces are shown
in Table 2. The combined Al–Ti ages are 402± 36 ka or sample LM16-4,
416± 49 ka or sample LM18-1 and 433± 28 ka or sample LM18-2. For
sample LM16-1, only the Al signal is considered reliable (see previous
section), producing an age o 288 ± 79 ka or the ormation o the +50
m terrace.

5. Discussion and conclusion

5.1. Comparison o luminescence and ESR ages or the Tormes River
deposits

The quartz samples rom the Tormes River terraces produce weak
TT-OSL signals, variable Al signal repeatability and below-average Ti
signal ftting uncertainties. More encouragingly, the single-grain TT-OSL
De distributions exhibit limited scattered and low-to-moderate over-
dispersion values, and are generally consistent with those reported
elsewhere or well-bleached samples (e.g., Arnold et al., 2013, 2019,
2022; Demuro et al., 2023). The combined Al–Ti ESR age o 402± 36 ka
obtained or sample LM16-4 (+8 m terrace) is signifcantly older than
the corresponding single-grain TT-OSL age o 209± 25 ka, as well as the
~250 ka combined luminescence ages obtained or the +14 m terrace
samples o (sample LM16-2 and LM16-3; Tables 1 and 2). This age
overestimation may indicate that both the Al and Ti signals o sample
LM16-4 were not ully reset prior to deposition, and we thereore avour
the luminescence ages produced or this sample.

For sample LM16-1, and ollowing the principles o the MC
approach, the ESR age estimate o 288 ± 79 ka should be regarded as a
maximum possible age because it is based on the Al signal alone. This
age is compatible with the corresponding single-grain quartz TT-OSL age
o 249 ± 24 ka obtained or this sample, as well as the combined
extended-range luminescence age o 252 ± 23 ka (Table 1). Interest-
ingly, the Ti–H signal, which is typically better suited or late Middle
Pleistocene samples (e.g., Bartz et al., 2020), provides a De estimate o
734 ± 134 Gy or this sample, resulting in an age o 195 ± 37 ka
(Table S13). This age should be treated with some caution given the low
goodness-o-ft value obtained or the Ti–H dose response curve ftting,
though it is consistent at 2σ with the single-grain TT-OSL age obtained
or LM16-1 (albeit systematically younger by ~55 ka). Furthermore,
since the magnitude o the Ti–H De estimate lies beyond the range
(0–300 Gy) usually considered suitable or this signal (Duval et al.,
2020b), the resulting Ti–H ESR age should be regarded as a minimum
estimate o the true depositional age. Consequently, the ESR Ti–H and Al
ages provide bracketing minimum and maximum constraints or the
+34 m terrace, and support the fnite single-grain TT-OSL and
multi-grain pIR-IRSL ages obtained or these deposits.

The combined ESR age o 424 ± 12 ka or the+50 m terrace samples
(LM18-1 and LM18-2) is older than the corresponding pIR-IRSL225 age o
323 ± 19 ka, which may be compatible with the observation that the
natural pIR-IRSL225 signal is close to saturation (e.g., Fig. 2c), and thus
may be yielding a minimum age estimate or the terrace ormation.
However, we cannot completely exclude the possibility that the true age
o the +50 m deposits is younger than the mean ESR age due to the
possibility o insufcient Al and Ti signal resetting (i.e., the Tormes +50
m terrace age may be between ~330 ka and ~420 ka). This may be a
valid concern given that the ESR results or sample LM16-4, collected
rom the +8 m terrace, suggest that the Al and Ti signals o related
Tormes River uvial deposits may not have been ully reset during
sediment transport.

5.2. New and revised chronological rameworks or Iberian fuvial
terraces

The two pIR-IRSL225 ages obtained or the Guadiana River terrace at
+8 m suggest it ormed 242± 14 ka (combined ages or samples ALB17-
1 and ALB17-2; Table 1), towards the end o marine isotope stage (MIS)
8 or the beginning o MIS 7 (Lisiecki and Raymo, 2005). This age range
overlaps with those obtained or the lower terraces (+8 m to +20 m) o
the Tormes and Tera River in the Duero basin (i.e., ~220 to ~250 ka),
which would imply stagnated incision or the Guadiana River when
compared to rivers in the Duero basin. However, our ages or the uvial
terraces in the middle section o the Duero basin also indicate certain
dierences exist in the timing o uvial terrace ormation among the
various tributaries located to the north and south o the Duero River. For
the Tera River on the northern ank o the basin, the +16–20 m to
+30–35 m terraces ormed approximately 240± 22 ka and 342± 27 ka,
respectively, most likely during MIS 10 and MIS 8 to 7. The Tera River
+30–35 m terrace is comparatively older than its equivalent or the
Tormes River on the southern ank o the basin, where the +34 m
terrace is luminescence dated to 252 ± 23 ka, during MIS 8 or 7.
Additionally, the Tormes River +50 m terrace age o 323–433 ka
(combined ESR and luminescence age range), coinciding with MIS 11 to
9, implies a dierent (aster) terrace incision rate or this section o the
Tormes River when compared to the Tera River.

Previous studies have also produced slightly older ages or equiva-
lent +30 m terraces along other tributaries o the Duero River. Moreno
et al. (2012), or instance, reported quartz Al ESR ages o 370 ± 10 ka
and 400 ± 90 ka or the +26–35 m terrace o the Arlanzón River, and an
Al ESR age o 350 ± 4 ka or the +33–36 m terrace o the Arlanza River
(Moreno et al., 2016), both owhich are located in the headwaters o the
Duero basin. Given the potential or incomplete bleaching o the Al ESR
signal, which is evident rom sample LM16-4 and other comparative
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dating studies o Iberian uvial deposits (e.g., Level PM3 in
Méndez-Quintas et al., 2018; Duval et al., 2017), it may be prudent to
interpret the Al ESR ages o Moreno et al. (2012) and Moreno et al.
(2016) as maximum age estimates. The recent luminescence dating
study o the+20–23m terrace in the Pisuerga River valley (a tributary o
the Duero located in the northeast o the basin) also presented a com-
bined TT-OSL and pIR-IRSL225 age o~300 ka (Terradillos-Bernal et al.,
2023), which is older than the age obtained in the present study or
terraces o equivalent elevation. Importantly, the replicate ages o 252
± 23 ka (combined luminescence age) and the maximum age o 288 ±

79 ka (ESR Al signal) obtained or the Tormes River+34 m terrace in the
current study indicate general agreement when using dierent dating
methods, signals, minerals, and scales o De analysis; thus providing
good support or the reliability o the dating procedures employed here,
and underscoring the potentially complex age-elevation relationships in
dierent tributaries o the Duero basin.

Comparison o these published chronological datasets, as well as our
latest dating results, point to some uvial terraces o the Duero basin
potentially having diachronous ormation histories. The propensity or
complex response behaviours, inherent morphological adjustments

Fig. 4. Age ranges o well-known archaeological sites rom the Iberian Peninsula with industries classed as Acheulean and early Middle Palaeolithic. The individual
chronologies or each site and the plotted age ranges displayed here are summarised in Table S14 and are based on the work presented here and previously published
studies. The site Barranc de la Boella is not plotted because its age alls beyond the maximum x-axis value (i.e., >650 ka). Also shown or reerence is the marine
oxygen isotope curve o Lisiecki and Raymo (2005). Arrows indicate that the numerical ages obtained rom the terrace deposits represent maximum ages or the
surfcial archaeological assemblages at these sites.
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ollowing the exceedance o intrinsic critical slope stability thresholds,
and time-transgressive adjustments to base level changes over dierent
parts o large basins such as the Duero (e.g., Schumm and Parker, 1973;
Bull, 1991), dictate that it is unlikely uvial terrace ormation occurred
coevally across the entire region and that minor age variations between
dierent sections o the basin may be expected. Irrespective, our results
add to the body o evidence suggesting that the middle elevation uvial
terraces (+30 m through to +8 m) o the Duero basin likely ormed
during the last third o the Middle Pleistocene, post-MIS 10.

Finally, the depositional age o the Tormes River +50 m terrace is
constrained to between 323 ± 19 ka (rom pIR-IRSL225 o LM18-2) and
424 ± 12 ka (combined Al and Ti ESR ages o samples LM18-1 and
LM18-2), which is younger than the previously published quartz Al ESR
ages o 600–700 ka obtained or an equivalent terrace elevation in the
Arlanzón River basin (Moreno et al., 2012). However, given the poten-
tial complications that can arise rom insufcient resetting o the Al ESR
signal, which are difcult to assess in the absence o comparative Ti
centre data, it is necessary to interpret the latter ages with some caution
(i.e., they should probably be regarded as maximum ages). Despite this
caveat, the results presented here and in previous studies suggest that
the +50 m terraces o the Duero basin likely ormed during MIS 10 or
earlier.

5.3. Implications or lower Palaeolithic records o Iberia

The Middle Pleistocene Lower Palaeolithic records o the Iberian
Peninsula are characterised by an Acheulean industry composed o large
cutting tools (LCT; Santonja and Villa, 2006; Méndez-Quintas et al.,
2018); i.e., handaxes and cleavers o large ormat (requently upward o
~15 cm in length). In Western Europe, the geographical distribution o
these records is limited to Iberia and southwest France, in the Aquitaine
region (Santonja and Villa, 2006; Santonja et al., 2016). Chronologies
or the Acheulean in Iberia typically span the second hal o the Middle
Pleistocene, between ~500 and ~200 ka. Fig. 4 shows a summary o
published ages or Acheulean sites in Iberia and their relationship with
the results obtained in the present study (age ranges are presented with
their 2σ uncertainties; see Table S14 or site summaries). For La Maya II,
La Maya III and Burganes III, in which archaeological material was
recovered rom surfcial deposits o the Tormes and Tera River terraces,
we can only determine that these archaeological records are younger
than ~296 ka, ~516 ka and ~276 ka, respectively (i.e., the maximum
age o underlying terraces, with their age ranges considered at 2σ). The
age range (luminescence dating only) o sites where Acheulean
archaeological material has been ound or excavated in situ, which in-
cludes La Maya I ‘Zona 1’ (193–314 ka), Burganes I–II and Olmillos I–II
(151–276 ka), and Albalá (196–278 ka), indicate these sites all within
the MIS 9–7 timerame, squarely overlapping with ages obtained or
well-known Acheulean sites in the region, including Porto Maior, El
Sotillo and Ambrona (AS 1–4) (Fig. 4; Table S14). In contrast, the in-
dustry represented at La Maya I ‘Zona 2’ site shows deviations rom the
Acheulean and possibly belongs to what has been described as the early
Middle Palaeolithic (EMP) (see Santonja and Perez-Gonzalez, 1984;
Santonja et al., 2016); an industry characterised by retouched tools on
ake and very ew LCTs (Santonja et al., 2016; Santonja et al., 2014).
The 159–259 ka age range determined or this industry at La Maya I
‘Zona 2’ (Table S14), which is centred on MIS 7, agrees with chronol-
ogies obtained or other EMP sites o Iberia, such as Gran Dolina
(TD10.1/2), Cuesta de la Bajada, Cueva del Angel and Bolomor (phase
II) (Fig. 4).

The new and previously published chronological datasets or Iberian
Acheulean and EMP sites indicate these two industries are dated to the
last part o the Middle Pleistocene. Thus, our study confrms previous
observations regarding the chronological overlap o these two technol-
ogies in the region and their likely coexistence during the last third o
the Middle Pleistocene, indicating a possible non-linear pattern o
replacement or the Acheulean (LCT) in the Iberian Peninsula during the

Lower to Middle Palaeolithic transition (Santonja et al., 2016).
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dating o the Middle Palaeolithic Hotel Caliornia site, Sierra de Atapuerca, north-
central Spain. Boreas 42, 285–305.

Arnold, L.J., Demuro, M., Spooner, N.A., Prideaux, G.J., McDowell, M.C., Camens, A.B.,
Reed, E.H., Parés, J.M., Arsuaga, J.L., Bermúdez de Castro, J.M., Carbonell, E., 2019.

M. Demuro et al.



Quaternary Geochronology 83 (2024) 101567

11

Single-grain TT-OSL bleaching characteristics: insights rom modern analogues and
OSL dating comparisons. Quat. Geochronol. 49, 45–51.

Arnold, L.J., Demuro, M., Parés, J.M., Arsuaga, J.L., Aranburu, A., Bermúdez de
Castro, J.M., Carbonell, E., 2014. Luminescence dating and palaeomagnetic age
constraint on hominins rom Sima de los Huesos, Atapuerca, Spain. J. Human Evol.
67, 85–107.
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Moreno, D., Falguères, C., Pérez-González, A., Duval, M., Voinchet, P., Benito-Calvo, A.,
Ortega, A.I., Bahain, J.-J., Sala, R., Carbonell, E., Bermúdez de Castro, J.M.,
Arsuaga, J.L., 2012. ESR chronology o alluvial deposits in the Arlanzon valley
(Atapuerca, Spain): contemporaneity with Atapuerca Gran Dolina site. Quat.
Geochronol. 10, 418–423.

Moreno, D., Benito-Calvo, A., Falguères, C., Voinchet, P., Pérez-González, A., 2016.
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