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Abstract

Establishing chronologies of archaeological sites by using a single dating method may
not always reliably constrain the age of a deposit or a fossil, as potential biases may
naturally arise, particularly in complex sedimentary settings such as caves. In this study,
we performed a multi-technique dating approach that targets different materials in two
caves from the Cueva Mayor-Cueva del Silo karst system, Sierra de Atapuerca, Spain.
Two new fossil teeth from lithostratigraphic unit LU4 (GE-I pit) at Galeria de las Estatuas
have been dated by combined U-series/ESR and Amino Acid Racemisation (AAR)
methods. The former provides ages of 87 £ 9 and 117 + 13 ka that agree with previous
dating studies of this Neandertal site, confirming the assignment of level LU4 to Marine
Isotope Stage (MIS) 5. In contrast, AAR analyses produce very scattered ages, pointing
to significant post-burial chemical modifications in dentine. A first set of ages is presented
for the Cata Litario pit at Sala de los Ciclopes, a palaeontological site formed exclusively
of cave bear fossils belonging to the Middle Pleistocene species Ursus deningeri. We
provide U-series/ESR and AAR ages for two bear teeth from lithostratigraphic unit LUS,
and extended-range luminescence ages for the sediment deposits that host, and
immediately underlie and overlie, the bear accumulation. Depositional ages of the
sediment were obtained using single-grain thermally-transferred optically stimulated

luminescence (TT-OSL) dating of individual quartz grains and post-infrared-infrared
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stimulated luminescence (pIR-IR) dating of K-feldspars. Several speleothems, both in
situ and reworked fragments embedded in the different lithostratigraphic units, have
additionally been dated by U-series to constrain the timing of the sequence formation.
The results indicate that the sediment originally entered the cave between MIS-12 and
MIS-10 (444 + 28 ka to 367 + 32 ka). Nevertheless, the AAR and U-series/ESR fossil
ages, as well as some of the speleothem fragment ages from LUs 5 and 6 are significantly
younger. Leaving aside methodologically questionable results for one of the bear tooth
samples, the most reliable AAR and U-Series/ESR ages range from 256 + 24 to 287 + 23
ka, while the speleothem fragments indicate several formation episodes between 444 +
19 and 284 + 8§ ka. The apparent difference between the U-Series/ESR ages on the fossils
and the luminescence ages on the host sediment are not likely to be wholly explained by
uncertainties on uranium uptake modelling or gamma dose rate evaluation, and thus is
most likely related to taphonomic processes or a complex site formation history.

The presence of fossils and eroded speleothem clasts of younger age within these levels
is consistent with either an event of prior erosion, transport and resedimentation of LUs
4, 5 and 6, and/or a complex post-depositional mixing history for the stratigraphic
sequence at Cata Litario. This study highlights the importance of using different dating
methods to reconstruct reliable chronological frameworks, and to understand the
geological factors that can affect the dated materials. This includes the accumulation and
taphonomic histories of fossils, post-depositional mixing or reworking processes

affecting sediments during the residence time within the karst system.

Keywords: Electron Spin Resonance, Aspartic Acid Racemization, Luminescence, U-
series, Atapuerca, Pleistocene.

1. Introduction

The Sierra de Atapuerca (Burgos, N Spain) hosts a unique archaeo-paleontological record
that spans the last 1.2 Ma (e.g., Arnold et al., 2014, 2015; Arnold and Demuro, 2015;
Arsuaga et al., 2014; Carbonell et al., 1995, 2008, 2014; Demuro et al., 2014, 2022;
Rodriguez et al., 2011), offering an unprecedented opportunity for the study and
understanding of human evolution in western Europe during the Pleistocene. Besides the
world-famous paleoanthropological sites of Sima del Elefante, Gran Dolina and Sima de
los Huesos, which have been extensively studied over the last 40 years, the Atapuerca

karstic complex also documents a number of sites that have received comparatively less
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attention, such as Galeria de las Estatuas and Sala de los Ciclopes, located within the
Cueva Mayor-Cueva del Silo cave complex. This is the largest cave complex in the
Atapuerca karst system and contains important sites such as Sima de los Huesos (Arsuaga
et al., 2014, 2015) and Portalon (Carretero et al., 2008), among others. These two key
sites, located around half a kilometre apart in the extremities of the cave complex,
document the largest human fossil assemblage from the Middle Pleistocene and intensive
human occupations during the Holocene, respectively. However, the archaeo-
palaeontological record within internal sectors of Cueva Mayor-Cueva del Silo (i.e., those
far from the current entrances) is scarce, although silos dating to the Holocene have been
found in most of these galleries. As such, the timing of human occupations within the
cave complex during the Pleistocene and their synchronicity with the presence of other
cave-dwelling large mammals, such as bears, remains to be fully understood. While
several recent studies have provided some much-needed numerical ages in this regard
(Arnold et al., 2014; Demuro et al., 2019a, 2019b; Moreno et al., 2022), the present work
contributes with new chronological information for two sites within Cueva Mayor:
Galeria de las Estatuas and Sala de los Ciclopes. Dating results were obtained through a
multi-technique approach including combined Uranium-Series/Electron Spin Resonance
(ESR), Amino Acid Racemisation (AAR), Luminescence and U-series dating applied
directly to fossils, host sediment and associated carbonate formations. In particular, direct
dating of fossil remains using two different methods can provide crucial insights into
post-depositional uptake histories and diagenetic complications experienced by dental

tissues.

2. Study context

The Sierra de Atapuerca is located 15 km to the east of the city of Burgos, in the Corredor
de la Bureba, a natural pass between the basins of the Duero and Ebro rivers, (Fig. 1A).
This low-altitude ridge (1078 m) in the Arlanzén River Valley contains a large number
of karstic cavities formed within the Upper Cretaceous limestones and dolostones (Fig.
1B), and which have been filled by various sediment types. The largest known cave
complex in the Atapuerca karst system is Cueva Mayor-Cueva del Silo, which extends
for 4 km and contains three karstic levels that formed during different time periods
(Ortega Martinez, 2009) (Fig. 1C). Cueva Mayor hosts many archaeo-palacontological

sites within its galleries, including Galeria de las Estatuas, Sala de los Ciclopes, and Sima
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de los Huesos, the world’s largest Middle Pleistocene human fossil accumulation dated
between 430 and 300 ka (Arnold et al., 2014; Arsuaga et al., 2014; 2024; Demuro et al.,
2019b).

2.1. Galeria de las Estatuas

The Galeria de las Estatuas site is located in the upper level of the Cueva Mayor-Cueva
del Silo karst system (Fig. 1C, D) and is currently isolated from the exterior by detrital
sediments and speleothems clogging the nearby entrance. The sedimentary sequence is
composed of a combination of chemical carbonate precipitates (speleothems) and >2 m-
thick detrital sediments (Aranburu et al., 2012; Arsuaga et al., 2017). Two test pits (GE-
I and GE-II) have been excavated since 2008 and have yielded a large amount of faunal
remains and Middle Palaeolithic stone tools (Arsuaga et al., 2017), one Neandertal
skeletal remain (a distal foot phalanx; Pablos et al., 2019), and sedimentary mitochondrial
and nuclear DNA indicating the presence of different Neandertal populations over time
(Vernot et al., 2021).

Five lithostratigraphic units (LUs) have been described in the GE-I section, which is
delimited both at the base and top by a speleothem deposit (Aranburu etal., 2012; Arsuaga
et al.,, 2017; see Supplementary Information for LUs description). This 2-m thick
sedimentary assemblage has been dated by a combination of single-grain quartz optically
stimulated luminescence (OSL), single-grain quartz thermally transferred OSL (TT-OSL)
(Demuro et al., 2019a) and combined U-series/ESR (Moreno et al., 2022) to 112-80 ka,
correlated to marine isotope stage (MIS) 5 (Lisiecki and Raymo, 2005). The underlying
speleothem is an ancient flowstone formed towards the east wall of the cave (Aranburu
et al., 2012) and seems to correlate to the Matuyama Chron (>0.774 Ma; Parés et al.,
2016). In contrast, the most recent phase of chemical precipitation, which includes
significant development of stalagmites that seals the sedimentary infill sequence, has been
dated by U-series to ~14 ka in GE-I (Martinez-Pillado et al., 2014) and ~54 ka at its base
in GE-II (Vernot et al., 2021).

2.2. Sala de los Ciclopes

The Sala de los Ciclopes is located in the intermediate level of the Cueva Mayor-Cueva
del Silo system (Fig. 1C, D). This chamber is situated below the margin of the Cretaceous
limestones of the Sierra de Atapuerca, right in the contact zone with the overlying

Miocene marls (Fig. 2A) (Ortega Martinez, 2009; Ortega et al., 2014). The Sala de los
4
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Ciclopes has an elongated morphology with a marked NNE-SSW direction and is almost
40 m in length, 10 m wide, and its maximum height surpasses 13 m. Gravimetric and
magnetometric studies on sediment above the cave suggest an ancient entrance at the
bottom of the southern wall of Sala de los Ciclopes, a short passage called Sala de las
Oseras (the “bear-bed chamber”), which was subsequently obstructed by cave breakdown
(Bergamin et al., 1994). Sediment remnants, mostly fluvial sands and silts, and colluvial
red-matrix breccia, are observable as patches on the walls and ceiling of the chamber, as
well as on the floor. These remnants evidence a previous infill of the entire cavity that
started during the palacomagnetic Matuyama Chron (>0.774 Ma; Parés et al., 2010), and
subsequent emptying, likely due to inflow of water that eroded and transported these
materials (Arsuaga et al., 1997; Aranburu et al., 2007; Ortega Martinez, 2009; Ortega et
al., 2005; 2014). A 2 m? test pit excavated in the central sector of the cavity, called Cata
Litario (CL), uncovered a 2-m thick sediment sequence composed of six clayey
lithostratigraphic units (LU3 to LU7, from top to bottom) resting on a basal level of white
marls (LUS8; Fig. 2B). The stratigraphic sequence is covered by a speleothem in the
eastern profile that evolves into purple silty-clay facies to the west (LU2), and a layer of
guano that covers the entire floor of the room, belonging to the uppermost LU1 (Aranburu
et al., 2007; see Supplementary Information for further description of each LU).
Lithostratigraphic unit 5 (LUS) contains an important palacontological assemblage
formed exclusively of cave-bears belonging to the Middle Pleistocene species Ursus
deningeri (Garcia et al., 1997). No other macrofossils or stone tools have been found in
Cata Litario or elsewhere in Sala de los Ciclopes. Since fossils of the Late Pleistocene
descendant species Ursus spelaeus are lacking, it seems likely that this part of the cave
ceased to be accessible before the end of the Middle Pleistocene (Arsuaga et al., 1997;
Garcia et al., 1997). It is hypothesised that both the humans of the Sima de los Huesos
and the bears gained access to the interior of the karst system through an entrance, now
sealed off, to the Sala de los Ciclopes, which has not yet been found. Another possibility
is that these Middle Pleistocene bear populations entered the cave through the Sima del
Elefante entrance and along the Galeria Baja, which connects to the Sala de los Ciclopes
and is located <500 m away (Fig. 1D). This interpretation is supported by the preservation
of bear beds along the Galeria Baja. If the Cata Litario sedimentary sequence is
interpreted as predating the closing of the Sima del Elefante/Galeria Baja palacoentrance,

which is currently completely filled by sediment, its age could be inferred to be older than
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200 ka (Demuro et al., 2022). However, there is no chronological data directly available

for the sequence to assess this hypothesis.

>Figure 1<

3. Material and methods

3.1 Samples

Four fossil teeth were selected in this study for direct dating using combined U-
series/ESR and Amino Acid Racemisation (AAR) methods: two from LU4 of GE-I pit at
Galeria de las Estatuas (#738 and #739) and another two from LUS5 of Cata Litario at Sala
de los Ciclopes (#737 and #852) (Figs. S1, S2A,B, Table S1). Two in situ gamma
spectrometry measurements were made in Cata Litario (Fig. S2B) for sample #737 and
four additional sediment samples were collected for laboratory dosimetry evaluation of
samples #737 and #852 (see Supplementary Information for further information). In
contrast, no in situ gamma dose rate measurements were performed at Galeria de las
Estatuas, since the previous evaluation made for level LU4 (OSL sample GE16-5) by
Demuro et al. (2019a) can be directly used for teeth #738 and #739.

In total, four luminescence dating samples were also collected from various units in Cata
Litario, namely LU6 (CL16-4), LU5 (CL16-1 and CL16-3) and LU4 (CL16-2) (Fig.
S2C,D, Table S1). Samples were collected by hammering PVC tubes into the section, and
additional bulk sediment (200 g) was collected from material directly surrounding each

sample for the purpose of dosimetry and moisture content evaluations.

Five speleothems (Fig. S2C,D, Table S1) were also sampled from Cata Litario for U-
series dating purposes. However, only one of these speleothem samples has been found
in an in situ position: SCI18-A extracted mechanically from the flowstone forming LU2
and sealing the detritic sequence. In contrast, the other four samples are from two
flowstones (SCI18-B and SCI23-B) and two stalagmite fragments (SCI23-A and SCI23-
C) collected during the paleontological excavation. SCI18-B and SCI23-A were found in
LU6 while SCI23-B and SCI23-C were found inside LUS. These fragments, eroded and
embedded in the sediments, are potentially reworked from another part of the cave or

have been displaced vertically in the vicinity of Cata Litario. Two subsamples (base and
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top) were dated for the larger stalagmite (SCI23-C) to chronologically constrain its

development.

>Figure 2<

3.2 Combined U-series/ESR dating of fossil teeth

Fossil teeth were dated through a combination of uranium-series and ESR (see Duval,
2015 for further details about the method). Samples were prepared following standard
ESR dating procedures for enamel powder (e.g., Duval et al., 2019). ESR analyses of the
enamel samples were carried out at CENIEH, Spain, using the multiple aliquot additive
dose (MAAD) method, after splitting each enamel sample into 10 to 12 aliquots (Table
S2). Solution U-series analyses of dental tissues were performed with a Neptune MC-
ICPMS at Nanjing University, with chemical and measurement procedures as in Douville
et al. (2010) and Shao et al. (2019), respectively. The environmental dose rate from the
sedimentary surroundings was evaluated through a combination of in sifu and laboratory
measurements. Combined U-series/ESR age calculations were performed with DATA
(Griin, 2009), a DOS-based program using the US and CSUS models defined by Griin et
al. (1988) and Griin (2000), while the USESR program (Shao et al., 2014) was also used
for the US and AU model calculations (Shao et al., 2012) (Table S3). Full details of the

analytical procedure are given in the Supplementary Information.

3.3 AAR dating of fossil teeth

The same four fossil teeth (#737, #738, #739 and #852) were also independently dated
by AAR. This technique calculates the age of an animal’s death by assessing the extent
of post-mortem conversion of typical biological chiral forms of amino acids
(laevorotatory: L-enantiomers) to their dextral counterparts (D-enantiomers) (Bada and
Protsch, 1973).

After preparation of the teeth and separation of the dental tissues for U-series and ESR
analyses, a portion of the powdered dentine was selected to carry out AAR analyses. Two
subsamples of each tooth (Table S5) were subjected to dialysis following Marzin (1990).
Dating analyses were carried out at the Laboratory of Biomolecular Stratigraphy (LEB)
of the Universidad Politécnica de Madrid, Spain. The amino acid concentrations and

ratios were measured using a high-performance liquid chromatograph (HPLC) Agilent-
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1100, following the protocol described by Torres et al. (2014). The age of the sample was
established by inserting the aspartic acid D/L values into the age calculation algorithm
available for dentine collagen samples from the Iberian Peninsula (Torres et al., 2014). A
mean AAR age and associated one standard deviation uncertainty was calculated for teeth
that returned consistent ages from the two subsamples. Full details of the dating procedure

can be found in the Supplementary Information.

3.4 Luminescence dating

The luminescence samples from Cata Litario have been dated using both potassium
feldspar pIR-IRSL and quartz TT-OSL signals. Detailed descriptions of the luminescence
dating procedures and instrumentation employed are provided in the Supplementary
Information. The 90-125 pm fractions of potassium feldspar and quartz grains were
extracted, and HF etched, using standard preparation procedures (Aitken, 1998), with the
exception of sample CL16-4, for which the 63-90 um fractions was used. Multi-grain
pIR-IRSL225 and single-grain TT-OSL measurements were made using the single-aliquot
regenerative-dose (SAR) protocol (Murray and Wintle, 2000) detailed in Arnold et al.
(2014, 2019) and Demuro et al. (2015, 2022), and shown in Table S6a-b. The pIR-IRSL
procedure makes use of raised temperature stimulation at 225°C after a preheat of 250°C
for 60 s and is herein denoted pIR-IRSL225. Dose recovery tests were undertaken on the
feldspar pIR-IRSL22s and the quartz TT-OSL signals of sample CL16-4 to confirm the
suitability of these SAR procedures for De determination. The dose recovery test
procedures are outlined in the Supplementary Information and the results are shown in
Table S7 and Table S8. Final De estimation and age calculation was determined using
grains or aliquots that passed the SAR quality assurance criteria described in the
Supplementary Information. 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) of Galbraith et al. (1999). The choice of model to use for
the final age calculations has been made on statistical grounds using the overdispersion
parameter (calculated using the CAM) and the maximum log likelihood, Lmax, criterion
of Arnold et al. (2009) (to ascertain the statistical appropriateness of the MAM-3 versus
MAM-4), and by taking into consideration the depositional context of these samples
within a cave setting (e.g., Arnold et al., 2019, 2022), as well as the different bleaching
characteristics of the various luminescence signals under consideration (e.g., Arnold et

al., 2013; Demuro et al., 2015; Duval et al., 2017).
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Environmental doses were determined via a combination of in situ field gamma-ray
spectrometry and low-level beta counting (Table S9). The field gamma spectra were
analysed using the ‘energy windows’ method described in Arnold et al. (2012a) and
Duval and Arnold (2013) to determine radionuclide concentrations of K, U and Th of
surrounding sediment. Gamma dose rates have been calculated using the conversion
factors of Guérin et al. (2011). Beta dose rates have been derived from laboratory
measurements of homogenised sediment sub-samples using a Riss GM-25-5 beta
counter. Contributions from cosmic rays have been calculated using the approach
described in Prescott and Hutton (1994). High-resolution gamma spectrometry
measurements have additionally been made to assess the state of secular equilibrium in

the 2°8U and 2*2Th decay series for all samples (Table S10).

3.5 U-series dating

Except for sample SCI23-C, one powder subsample of each speleothem was extracted at
the University of the Basque Country facilities using a microdrill and tracing the
lamination of the speleothem growth. SCI23-C is a fragmented and eroded but well-
developed stalagmite of about 25 cm in height (Fig. S2), and two subsamples were taken,
one from the base (SCI23-C1) and one from the top (SCI23-C2). Solution U-series dating
of the powdered samples was performed at the Isotope Laboratory, Xi’an Jiaotong
University using a Multi-Collector Inductively Coupled Plasma Mass Spectrometer (MC-
ICP-MS) (Thermo-Finnigan Neptune-plus). Standard chemistry procedures were used to
separate U and Th for dating (Edwards et al., 1987). The isotopic measurements were
carried out following the methodology of Cheng et al. (2013). Further details about the

analytical procedure may be found in the Supplementary Information.

4. Results
4.1 Combined U-series/ESR dating of fossil teeth

4.1.1. General observations on the ESR and U-series data

ESR dose response curves are displayed in Fig. 3A. Overall, the ESR measurements show
mean ESR intensities with a variability of 0.8 to 1.8 %, resulting in a Dk precision of 0.5
to 7.2 % (Table S2). The various fitting sensitivity tests performed on the ESR dataset
return very close dose estimates, within = 5% for all but one case (Table S2).
Consequently, the robustness of the Dk estimates is supported by the high repeatability of

the ESR measurements and the limited influence of Dmax adjustment, baseline correction,
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noise intensity correction and data weighting option (Table S2). Final dose evaluation
using noise-subtracted and baseline-corrected ESR intensities return Dk estimates of ~47
Gy for #738 and #739, ~239 Gy for #737, and ~314 Gy for #852.

Apparent U-series ages obtained for both enamel and dentine of the two teeth from
Galeria Estatuas range between ~18 and ~45 ka. However, the cement from #738 yields
a much older age of ~96 ka (see Table S3), possibly resulting from a more recent uranium
leaching overprint. A similar observation can be made for the dentine of #737, while the
other samples from Cata Litario return closer apparent U-series ages of 120 to 140 ka.
4.1.2. Galeria de las Estatuas (Pit I)

A combined U-series/ESR age of 90 £ 9 ka can be calculated using the US model of the
DATA program for #739, while the USESR program returns a US-ESR estimate of 87 +

9 ka (Table 1), demonstrating that both softwares return very close ages when using the
same data inputs. In contrast, no finite U-series/ESR age can be obtained for #738 with
DATA, whereas the use of the USESR (which may offer a slightly higher computational
tolerance limits compared to DATA; Shao et al., 2014) yields a US-ESR age of 117 + 13
ka for this tooth. The use of other uranium uptake models, such as AU or CSUS, results
in very minor variation (< 2 ka) in the calculated age for #738 (Table 1), showing the
limited impact of uranium uptake modelling for this sample. To sum up, the various
combined U-series ages obtained for the two teeth from LU4 range from 87 +9 kato 117
+ 13 ka and agree with each other at the 20 confidence level (Table 1).

4.1.3. Cata Litario (Sala de los Ciclopes)

It is not possible to calculate a combined U-series/ESR age for tooth sample #737 from
the LUS of Cata Litario with the original U-series data because the dentine is in secular
equilibrium (Table S3) and lies beyond the limits of both the DATA and USESR
programs when combining the ESR and U-series data, even when using the AU model
for the (significantly) older apparent U-series age most likely results from a more recent
leaching overprint in that tissue. However, by fixing the uptake parameter pdentine = -1
(i.e., considering a closed system in the dentine), an age of 217 + 22 ka may be tentatively
obtained with DATA. Our age sensitivity tests using different combinations of uranium
uptake models (AU and US) with USESR return very close age estimates (217 + 21 ka
and 227 £ 20 ka), indicating that the existing uncertainty on the uranium uptake modelling
has a minor impact on the calculated U-series/ESR ages (Table 1). A maximum age of
245 + 31 ka may be obtained with the CSUS model. Additionally, following the previous
work by Arsuaga et al. (2014) on another Middle Pleistocene bear tooth from the Sima
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de los Huesos, the adjacent cavity to Sala de los Ciclopes, we ran additional age
calculations by considering a similar post-Rn disequilibrium in the U-238 decay chain of
the dental tissues ( **Rn/?*°Th = 0.30 + 0.03 in enamel; ?*’Rn/**Th = 0.20 + 0.02 in
dentine): the resulting ages become 50-60 ka older, between 273 + 28 and 304 + 33 ka
(Table 1). To sum up, our best estimate for the age of #737 fossil from LUS of Sala de
los Ciclopes lies somewhere between 217 + 22 ka and 304 + 33 ka, though a more
complex U-series uptake history, such as a succession of repeated uptake-leaching events
caused by periodic ponding events in caves, cannot be excluded for this sample. Further
investigation would be required in order to properly evaluate how this potential
complication would specifically impact the dose rate modelled for the dental tissues.

In contrast, no uranium leaching is observed in the dental tissues of tooth #852 from the
same LUS, whose apparent U-series ages range between ~124 and ~134 ka (Table S3). A
finite US-ESR age of 258 + 21 ka can be calculated using the US model of the DATA
program (256 + 24 ka with USESR), while the use of the CSUS model returns a maximum
age constraint of 273 + 21 ka (Table 1). Considering post-Rn disequilibrium in dental
tissues following Arsuaga et al. (2014), very close US-ESR and CSUS ages of 280 + 23
and 287 + 23 ka respectively (Table 1) are obtained. We can therefore confidently
conclude that the true age for tooth #852 lies between 256 + 24 and 287 + 23 ka, which

is consistent with the range proposed earlier for #737.

>Table 1<

4.2 AAR dating of fossil teeth

Analytical results are summarised in Table S5, which includes the D/L ratios of the
relevant amino acids and the total content of each enantiomer, while age results are given
in Table 1.

4.2.1. Galeria de las Estatuas (Pit I)

The two teeth from Galeria de las Estatuas (#738 and #739) yield ages ranging from 56

to 175 ka. In particular, the two subsamples of #738 produce very scattered ages differing
by ~100 ka (76 and 175 ka; Table 1), whereas the replicate ages of #739 are much less
scattered (differing by 11 ka) and cluster around 60 ka. Taken individually, these results
differ significantly from the U-series/ESR ages obtained from the same teeth, as well as
from the previous dating results on unit LU4 (Demuro et al., 2019a; Moreno et al., 2022).

Such discrepancy most likely results from the high concentration of some amino acids,
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such as Alanine (in red in Table S5), which indicates a post-burial chemical (i.e.,
diagenetic) modification of the tissues (e.g., Laabs and Kaufman, 2003; Kosnik and
Kaufman, 2008). Consequently, the reliability of the AAR results obtained from samples
#738 and #739 may be reasonably questioned from a methodological perspective. These
age estimates are therefore not considered further in the discussion around the chronology
of the sedimentary infill of Galeria de las Estatuas. A more detailed study of the amino
acid ratios for these two samples is needed to determine the taphonomic processes that
caused the AAR inaccuracy.

4.2.2. Cata Litario (Sala de los Ciclopes)

The aspartic acid concentrations and Asp D/L values give an average age of 378 + 14 ka
for #737 from Cata Litario, with subsamples #737A and #737B providing broadly
consistent results (Tables 1 and S5). In the first instance, these AAR data, unlike those of
#738 and #739, do not exhibit any signs that the dentine has experienced major diagenetic
alterations. In comparison, the two subsamples from tooth #852 provide contrasting
results. The extremely high value of Alanine measured in subsample A (in red in Table
S5) and anomalous D/L values (e.g., Csapo et al., 1998) suggests significant diagenetic
alteration of the dentine, raising doubts about the reliability of this AAR age. Moreover,
some amino acids show anomalously high percentage values with respect to the total
amino acid content of subsample A (i.e., Alanine = ca. 40%; Aspartic acid = ca. 13%).
These high percentages are typical of younger samples (ca. 60-70 ka), thus indicating that
the results of this subsample should be treated with caution. Consequently, this subsample
is not considered further in the final discussion. In contrast, the data obtained for
subsample B are within usual standards (e.g., Laabs and Kaufman, 2003; Kosnik and
Kaufman, 2008), and the resulting age of 261 ka can be regarded as methodologically

reliable.

4.3 Luminescence dating of sediments

The measured grains produce weak TT-OSL signals, with approximately 76-85% of
grains yielding no detectable luminescence (i.e. Tn signal <3 X signal background; Table
S9) and a further 9-14% displaying Tn signals with large associated errors of >30% (Table
S9). The proportion of measured grains per sample that pass the single-grain TT-OSL
SAR rejection criteria is generally very low, between 0.8 and 2.4% (Table S9). These TT-
OSL signals of these grains are fast-decaying and generally decrease by ~90% within the
first 0.32 s of stimulation (e.g., Figure 3B). The single-grain TT-OSL dose-response
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curves are all well-represented by a single saturating exponential function and display
continued signal growth at high doses (>10° Gy) (Figure 3B).

All pIR-IRSL225 signals are bright and fast decaying, with the signals decreasing by >90%
in the first 20 s of stimulation. Figure 3C shows an example of a multi-grain pIR-ISL22s
decay curve and corresponding dose-response curve for sample CL16-4. The dose
response curves are optimally fitted using an exponential plus linear function. For all
samples the D. estimate was calculated from the non-saturated portion of the dose
response curve (De values = ~1200 Gy). Assessments of anomalous fading were
performed to investigate the potential for long-term athermal loss of the K-feldspar pIR-
IRSLa2s signal over burial timescales. These results are shown in Table S12 and discussed
in section 5.5 of the Supplementary Information.

The single-grain TT-OSL De distributions obtained do not display typical partially
bleached or syn-depositionally mixed patterns (i.e., there is a general absence of distinct
leading-edges of low De values or elongated tails of higher De values; see example shown
in Figure 3D). They are characterised by low to moderate scatter, with overdispersion
values between 20% and 38% (Table S13), and with De values that are mostly randomly
spread around the mean (Figure S3). Additionally, the weighted skewness scores indicate
that none of the samples are significantly positively skewed according to the criterion
outlined by Arnold and Roberts (2009) (Table S13).

Similarly, all pIR-IRSL22s De distributions display low scatter, with overdispersion values
ranging from 0% to 19% (example shown in Figure 3E). None of the pIR-IRSL225 De
datasets display the typical asymmetric spread associated with partially bleached grain
populations, as shown by the weighted skewness scores (Figure S4 and Table S14). These
indicators suggest the pIR-IRSL22s signals of all samples were well-bleached at
deposition and do not contain syn-depositionally mixed grain populations, consistent with
the single-grain TT-OSL results. Consequently, the central age model (CAM) of
Galbraith et al. (1999) has been used to calculate mean De values for both the TT-OSL
and pIR-IRSL datasets. This choice of age model is also supported by the Lma scores
obtained for the different age models, which indicate the CAM is statistically favoured
over the 3-parameter and 4-parameter minimum age models (MAM-3 and MAM-4 in

Table S13 and Table S14) in all instances.

>Figure 3<
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Table 2 shows the final TT-OSL and pIR-IRSL22s ages obtained in this study. All of the
paired luminescence dating ages are in agreement at 1o, though the TT-OSL ages are
systematically younger than the pIR-IRSL22s ages by 1-9%. While there is possible
evidence of a minor stratigraphic age inversion for sample CL16-3, this is not statistically
significant as the surrounding samples all produce ages in agreement at 1. No apparent
age-depth trend is observed throughout the stratigraphy, suggesting that sediment
deposition may have occurred over a timespan that cannot be resolved beyond the existing
age uncertainties. The luminescence ages are mostly centred around MIS-11 (374-424 ka;

Lisiecki and Raymo, 2005).

>Table 2<

4.4 U-series dating of speleothems

Sample SC118-A exhibits a very low 238U content (64 ppb) but it is within the range of
other dated speleothems from the Atapuerca karstic system (e.g., Martinez-Pillado et al.,
2014). In contrast, the other four samples have high Uranium contents (250-400 ppb)
compared with the values usually reported for speleothems (<200 ppb, Eggins et al.,
2005). The relatively high 2*°Th / 2**Th ratio of all the carbonate samples indicates that
there is no significant contamination of detrital thorium. Consequently, the corresponding
correction does not change the final ages beyond their existing uncertainty ranges (age
deviation is <3 ka).

Speleothem SC118-A (LU2) covering the sediment infill sequence of Cata Litario pit
yields a U-series age of 200 + 4 ka (Table 3), placing its formation during MIS-7. This
capping speleothem provides a minimum age constraint for the underlying fossiliferous
levels.

The speleothem fragments embedded in LU6 (SC118-B and SCI23-A) provide ages of
318 + 5 ka and 284 + 4 ka (Table 3). While SC118-B is a horizontal flowstone fragment,
SCI23-A has some vertical development, indicating a phase of speleothem formation in
the cavity during MIS-9 that probably evolved to dripping forms within MIS-8. The two
speleothem fragments from LUS provide very scattered ages. The flowstone fragment
SCI23-B yields an age of 310 + 8 ka (Table 3), which could match with the formation
episode of fragment SCI18-B from LU6. In comparison, stalagmite SCI23-C grew
between 444 + 19 and 433 + 15 ka (Table 3), overlapping with the oldest chronologies
obtained by luminescence dating for the host sediment deposits of LUS (see Table 2).
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None of these speleothem fragments (SC118-B, SCI23-A, SCI23-B, SCI23-C) are in their
original position but fragmented, altered and re-incorporated into these lithostratigraphic
units (Fig. S2). Therefore, the scattered U-series ages for these speleothems could reflect
a preceding erosional event in Sala de los Ciclopes that caused the remobilization (or
partial displacement) of the previous endokarst infilling and the fragmentation of the
developed speleothems. Alternatively, these speleothem fragments may have been locally
reworked within the Cata Litario sedimentary sequence (or local vicinity) by post-
depositional mixing processes, including being translocated vertically by plastic

deformation and slumping of the host LUs 6, 5 and 4 clay deposits.

>Table 3<

5. Discussion

5.1. Galeria de las Estatuas

The various combined U-series ages calculated for the two teeth from LU4 range from
87 £ 9 ka to 117 + 13 ka depending on the conditions considered (e.g., age calculation
program, uranium uptake model). These results are consistent with the previous OSL and
U-series/ESR dating results available for the same unit, which are between 92 + 6 ka and
112 = 7 ka (Demuro et al., 2019a; Moreno et al., 2022; Fig. 2). In particular, our results
compare well with the US-ESR ages of 95 + 33 and 92 =+ 6 ka independently obtained by
Moreno et al. (2022) on two teeth from the same unit, although the latter should be
considered with relative caution from a methodological viewpoint given (i) the relatively
low goodness-of-fit achieved for the ESR DRC (r? <0.96), (ii) a Dmax/DE ratio exceeding
by far the range (5-10) recommended by Duval and Griin (2016), (iii) and the absence of
directly associated U-series data for some dental tissues.

To sum up, our dating results agree with the existing data set available for LU-4 from
GE-I. The consistent numerical ages obtained from three independent studies (Demuro et
al., 2019a; Moreno et al., 2022; this work), confirm the reliability and robustness of the
existing chronostratigraphic constraints for the GE-I pit sequence, with units LU1 to 4

being deposited during MIS-5.

5.2. Cata Litario (Sala de los Ciclopes)

5.2.1. Comparing the luminescence and U-series ages on sediment and carbonates
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This study provides the first set of ages for the Cata Litario pit at Sala de los Ciclopes.
All luminescence ages are in agreement with each other at 16 and suggest that the sampled
sediment entered the cavity around MIS-11 (Figure 2; Table 2). These luminescence ages
are compatible with the U-series age of 200 + 4 ka obtained for sample (SCI18-A) from
the speleothem capping the sequence (LU2), which post-dates the sediment deposition.
The U-series ages obtained for the fragmented stalagmite within LU6 indicate a relatively
stable dripping phase between 444 + 19 and 433 + 15 ka, suggesting its formation was
coeval with, or slightly preceded, the entry of sediment into the cavity. All the other
remobilised flowstone fragments collected from LUs 6 and 5 are considerably younger
(between 318 £ 5 and 284 + 8 ka) than the enclosing sediment, and have very rounded
edges, which may indicate possible reworking of the sediment within the closed cavity
prior to its deposition at Cata Litario. As an alternative (but non-exclusive) hypothesis,
their position could also be the result of some post-depositional sediment disturbance at
the site (including vertical translocation of broken speleothems), localised sediment
slumping or plastic deformation of the clay-rich host deposits sometime between MIS-11
(age of sediment deposition) and MIS-7 (age of capping speleothem).

5.2.2. Comparing U-series/ESR and AAR ages on fossils

Non-overlapping U-Series/ESR and AAR ages of 217 + 22 to 304 + 33 ka and 378 + 14

ka, respectively, were obtained from tooth #737 collected from Cata Litario level LUS.
The reason for such a discrepancy requires a closer look at the available data. On the one
hand, while dentine from #737 shows some U-leaching, this appears to have limited
impact on the combined U-series/ESR age. The various calculations performed with
different uranium uptake models return ages within lo error (Table 1) and are
systematically younger than the AAR age. Nevertheless, since initial combined U-
series/ESR age calculations had to be performed by considering the dentine as a closed
system (p parameter in dentine fixed to -1), we acknowledge that the resultant ages are
probably of lower reliability and robustness compared to #852. In comparison, the AAR
data do not show any unusual contents or ratios that would indicate that the dentine has
experienced major diagenetic alterations (Table S5). However, it is worth noting that the
apparent U-series age of >500 ka obtained for the same dental tissue suggests otherwise
(Table S3) and implies a significant uranium leaching overprint. Indeed, uranium uptake
in fossils is usually regarded as a reliable proxy for diagenetic alteration (Kohn et al.,
1999). Thus, we cannot discard the possibility that the dentine in sample #737 has

experienced taphonomic or diagenetic alteration, which is consistent with field
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observations and especially with the tooth being located in close proximity to (directly
below) the extensive and well-developed LU2 speleothem formation (Fig. S2B).
Consequently, the corresponding AAR results for #737 should be treated with some
caution. Interestingly, the possible correlations (or lack thereof) between U-series and
AAR ages in dentine has never been explored to our knowledge. Additionally,
heterogeneous spatial distribution of amino acids may also occur within a given material,
such as shells (e.g., Brigham, 1983; Hearty et al., 1986; Carroll et al., 2003) or dental
tissues (Torres et al., 2000). In this regard, Sejrup and Haugen (1994) indicate that
differences in D/L values between the inner part of the sample and the outer can be
produced by rapid and early degradation of the protein, possibly due to microbiological
activity. We therefore cannot exclude the possibility that we may have sampled in a
domain of the dentine that was not suitable for AAR dating. New AAR experiments are
being carried out on these teeth in order to evaluate the spatial variability of the amino
acid ratios within a given dental tissue.

Tooth #852, on the contrary, yields consistent ages of 258 + 21 to 287 + 23 ka using the
two direct dating techniques (U-series/ESR and AAR (sample B), Table 1). These
replicate ages are within error of each other, even after considering different uranium
uptake models or post-Rn disequilibrium in dental tissues. They overlap with the U-
series/ESR age range of 217 £ 22 to 304 + 33 ka obtained for sample #737. Like the
luminescence ages on the sediment, these direct ages on the fossils are compatible with
the minimum age constraint of 200 + 4 ka obtained on the overlying in situ speleothem
of LU2.

To sum up, the combined U-series/ESR and AAR age discrepancies obtained for #737
could partly, or wholly, be explained by several methodological reasons. We therefore
acknowledge that these methodological limitations may have resulted in questionable
ages for tooth #737 compared to #852. Despite the two teeth from Cata Litario returning
consistent U-series/ESR age ranges (Table 1), it may be reasonably considered that #852
provides more reliable chronological constraint for the fossils from LUS5 from a
methodological perspective. As such, the results derived from #737 are not considered
further for the chronostratigraphic interpretation of the site.

5.2.3. Integrating all dating results

Despite both the luminescence dating results on one side, and the combined U-series/ESR
and AAR dating results on the other, being chronostratigraphically consistent with the

minimum age constraint provided by the uppermost LU2 speleothem, they nevertheless
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differ from each other by >100 ka (389-444 ka vs 256-287 ka), suggesting either the
existence of a methodological bias, or that the fossil and host sediment may not be coeval.
From a methodological perspective, dating carnivore teeth using U-series/ESR is
especially challenging as the tooth structure (with a sharp morphology adapted to cut
muscles and tendons) and the limited enamel thickness usually make them less suitable
than herbivore teeth. In particular, this complicates the sample preparation procedure and
the extraction and cleaning of the enamel layer. Dentine typically shows uranium
concentrations of several orders of magnitude higher than in enamel (e.g., Table S3; Griin
and Taylor, 1996), and any slight contamination may potentially significantly impact U-
series data measured in the enamel and the resulting combined U-series/ESR age (e.g.,
Arsuaga et al., 2014; Duval et al., 2018). This potential issue may be reasonably discarded
here given the relatively low uranium concentrations measured in the enamel samples
(<1.5 ppm; Table S3). For example, these values are much lower than the 4.6 ppm
measured in the enamel of a bear tooth from the nearby Sima de los Huesos site (Arsuaga
et al., 2014), and for which dentine contamination was suspected. The overall uncertainty
associated with the uranium uptake in the dental tissue of #852 may be estimated as being
about 30 ka, depending on the model selected and whether a post-Rn disequilibrium in
the U-238 decay chain is considered. However, on its own, this relative uncertainty of 11-
12 % on the calculated U-series/ESR age cannot explain the apparent discrepancy with
the luminescence results.

We have also evaluated the impact of the existing uncertainty associated with the gamma
dose rate evaluation of #852, given that it was not possible to perform an in situ evaluation
at the exact location of the tooth (unlike for #737; see full details in Supplementary
Information; Fig. S2). An additional calculation based on the use of the raw sediment
attached to the tooth for the determination of both the beta and gamma dose rate
components returns a US-ESR age of 219 + 21 ka, i.e., 37 ka lower than the initial
estimate of 256 + 24 ka (Table 1) and thus even more inconsistent compared to the
luminescence dating results. While the accuracy of this alternative age estimate may be
reasonably questioned since the sediment measured in the laboratory is unlikely to capture
the real spatial heterogeneity of the natural radioactivity surrounding the tooth, this
sensitivity test at least shows that the uncertainty on the gamma dose rate is unlikely to
be the main cause of the age discrepancy between the U-series/ESR and luminescence
ages. Based on the evidence discussed above, we can reasonably consider that this

discrepancy is unlikely to be methodological, which is also supported by previous dating
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comparisons showing good agreement between these methods, including at other
Atapuerca sites (Demuro et al., 2014; Oll¢ et al., 2016; Daura et al., 2015, 2017; Hocknull
et al., 2020; Arnold et al., 2015, this volume; Stinchcomb et al., 2023).

The most parsimonious way to reconcile these results would be to consider that the age
differences might simply result from asynchrony between the sedimentary fill and the
fossiliferous deposit. This asynchrony may be due to either reworking of the sediment
within the closed cavity prior to its deposition at Cata Litario and/or because of vertical
translocation by post-depositional sediment disturbance. In the first scenario, it is
assumed that the speleothem fragments and bear fossils may have been collected and
transported from the floor in most elevated areas of the Sala de los Ciclopes during
remobilisation of sediments towards the more depressed area of the cave (Cata Litario),
as proposed by Aranburu et al. (2007). This hypothesis is potentially supported by the
presence of horizontally arranged marls fragments from LU8 within LU6 (Fig. 2, S2D),
the presence of red breccia clasts in LU4 and a complete red breccia level in LU3, and
the high degree of erosion and corrosion of the external surface of speleothem fragments
in LU6 and LUS (Fig. 2F). The presence of sediment remnants, mostly fluvial sands and
silts, and colluvial red-matrix breccia, are also observable as patches on the walls and
ceiling of the Sala de los Ciclopes chamber, which indicate that complex erosive events
took place after the original deposition of these sediments. Under this hypothesis, one
could deduce the occurrence of a low energy flooding event in the cave by surface water
inflow that remobilised the sediment remnants from the patches of roofs, walls and floors,
and resedimented them together with the surface material that has washed down to Cata
Litario. As the ages of all the embedded clasts, both fossils and speleothems, are in the
range of 258 + 21 and 444 + 19 ka, and the capping in situ flowstone has 200 + 4 ka, it
could be assumed that such a remobilisation event occurred sometime between 284 + 4.5
ka (age of the youngest exact age obtained, from speleothem SCI23-A) and 200 + 4 ka
(age of the capping flowstone), during MIS8 and/or MIS7. However, if this hypothesis
were to be confirmed, then the ages resulting from both trapped charge dating methods
(i.e., luminescence and combined U-series/ESR) should be treated with caution given that
it would be impossible to properly assess the evolution of the environment dose rates
throughout the full burial history in different parts of the cave system.

In the second alternative (but non-exclusive) scenario, vertical trampling downwards
through the profile by localised post-depositional mixing of sediments, fossils and

speleothem fragments preserved at the site may have occurred (i.e. because of post-
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depositional mixing and trampling by bears or because the bear remains are derived from
hibernation beds that were dug into the original sediment profile, and exacerbated by
plastic deformation and sediment slumping of the host clay deposits). This hypothesis is
supported by the single-grain TT-OSL De datasets, which exhibit only minor to moderate
scatter and do not provide clear evidence of syn-depositionally mixed grain populations
that would otherwise be apparent if there were protracted and progressive re-
transportation of the sediment within the karst system.

In some areas of the site, such as the eastern profile, the upper units (LU3, LU4 and LUY)
are not well preserved and become thinner, with diffuse contacts between them, while to
the west their integrity is better preserved and the contacts between them become clearer.
This difference in preservation may be due to the proximity of the site to the east wall of
the cave, as well as the presence of the speleothem in this profile, which has clearly
carbonated the underlying sediments by water infiltration. The action of a more intense
activity produced by bears in this eastern sector can also be considered, as a large number
of bear bones can be seen at shallow depths. In general, for the whole pit, present-day
evidence in favour of bear hibernation nests is scarce, but we cannot rule out their
presence in the past. The preserved bear fossils do not show any anatomical connection
and are fragmented and randomly distributed through LUs 6 and 5 (including being
attached to the base of the LU2 flowstone), which implies some degree of mixing or
mobilisation. However, there is no evidence of sediment caking due to bear nests or semi-
circular hibernation structures, which are usually preserved even if they are refilled lately
(i.e., those preserved in Galeria Baja or in Sala de las Oseras). It is possible that at Cata
Litario these structures have been erased due to trampling and the action of other later
bears in the eastern sector of the site, where the stratigraphic units become more chaotic
and show post-depositional alterations.

The LUS fossil and speleothem samples dated in this study are all found at depths that
range from 55 to 92 cm below the flowstone forming LU2. However, the surface is very
irregular, the unit boundaries change depth quite significantly across a short distance of
<Im, and trampling and digging influences may have extended sediment perturbation
down a further 10-20 cm, so we cannot discount the possibility that the present-day depth
for fossils and clasts in this LU are not reflective of their original or long-term depths.
The LU6 speleothem fragments, on the other hand, are found at depths up to 112 cm
below the flowstone forming LU2, while several bear bone fragments can be observed in

the site profiles at depths of almost 1.5 m. In the southwest profile of Cata Litario, the
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lithological units show clear developments and contacts, and there is no trace of any
hibernation structures and no geological evidence of vertical remobilisation of the
sediments. For the rounded speleothem fragments and bear bones in this profile, at depths
> Im with an unaltered sequence above, we cannot confidently attribute their presence to
the action of bears considering their present-day configuration, as they are too deep to
have been excavated by a bear for its hibernation bed. Mean bear bed depths of 20 cm,
and maximum depths of 40 cm, may be expected based on available data from different
European caves sites for brown bear (U. arctos) and cave bear (U. spelaeus) nests (Fosse
et al., 2004). Values up to 50 cm have been found for both U. spelaeus and U. deningeri
cave bears beds (Torres, 2014). In several paleontological sites under study (not yet
published), including the Sala de las Oseras, well-preserved bear hibernation dens have
been measured and studied by some of the authors of the present work. All the structures
yield vertical depths ranging between 20 and 30 cm, so it seems unlikely that the bears at
Sala de los Ciclopes would have made hibernation dens nor disturbed the sediment by
trampling at 1.5 metres deep. However, it should be borne in mind that the present-day
depth beneath surface is only a maximum estimate of the true depth beneath the long-
term average surface, and hence a fossil sample at a 1.5 m depth today was not always
necessarily beneath the influence of bear beds in the past. It may be that there are multiple
generations of bear remains at this site and those fossil remains preserved in the lower
profile (1.5 m beneath surface) may have a different age to the samples dated in this study
from closer to the surface. For LU6, two specific scenarios can therefore be postulated.
The first would support the hypothesis of resedimentation of the Cata Litario sequence,
during which the fossils and speleothems were embedded in the sediments during their
transport. In the second case, the fossils could belong to older generations of bears and
may have been deposited together with the LU6 sediment prior to the sedimentation of
LUS. Direct dating of the LU6 fossils will be necessary to support or rule out these
hypotheses.

The potential for complex post-depositional sediment mixing and trampling of
speleothem fragments is difficult to assess in the absence of detailed taphonomic and
sedimentology studies, particularly as the current excavation only covers a very limited
lateral extent (2 m), and taking into account the general complex karst sedimentary
dynamics (e.g., Duval et al., 2024). Given the lateral rapid changes in the geology of cave
deposits, additional test pits in topographically higher places within Sala de los Ciclopes
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could provide additional information regarding the complex processes of deposition and
erosion within this chamber. Additionally, a more detailed geological study of the Cata
Litario levels must be undertaken to understand the formation of the sequence and the
post-depositional processes that have taken place in the site in order to find a more secure
explanation for the scattered U-series ages and the disparity between the direct ages on

the teeth and the luminescence ages for the host sediment.

Conclusion

We provide new dating results using a multi-technique approach for two key sites of the
Atapuerca karst complex, Galeria de las Estatuas and Sala de los Ciclopes. Most dating
methods return consistent ages for Galeria de las Estatuas, enabling us to establish a
relatively simple chronostratigraphy for the site. In contrast, the numerical ages obtained
for Sala de los Ciclopes reveal a much more complex picture of site formation and post-
depositional processes, suggesting that the fossils and host sediment may not be coeval.
Further work is required to confirm the different hypotheses proposed here for explaining
the apparent discrepancies between the luminescence and combined U-series/ESR ages.
This study highlights that results obtained using a single dating method may not always
reliably represent the age of a deposit or fossil as potential biases may naturally arise,
particularly in complex sedimentary settings such as caves. A multi-technique dating
approach that targets different materials is the most secure means of reconstructing
reliable chronological frameworks, although it is also necessary to understand the
geological factors that could have affected the dating materials, including the
accumulation and taphonomic histories of fossils, and post-depositional and

remobilisation processes affecting sediments.
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Fig. 1- A) General location of the Sierra de Atapuerca sites (red star) in the Iberian Peninsula. B)
Geological map of the Sierra de Atapuerca and the location of the Cueva Mayor cave system
(modified from Pineda and Arce, 1997 and Olivé et al., 1990). C) Cross-sectional topographic
profile of the Cueva Mayor-Cueva del Silo cave system (modified from Ortega Martinez, 2009).
D) Planimetry of the Cueva Mayor-Cueva del Silo cave system, with the location of the Galeria
de las Estatuas and Sala de los Ciclopes (modified from Ortega et al., 2013).

Fig. 2- A) Detailed topographic profiles of Galeria de las Estatuas and Sala de los Ciclopes,
showing the location of the excavated test pits (Modified from Ortega Martinez, 2009 and Ortega
et al., 2014). B) Stratigraphic logs and chronologies for the GE-I and Cata Litario (CL) pits and
their correlation with Marine Isotope Stages (MIS). The combined U-series/ESR ages displayed
here (light green stars) are: for GEI, the US-ESR age those obtained with USESR (Shao et al.,
2014); for CL we are displaying the full possible range of US-ESR and CSUS ages considering
equilibrium and disequilibrium in dental tissues (see Table 1). Except for the U-series ages on
carbonates (20), all dating results are reported at 1c. Global stack benthic §'*0 curve and MIS
boundaries are taken from Lisiecki & Raymo (2005).

Fig. 3- (A) ESR dose response curves obtained for the four tooth enamel samples. Left DRC for
each tooth: full dose range; Right DRC for ear tooth: zoom on the first irradiation points and the
back extrapolation. For each sample, the two fittings displayed in this figure correspond to the
evaluation of DE4 and DEs (see Table S2 and section 3.4 of the Supplementary Information for
explanation). (B) Representative single-grain TT-OSL decay and sensitivity-corrected dose
response curves measured, example shown is from a grain of sample CL16-4. (C) Example of a
representative multi-grain pIR-IRSL225 decay and sensitivity-corrected dose response curves
measured from a multi-grain aliquot of sample CL16-4. (D) single-grain TT-OSL and (E) multi-
grain pIR-IRSL225 De distributions obtained in this study and displayed as radial plots of sample
CL16-4 from Cata Litario (Cueva Mayor, Atapuerca, Spain). Grey bars are centred on the CAM
De.

Table captions:

Table 1- Overview of the Combined U-series/ESR and AAR dating results obtained on the four
fossil teeth from GE-I and Cata Litario pits. All errors are 1o. Individual AAR ages produced by
the algorithm of Torres et al. (2014) do not have associated error. Mean AAR ages are shown

with one standard deviation.

Table 2- Summary of single-grain TT-OSL and multi-grain pIR-IR225 dating results for the Cata
Litario samples (Cueva Mayor-Cueva del Silo, Sierra de Atapuerca, Spain). Errors are 1o.

Table 3- U-series dating results. The ages are shown with their associated 2c uncertainties.
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Sample #738 #739 #7137 #852

Galeria

. . Galeria Estatuas Cata Litario Cata Litario
Site (Unit) Estatuas
(LU4) (LU4) (LUS) (LUS)
. . Ursus . .
Species Equus sp. Cervidae deningeri Ursus deningeri
US-ESR*® age (ka) * 90+9 217 +£22 258 +21
CSUS-ESR® age (ka) 116 =12 92+9 245 +31 273 +£21
US-ESR® age (ka) n.a n.a 273 £28 280 +23
CSUS-ESR?" age (ka) na na 304 +33 287 £23
117 £13¢ 217+21°
_ c e — d d
US-ESR¢ age (ka) 813 87+9 227 + 20¢ 256 + 24

AAR age (ka)
(2 subsamples per A: 175" B:76"  A:56" B:67" A:364 B:393 A: 125" B:261
tooth)

AAR mean age (ka) n.a n.a 378.3 £ 14.5 n.a

57 @ Ages calculated with DATA program (Griin, 2009) considering post-Rn equilibrium in dental tissues.
58 P Ages calculated with DATA program (Griin, 2009) considering post-Rn disequilibrium in dental
59 tissues. ¢ Ages calculated with USESR program (Shao et al., 2014) with post-Rn equilibrium. ¢ Ages
60 calculated with US models in all tissues (enamel and dentine and, if applies, cement) models. ¢ Ages
61 calculated with US (enamel)/US (dentine)/AU (cement) models. © Ages calculated with US (enamel)
62 and AU (dentine) models. ¢ Ages calculated with AU models in enamel and dentine. * = no finite US-
63 ESR age can be obtained with DATA program (Griin, 2009). * = age not reliable (see text for

64  explanations). n.a = not applicable. In bold, ages displayed on Fig. 2.
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