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A B S T R A C T

We present the results of a characterization and dating study of eight authigenic apatite samples collected from 
various stratigraphic units of three cave sites across the Atapuerca complex, namely Gran Dolina, Galería 
Complex and Sima del Elefante. Characterization analyses using X-ray diffraction, X-ray fluorescence and 
Electron Spin Resonance (ESR) spectroscopy have been used to determine the nature and composition of the 
samples: seven of them are mostly made of hydroxyapatite, while one is composed of crandallite, and all show 
variable amounts of contamination by calcite and/or sediment. The timing of authigenic apatite formation, 
which results from the weathering of the limestone in a karstic environment, has been tentatively constrained 
through a combination of bulk and spatially resolved analyses using ESR and U-series methods. The dating results 
obtained enable the identification of various formation events during the Middle and Late Pleistocene at each 
site, around 170–180 ka and 110–120 ka in Gran Dolina, ~250 ka and ~40 ka in Galería Complex, and, possibly, 
~360 ka in Sima del Elefante. Importantly, all these ages are significantly younger than the depositional age of 
the host sediment, thus confirming the post-depositional nature of authigenic apatite. Additionally, the absence 
of age consistency across sites suggests that they have all experienced independent diagenetic events, which 
cannot be attributed to the overall karst dynamics of the Sierra de Atapuerca, but should rather be regarded as 
local processes.

Beyond the dating results, this study provides an overview of the potential and current limitations of ESR and 
U-series methods applied to Quaternary authigenic apatite. The main complication regarding the ESR method 
lies in the evaluation of the internal dose rate given the high uranium concentrations measured in the samples, 
and the absence of a directly related alpha efficiency value for this type of material. Laser ablation U-series 
analyses also highlight the methodological challenges caused by significant spatial heterogeneity of the U-series 
data across the apatite samples, which reflects the complexity, non-uniformity and long duration of apatite 
formation processes around the limestone blocks.
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1. Introduction

The Sierra de Atapuerca karst is widely known for its significant 
paleoanthropological, archaeological, and palaeontological record, 
documenting an almost continuous human occupation from the Early 
Pleistocene to the Holocene (see an overview in Rodríguez et al., 2011
and references therein). The endokarstic system comprises three 
sub-horizontal levels (upper, middle, and lower) that are related to the 
fluvial terrace formation associated with the Arlanzón River (Ortega 
et al., 2013). The conducts of the middle endokarstic level opened to the 
outside during the Early Pleistocene, allowing for subsequent external 
sedimentary inputs, from the surface of the southwest flank of the Sierra 
de Atapuerca (Ortega et al., 2014; Benito-Calvo et al., 2017; Campaña 
et al., 2017), and for the possibility of human and animal presence. In 
the XIX century, the middle level was cut by a railway trench in the 
western area of the Sierra, leaving several karstic infills exposed, 
including the Gran Dolina-Penal group, Galería Complex, and Sima del 
Elefante (Ortega, 2009; Bermejo et al., 2017). While the rich archaeo
logical and palaeontological record at these sites has triggered extensive 
multi-disciplinary research over the last few decades in order to gain a 
better understanding of past human occupations, other aspects of the 
sedimentary sequences have received much less attention. For example, 
this is the case with the authigenic apatite identified in various lithos
tratigraphic units of the three aforementioned railway trench sites (e.g., 
Pérez-González et al., 1995; Campaña, 2018; Campaña et al., 2022, 
2023). In particular, the nature and chronology of these phosphate de
posits have never been deeply investigated at Atapuerca, unlike in other 
regions of the Mediterranean (e.g. Greece, Levant; Karkanas et al., 1999; 
Weiner et al., 2002; Shahack-Gross et al., 2004).

The main goal of the present study is to characterize these common 
karstic minerals and to provide the first direct chronological constraint 
on their growth phases, in order to see whether they correspond to 
multiple formation events or to a single event that affected the middle 
level of the Sierra de Atapuerca endokarst system. To do so, we have 
employed the two main dating methods traditionally used on fossil teeth 
(e.g., Grün, 2009;Duval, 2015), whose main constituent is carbonated 
hydroxyapatite (Elliott, 2002): U-series and Electron Spin Resonance 
(ESR). The application of these dating techniques to authigenic apatite 
has rarely been investigated, despite the obvious similarities between 
this material and fossil tooth enamel in terms of mineralogical and 
chemical composition. However, it is worth mentioning the pioneering 
work by Rink et al. (2003) on the apatite veins in Tabun Cave (Israel), 
which demonstrated that non-biogenic apatite could be successfully 
dated using ESR. Consequently, the present study also aims to provide an 
updated overview of the potential and current limitations of ESR and 
U-series methods applied to Quaternary authigenic apatite.

2. Authigenic apatite in karstic context: a brief overview

Phosphate deposits are commonly found in caves (e.g., Hill and Forti, 
1997; Karkanas et al., 1999; Shahack-Gross et al., 2004; Onac, 2011) and 
are usually formed by the action of phosphate-rich waters reacting with 
limestone and precipitating stable minerals (Karkanas et al., 2000, 
2002). The formation of phosphate minerals is a post-depositional pro
cess initiated by a source of phosphate (e.g., dissolved bones, bat guano 
or ashes; Karkanas et al., 2000) that provides an acid- and 
phosphate-rich environment. The phosphate-rich solutions react with 
existing minerals in the cave, leading to a sequence of transformations 
from more soluble to less soluble phosphate minerals: these include 
hydroxyapatite, crandallite, montgomeryite, taranakite and leucophos
phite, which reflect increasing diagenetic intensity (Weiner et al., 2002).

Authigenic phosphates in caves have been extensively studied, 
especially in the Eastern Mediterranean, with a special focus on their 
formation mechanisms and archaeological implications. For example, 
investigations at Theopetra (Greece), Kebara and Hayonim (Israel) 
Caves showed that the formation of authigenic phosphate is closely 

related to a local source of phosphate, and therefore the occurrence of 
these minerals is usually restricted to well-defined areas of the sites 
(Karkanas et al., 1999, 2002; Schiegl et al., 1996; Stiner et al., 2001; 
Weiner et al., 1993). Further studies have focused on the diagenetic 
conditions under which the phosphate was formed, highlighting how the 
identification of authigenic minerals can help reconstruct past 
geochemical environments in cave sediments. In particular, the forma
tion of these minerals depends on different chemical conditions, such as 
pH, temperature and elemental concentrations (Karkanas et al., 2000, 
2002), therefore, authigenic phosphate mineral phases can indicate how 
these chemical conditions have changed in the past. The presence of 
phosphate minerals may also have taphonomic implications as it in
volves diagenetic processes that can partially or completely dissolve 
fossil remains and artefacts, especially bones (Karkanas et al., 2000), 
thereby impacting the preservation of the archaeo-paleontological re
cord. Other studies have examined specific sources of phosphate in 
caves, such as guano deposits, which may provide a comprehensive 
understanding of the diagenetic processes occurring at a given site. The 
presence of guano accumulations on sediment surfaces has been iden
tified as a primary trigger of chemical diagenesis, highlighting the 
central role of bat and bird colonies in shaping the diagenetic patterns 
within the caves (Shahack-Gross et al., 2004). It is also important to note 
that it is possible to identify the guano producer (for example birds, fruit 
bats, or insectivorous bats), which can be useful for paleoenvironmental 
reconstructions since these animals are sensitive to distinctive ambient 
conditions, such as open or closed cave system, temperature and hu
midity (Shahack-Gross et al., 2004; Friesem et al., 2021). For instance, a 
recent study has related the formation of phosphate crusts with 
archaeological animal penning areas (Polisca et al., 2025). These 
various examples illustrate how the study of authigenic phosphate 
minerals may contribute to a better understanding of site formation 
processes, and indirectly provide crucial insights into the palaeoecology 
or even human activity (e.g. herding) at a site.

3. Atapuerca railway trench cave sites

3.1. Geological context

The three Railway Trench archaeological sites (Gran Dolina, Galería 
Complex and Sima del Elefante, from N to S; Fig. 1) all belong to the 
middle level of the endokarstic system of Sierra de Atapuerca (Ortega, 
2009). This sinuous and sub-horizontal 500 m-long phreatic passage is 
found at an altitude of 1000–1003 m above sea level (m.a.s.l.) and has 
been traditionally associated with the period of hydrological stability 
represented by terrace T3 of the Arlanzón River (+70–78 m) 
(Benito-Calvo et al., 2017; Ortega et al., 2013).

Gran Dolina site is a 25 m-thick cave sedimentary infill of Early to 
Middle Pleistocene sediments divided into 12 lithostratigraphic units 
(Campaña et al., 2017) (Figs. 1 and 2), named TD1-TD8, TD8-9, and 
TD9-TD11, from bottom to top. The sedimentary sequence may be 
divided into two main parts, the lowermost TD1 and TD2 units domi
nated by fluvial deposits (Campaña et al., 2022; Duval et al., 2022), and 
the overlying TD3 to TD11 units comprised of entrance sediments 
(gravity flow and fluvial facies) that document the opening of the cave 
(Campaña et al., 2017, 2022; Duval et al., 2022). These units are 
composed of alternating unconsolidated breccia of angular limestone 
clasts with reddish brown muddy matrix, well-sorted gravels, and 
yellowish red muddy layers. Among them, TD9 is made of 
phosphate-rich sediment that has been interpreted as a guano deposit 
(Parés and Pérez-González, 1999; Pérez-González et al., 2001; Vall
verdú, 2002; Campaña et al., 2017). Another phosphate-rich layer is 
TD6.1.0, which contains hyena coprolites and is situated at the top of the 
TD6 unit (Campaña et al., 2016). In addition, phosphate crusts have 
been identified in various units of the sequence, namely TD4, TD5, TD6, 
TD8-9, TD9 and the lower part of TD10 (Campaña, 2018).

Galería Complex is situated south of Gran Dolina, and is composed of 
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three sub-sections: Tres Simas, Galería, and Covacha de Los Zarpazos. 
The Galería sediments have been separated into five lithostratigraphic 
units named GI to GV from bottom to top (Figs. 1 and 2; Pérez-González 
et al., 1995, 2001). GI is a ~19 m-thick unit made of interior facies at the 
base of Galería Complex (Bermejo et al., 2017, 2020; Campaña et al., 
2023). It is mainly composed of sand, silt and clay sediment with some 
speleothem growths. While the presence of crandallite has been identi
fied in GI (Campaña et al., 2023), a white layer made of crandallite and 
hydroxyapatite especially stands out at the top of the unit. GII to GV 
units are dominated by entrance facies. They are composed by angular 
limestone clasts with reddish brown muddy matrix deposits from the 
northern and the southern entrances, which are interstratified with 
gravels and muds in the middle area. In particular, the bat guano deposit 
within GII is interpreted as the origin of two black and white layers, 
where crandallite has been identified (Pérez-González et al., 1995, 1999; 
Falguères et al., 2013; Demuro et al., 2014). This guano layer reaches 
20–30 cm thick in the southern and central parts of the section. These 
layers are related to the weathering of large clasts and fossil dissolution 
in the south of Galería, where post-depositional phosphate crusts were 
found (Falguères et al., 2013).

Sima del Elefante is a 25 m-thick cave sedimentary infill that has 
been divided into 16 litho-stratigraphic units called TE7 to TE21, from 
bottom to top (e.g., Rosas et al., 2001, 2006; Huguet et al., 2017). The 
sedimentary sequence is dominated by entrance facies deposits made of 
mudflows and debris flows (Figs. 1 and 2). These units are traditionally 
grouped into three sedimentary phases based on lithostratigraphic 
criteria: lower (TE7-TE14), middle (TE15-TE19), and upper 
(TE20-TE21) (Rosas et al., 2001, 2006). The lower phase is character
ized by mudflows and gravity deposits with a pronounced dip that de
creases towards the top. The middle phase is formed by waterlain 

sediments and a recurrent pattern of speleothem formation, with gravity 
sediments in the upper units. Finally, the upper phase is a short sequence 
that silted up the entrance of the cavity and was formed from debris fall 
and terra rossa. Up to four phosphate layers were identified within TE9 
(lower phase). In particular, the presence of phosphate was observed 
within TE9c, one of the three sub-units of TE9, which are named c, b and 
a from bottom to top (Huguet et al., 2017). TE9c has two main sedi
mentary facies: yellow, red, brown, and black mud in laminated beds, 
where the phosphate layers were found, and stratified beds of gravelly 
mud (Huguet et al., 2017).

3.2. Chronostratigraphic framework

A wide range of methods has been employed to chronologically 
constrain the sedimentary infill and associated fossil and archaeological 
record of the three Railway Trench archaeological sites, including 
luminescence (optically stimulated luminescence (OSL), thermally 
transferred optically stimulated luminescence (TT-OSL), thermolumi
nescence (TL) and post-infrared infrared stimulated luminescence (pIR- 
IRSL)), ESR (applied to quartz grains and fossil teeth), U-series, paleo
magnetism and biochronology (e.g., Álvarez-Posada et al., 2018; Arnold 
and Demuro, 2015; Arnold et al., 2015; Berger et al., 2008; 
Cuenca-Bescós and García, 2007; Cuenca-Bescós et al., 2015, 2016; 
Demuro et al., 2014, 2022; Duval et al., 2018, 2022; Falguères et al., 
1999, 2013; Hernando et al., 2024; Moreno, 2011; Moreno et al., 2015; 
Parés and Pérez-González, 1995, 1999; Parés and Pérez-González, 1999; 
Parés et al., 2006, 2013, 2018). This extensive geochronological work 
has produced an unprecedented dataset, but its interpretation is 
complicated by the age scatter that exists among some methods, in 
addition to the fact that not all dating results may be regarded as equally 

Fig. 1. A: Map of the Atapuerca multilevel cave system (modified from Ortega et al., 2013). The underground karstic infills of the map are indicated in pale green 
(Bermejo et al., 2020). B: aerial image of the Railway Trench with the situation of Gran Dolina, Galería Complex and Sima del Elefante. C: Cross-section of Gran 
Dolina, Galería Complex and Sima del Elefante sedimentary infill (modified from Campaña et al., 2023). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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Fig. 2. Composite stratigraphic sections of the three archaeo-paleontological sites studied in the present work (Gran Dolina: Campaña et al., 2017; Campaña et al., 
2022, Galería: Pérez-González et al., 1999, Falguères et al., 2013 and Campaña et al., 2023, and Sima del Elefante: Carbonell et al., 2008). The position of the ESR 
samples is indicated by a red star. The stratigraphic position of the main magnetic reversal observed at the three sites, which is tentatively attributed to the 
Brunhes-Matuyama transition, is shown (see further details in the main text). (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.)
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reliable. While it is beyond the scope of the present work to critically 
evaluate the existing ages for these sites (for that purpose, see Parés 
et al., 2013; Falguères et al., 2013; Arnold et al., 2015; Demuro et al., 
2014), the individual chronostratigraphic framework available for each 
site may be summarized as follows.

At Gran Dolina, the Brunhes-Matuyama boundary (0.773 Ma; all 
geomagnetic boundaries are from Gradstein et al., 2020) has been 
identified within unit TD7 (Fig. 2). The lowermost stratigraphic units 
TD1 and TD2 have been constrained to between ~1.4 Ma and ~0.9 Ma 
(Duval et al., 2022) by a combination of electron spin resonance (ESR), 
single-grain thermally transferred optically stimulated luminescence 
(SG TT-OSL), and magnetostratigraphy. The overlying TD3-TD6 units 
are most likely constrained to ~0.9 Ma and 0.77 Ma (Álvarez-Posada 
et al., 2018; Duval et al., 2022), while TD6 has been dated to 0.85 ±
0.06 Ma using SG TT-OSL (Arnold et al., 2015), supported later by a 
direct combined U-series/ESR age on a Homo antecessor tooth (Duval 
et al., 2018). The upper part of the sedimentary infill has been con
strained to between 610 ± 65 ka (TD8) and 337 ± 29 ka (TD10) by 
combined U-series/ESR dating of fossil teeth (Falguères et al., 1999; 
Parés et al., 2013), while younger luminescence ages (<300 ka) have 
been proposed for the uppermost levels (Berger et al., 2008, but see 
Parés et al., 2013).

The general chronostratigraphy of Galería is perhaps comparatively 
more difficult to interpret given the existing age scatter (both for a given 
numerical dating method and among different methods). Focusing on 
the main section (Galería sensu stricto), a magnetic reversal tentatively 
correlated to the Brunhes-Matuyama boundary has been identified in 
the upper part of GI unit (Pérez-González et al., 2001), while SG TT-OSL 
dating from overlying sediment (GIb) in this section of Galería returned 
an age of 374 ± 33 ka (Demuro et al., 2014). The upper units GII to GIV 
have been constrained to between ~330 ka and ~250 ka using 
extended-range luminescence dating techniques (SG TT-OSL and pIR-
IRSL225), and between ~360 ka and ~200 ka with ESR/U-series dating 
method. A complete discussion of how these results compare with those 
from the other methods may be found in ,Falguères et al. (2013) and 
Demuro et al. (2014).

The sedimentary infill of Sima del Elefante may be divided into two 
main parts: the lower units TE7-TE16 showing reversed magnetic po
larity and implying an age >0.773 Ma (Parés et al., 2006), and the upper 
units (TE17-TE19) showing a normal polarity constrained to the Middle 
Pleistocene. The presence of the Brunhes-Matuyama boundary between 
TE17 and TE16 has been confirmed by SG TT-OSL and pIR-IRSL225 
dating of these two units to 724–781 ka and 804–864 ka, respectively 
(Arnold et al., 2015). A subsequent extended-range luminescence dating 
study using a combination of SG TT-OSL and pIR-IR225 has additionally 
constrained layers TE18 and TE19 to 520–530 ka and ~240–290 ka, 
respectively (Demuro et al., 2022). The stratigraphically lowermost 
units TE9 and TE7 were initially numerically dated to ~1.1–1.2 Ma 
using the cosmogenic Al-Be burial method (Carbonell et al., 2008), while 
the revised ages recently proposed by Garba et al. (2024) remain within 
this range (although slightly younger).

4. Material and methods

4.1. Material

Eight apatite samples were collected from the Atapuerca Trinchera 
sites for characterization and dating purposes: three samples from 
Galería (ESR13-04, ESR13-05, and ESR13-06), four from Gran Dolina 
(ESR13-07, ESR13-08, ESR13-09, and ESR13-10) and one from Sima del 
Elefante (ESR13-11). A basic description and the stratigraphic location 
of the samples are provided in Table 1, Figs. 2 and 3. Additional sedi
ment samples and limestone clasts were collected adjacent to the sam
ples for the external dose rate reconstruction (Supplementary Fig. S1).

4.2. Methods

4.2.1. Sample preparation
Phosphate samples were prepared and processed at the National 

Research Centre for Human Evolution (CENIEH; Burgos, Spain), 
following the standard ESR dating procedure traditionally used for fossil 
tooth enamel (e.g. Duval et al., 2011). Phosphate crusts were mechan
ically separated from the limestone clasts and then cleaned on both sides 
using a dentist drill to eliminate and minimize external alpha and beta 
contributions, respectively. The initial thickness and removed thickness 
on each side of the crust were measured. Clean phosphate crusts were 
then ground and sieved between 100 and 200 μm. Each powdered 
sample was subsequently split for subsequent characterization and 
dating analyses.

4.2.2. Characterization study
The mineralogical and chemical composition of the bulk phosphate 

samples were obtained by combining two techniques, X-ray diffraction 
(XRD) and wavelength dispersive X-ray fluorescence (XRF). Analyses 
were performed in the Archaeometry laboratory at CENIEH.

XRD was carried out using a PANalytical X’Pert PRO instrument 
equipped with a Cu target and a secondary monochromator. The oper
ating conditions were 45kV/40 mA in a continuous scan mode per
formed in the range of 2θ from 3◦ to 70◦, with an increment of 0.02◦. 
Samples were gently grounded to a fine particle size to obtain powders 
suitable for XRD analysis. Mineralogical phase quantification was done 
with Rietveld refinement using the PANalytical software High Score Plus 
(Rietveld, 1969).

XRF was performed using a PANalytical Axios instrument. For each 
sample, 0.5 g of bulk material was ground and homogeneously mixed 
with 5 g of Li2B4O7/LiBO2 flux. The mix was then melted in a Pt-Au 
melting pot with a PANalytical Perl’X3 instrument. The following 
major oxides were measured: SiO2, Al2O3, Fe2O3 total, MnO, MgO, CaO, 
Na2O, K2O, TiO2, P2O5, and SO3. Loss on ignition (LOI) was additionally 
calculated.

Table 1 
Basic description of the apatite samples collected for the present study.

Sample Site Stratigraphic unit Basic description

ESR13-04 Galería GII - 4-mm thick laminated crust covering a limestone clast belonging to a sub-vertical debris fall
ESR13-05 Galería GII - 1-mm thick phosphate crust covering a limestone clast

- Black and red coloring by manganese and iron oxides were observed in the surface of the crust
ESR13-06 Galería GI - Thin white powder-texture layer interpreted as a weathered speleothem
ESR13-07 Gran Dolina TD4.1 - White phosphate crust covering a limestone clast.
ESR13-08 Gran Dolina TD6.2 - < 2 cm-thick phosphate crust covering a highly weathered limestone clast

- Lamination and manganese oxide were observed
ESR13-09 Gran Dolina TD9 - White phosphate crust covering a limestone clast

- Manganese oxide was observed inside the crust
ESR13-10 Gran Dolina TD10.4 - 4-mm thick laminated phosphate crust from a limestone clast.

- the lamination is formed by the alternation of about 0.5 mm thick pale brown and white lamina.
ESR13-11 Sima del Elefante TE9 - Pale brown-yellowish powder-texture mud
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4.2.3. Dating study

4.2.3.1. Solution U-series analyses. Bulk solution U-series analyses were 
performed on a Neptune MC-ICPMS at Nanjing Normal University, 
China. The chemical protocol used for sample preparation was similar to 
that described in Douville et al. (2010). The uranium isotopes were 
measured using a peak jumping method by sequentially measuring 233U, 
234U, 235U, and 236U on an ion counter, and 238U in a Faraday cup. 
Thorium measurements were carried out immediately after uranium 
measurements for the same sample. The 229Th and 230Th isotopes were 
alternately measured on the secondary electron multiplier (SEM) and 
232Th was measured in a Faraday cup. Hydride interferences, machine 
abundance sensitivity and amplifier gains were evaluated every day 
prior to sample measurements. 230Th/U ages were calculated by 
Monte-Carlo simulations (Shao et al., 2019) using half-lives of 75,584 
years and 245,620 years for 230Th and 234U, respectively (Cheng et al., 
2013).

4.2.3.2. Laser ablation U-series analyses. ESR13-08 was selected for 
laser ablation (LA) U-series analysis. A cross section was extracted from 
the sample that had been previously embedded in epoxy resin. Analyses 
were carried out at the Research School of Earth Sciences, the Australian 
National University (Australia), using a custom-built laser sampling 
system interfaced between an ArF Excimer laser and a MC-ICP-MS Fin
nigan Neptune (for details, see Eggins et al., 2003, 2005), following the 
principles and procedures described in Grün et al. (2014). Five transects 
of 5–8 LA spots were performed across the sample (Fig. 4).

4.2.3.3. DE evaluation. The ESR dose evaluation was carried out at the 
ESR dating laboratory of the CENIEH, Spain, using a Multiple Aliquot 
Additive Dose (MAAD) procedure. Powdered samples were separated 
into ten aliquots. Nine of these aliquots were irradiated with a calibrated 
Gammacell 1000 137Cs gamma source, using an almost double-spaced 
dose step distribution (Grün and Rhodes, 1991), while one aliquot was 
kept unirradiated (= natural aliquot). The following doses were given: 
49, 98, 244, 586, 1074, 2148, 3850, 5572 and 9422 Gy.

Fig. 3. Pictures of the apatite samples in their original stratigraphic position, as indicated by the red arrows (left column, from A1 to H1), and once collected, in the 
laboratory before preparation (right column, from A2 to H2). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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ESR measurements were carried out at room temperature with an 
EMXmicro 6/1 Bruker ESR spectrometer coupled to a standard rectan
gular ER 4102ST cavity. To ensure constant experimental conditions 
over time, the temperature of the water circulating in the magnet was 
controlled and stabilized at 18 ◦C by a water-cooled Thermo Scientific 
NESLAB ThermoFlex 3500 chiller, and the temperature of the room was 
kept constant at 20 ◦C by an air conditioning unit. ESR measurements 
were performed with the following acquisition parameters: 1–20 scans, 
2 mW microwave power, 1024–2048 points resolution, 15–75 mT sweep 
width, 100 kHz modulation frequency, 0.1 mT modulation amplitude, 
60 ms conversion time, and 20 ms time constant depending on the 
samples and aliquots considered. For a given sample, the receiver gain 
value was optimized according to the ESR signal of the highest irradi
ated aliquot, and the same value was then used for all the aliquots from a 
given sample. In order to ensure similar resonance conditions in the ESR 
cavity for all the aliquots of a given sample, each aliquot was carefully 
weighed in the ESR tube, and a maximum variation of 1 mg in the mass 
was tolerated. Each aliquot of all samples (except ESR13-11, no rota
tion) was successively measured three times after rotating the tube in the 
cavity by about 120o. This procedure was repeated over three successive 
days without removing the phosphate powder from the ESR tubes be
tween measurements in order to evaluate intensity and equivalent dose 
(DE) repeatability. The ESR intensities were extracted from peak-to-peak 
measurement amplitudes of the apatite ESR signal (T1-B2) and then 

corrected by the corresponding receiver gain, number of scans, and 
aliquot mass. Baseline correction was not needed for most samples given 
their strong ESR signals. The only exception was ESR13-11, for which a 
baseline correction using a cubic function was employed. The ESR in
tensity of the high-frequency noise was evaluated from the high-field 
range domain of the ESR spectra obtained from the natural aliquot of 
each sample (e.g. Arnold et al., 2024). The signal-to-noise (S/N) value 
was calculated by dividing the ESR intensity of the radiation-induced 
signal (S) by that of the noise (N). An average S/N value was obtained 
from the three measurements performed on the natural aliquot 
rotations.

Fitting procedures were carried out with Microcal OriginPro 9.1 
software using a Levenberg-Marquardt algorithm by chi-square mini
mization. Further details regarding the suitability of this algorithm for 
non-linear fitting may be found in Hayes et al. (1998). A single satu
rating exponential (SSE) function was fitted through the experimental 
data points and data were weighted by the inverse of the squared ESR 
intensity (1/I2) (Duval and Grün, 2016). Final DE values were obtained 
following the Dmax/DE criterion defined by Duval and Grün (2016), i.e. 
5<Dmax/DE < 10 for DE values < 500 Gy, Dmax/DE ≈ 5 for DE values 
between 500 Gy and 1000 Gy, and 0.9<Dmax/DE < 1.8 for DE values >
1000 Gy.

Fig. 4. Cross-section of ESR13-08 showing Laser Ablation tracks 1 to 5 (red) and spots (back and white). Numerical results may be found in Supplementary Material 
Tables S1–S5. Only finite U-series age results obtained from the authigenic apatite are displayed. The associated errors are not given to ease readability. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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4.2.3.4. Dose rate evaluation and age calculation. To our knowledge, 
only one ESR dating study has previously focused on geological apatite 
(Rink et al., 2003). Given the rarity of this type of ESR dating applica
tion, there are no routine dating procedures or specific analytical pro
grams available, and some assumptions have to be made based on our 
experience with fossil tooth enamel, which shares similarities with 
geological apatite. Indeed, fossil tooth enamel is almost exclusively 
made of biological hydroxyapatite (Elliot et al., 2002). Therefore, the 
ESR age estimates have been calculated with the DATA program (Grün, 
2009), and using the following parameters: an alpha efficiency of 0.13 
± 0.02 (i.e., the value measured for tooth enamel; Grün and 
Katzenberger-Apel, 1994), Monte-Carlo beta attenuation factors from 
Marsh (1999), and dose-rate conversion factors from Adamiec and 
Aitken (1998). A density of 2.95 ± 0.20 g/cm3 was assumed, i.e. similar 
to that usually considered for fossil tooth enamel. The cosmic dose rate 
was calculated according to Prescott and Hutton (1994).

Based on our observations in the field while collecting samples, and 
in the laboratory during sample preparation, most samples are 
composed of a > 1 mm-thick crust (Table 1). Therefore, the geometry of 
each sample and its surrounding environment may be reasonably 
approximated to a succession of thin layers of varying thicknesses for 
beta dose rate evaluation (see Supplementary Material Fig. S2). U, Th 
and K concentrations in apatite, sediment and limestone blocks were 
determined by ICP-OES and ICP-MS analysis (Intertek Genalysis Labo
ratories) following a four acid digestion procedure. These elemental 
values were used to derive the internal, external beta and gamma dose 
rate components. An estimated long-term water content of 0 wt% was 
assumed for the limestone block, and 20 ± 5 % (%wet weight) was 
assumed for the surrounding sediment, which is within range of long- 
term values usually employed for trapped-charge dating studies at 
Atapuerca (e.g., Demuro et al., 2014; Duval et al., 2018). When possible 
(e.g., for samples ESR13-05, ESR13-09 and ESR13-10), the gamma dose 
rate was derived from in situ measurements available from previous 
luminescence dating studies (i.e., Demuro et al., 2014 and unpublished 
data). These in situ measurements were carried out with a NaI probe 
connected to an Inspector 1000 multichannel analyser and processed 
following the ‘windows method’ to derive radioelement concentrations 
(Arnold et al., 2012). For samples with no in situ dosimetry available, 
the gamma dose rate was tentatively reconstructed using field obser
vations and pictures taken from the outcrops. These pictures were 
rectified to decrease the deformation, and the area of each limestone 
clast identified in the surrounding matrix was measured using ArcGIS 
software. In this way, the ratio of clast vs sedimentary matrix was esti
mated, and assumed to be representative of the surrounding environ
ment of each sample within a 30 cm-radius sphere. This ratio was used to 
estimate the relative contribution of each material and to calculate the 
corresponding gamma dose rate for each of the ESR samples that lacked 
an associated in situ measurement.

ESR age calculations were carried out using the DATA program 
(Grün, 2009). Various uranium uptake models were tested, including 
two based on the combination of ESR and U-series data: the US model 
defined by Grün et al. (1988), and the CSUS model, which assumes rapid 
uranium uptake followed by a closure of the system (Grün, 2000). 

Finally, we also used the Early Uptake (EU) model, i.e., a parametric 
model corresponding to a closed system assumption. Age uncertainties 
are given at 1σ throughout this study.

5. Results

5.1. Mineralogical and chemical analyses

Tables 2 and 3 list the mineralogical and chemical composition of the 
8 samples. Except for ESR13-06, which is dominated by crandallite 
(CaAl3(PO4)2(OH)5⋅(H2O)), all of the other samples are mainly 
composed of hydroxyapatite (Ca5(PO4)3(OH)) (≥72 %). Among them, 
ESR13-04 is a pure phosphate sample (100 %). In comparison, ESR13-06 
and ESR13-11 contains quartz (7–11 %) and phyllosilicate (9–10 %) 
minerals in their composition and are dominated by Fe, Si and Al ele
ments, thus likely indicating non-negligible contamination by sediment. 
The other samples have variable amounts of calcite (from 3 to 23 %). 
The presence of calcite may be regarded as evidence for incomplete 
weathering of the limestone clast that sourced the phosphate (Karkanas 
et al., 2000). XRF chemical results are consistent with XRD analyses, but 
also indicate the presence of other minor minerals such as iron and 
manganese oxides. In particular, ESR13-06 (as well as ESR13-11 in a 
smaller proportion) shows higher Al content and lower Ca and P content 
than any other sample, which is consistent with the presence of cran
dallite and/or sediment in the samples.

5.2. Solution U-series dating

U-series dating results are given in Table 4. Samples show uranium 
concentrations between 2.4 ppm (ESR13-04) and 38.8 ppm (ESR13-10), 
i.e. within the range of values that are typically measured in the dental 
tissues of fossil teeth from Atapuerca (previous studies by Falguères 
et al. (1999, 2013) have reported concentrations of between 0.2 and 5.5 
ppm in the enamel, and 7–107 ppm in the dentine). While the lowest 
value corresponds to the pure hydroxyapatite sample, we do not observe 
any apparent correlation between the hydroxyapatite and uranium 
contents (see Tables 2 and 4). Samples ESR13-06 and ESR13-11 show 
extremely high detrital Th content, several orders of magnitude higher 
than in the other samples, which is consistent with the mineralogical and 
chemical results that suggest the presence of sediment. Although these 
two samples show the lowest 230Th/232Th ratios, they are nevertheless 
>25, thus suggesting minimum impact (<5 ka) of detrital Th correction 
on the calculated U-series ages.

The U-series ages range from ~43 ka to ~253 ka for the samples 
from Galería, and from ~112 ka to ~180 ka for the samples from Gran 
Dolina. In contrast, ESR13-11 from Sima del Elefante returns the oldest 
age of the data set (~362 ka). Finally, ESR13-06 does not return a finite 
age, which indicates that the sample has experienced uranium leaching. 
This also indirectly shows that ESR13-06 does not behave as a closed 
system for U-series elements. However, this observation cannot neces
sarily be extrapolated to the other samples that yield apparent U-series 
age estimates, as only the combination of ESR and U-series data can 
enable meaningful evaluations of whether a given sample behaved as a 

Table 2 
Quantitative mineralogy of the phosphate samples obtained by X-ray diffraction (XRD), expressed in %. Note that total may sometimes slightly exceed 100% due to 
rounding approximations.

Sample Site Stratigraphic unit Calcite Crandallite Quartz Phyllosilicate Hydroxyapatite

ESR13-04 Galería GII 0 0 0 0 100
ESR13-05 Galería GII 15 0 0 0 85
ESR13-06 Galería GI 0 55 7 9 30
ESR13-07 Gran Dolina TD4 1 0 1 0 98
ESR13-08 Gran Dolina TD6.2 23 0 0 0 77
ESR13-09 Gran Dolina TD9 6 0 0 0 94
ESR13-10 Gran Dolina TD10.4 3 0 0 0 97
ESR13-11 Sima del Elefante TE9 7 0 11 10 72
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closed system.

5.3. Laser ablation U-series analyses

Five laser ablation (LA) tracks were performed across ESR13-08, 
systematically following the same direction from the inner limestone 
block to the outer part of the sample (Fig. 4). The resulting analytical 
data obtained for each individual LA spot are given in Supplementary 
Material Tables S1–S5. A few additional LA spots were also performed in 
the epoxy resin for comparison, and no noticeable amounts of uranium 
and thorium were detected. The relatively large errors on the U-series 
results obtained from some laser ablation spots reflect the scatter of the 
data collected during the acquisition phase, and illustrates the local 
heterogeneity of the sample at the ablation spot.

The LA U-series data enable the identification of three main domains 
in ESR13-08, each with very distinct characteristics (Fig. 4). First, the 
inner limestone block is characterized by relatively low uranium con
centrations (<0.5 ppm), with no finite apparent U-series ages. This is 
consistent with the expected age of the limestone, which lies beyond the 
time range covered by the method (i.e., >500 ka). In contrast, the 
authigenic apatite domain shows higher uranium concentrations of be
tween 1 and 30 ppm, and apparent U-series ages ranging from ~77 ka 
and ~210 ka. Finally, the sediment yields uranium concentrations 
around 4–6 ppm and, as expected, much higher thorium contents (3–13 
ppm) than any other domains (<300 ppb, except for one LA spot).

Unlike bulk analyses, the spatially-resolved LA U-series analyses 
provide unprecedented insights into the authigenic apatite formation 
dynamics and the spatial heterogeneity of U-series elements. Under acid 
conditions, the authigenic apatite crystallizes at the interface between 
the phosphate-rich sediment and the limestone block, while the latter is 

progressively being dissolved, thus providing the calcium carbonate 
necessary for the formation of the apatite (Karkanas et al., 2000; Onac 
and Forti, 2011; Audra et al., 2019). As a result, the dis
solution/crystallization front is expected to progressively migrate in
wards, i.e. towards the centre of the limestone block. In other words, 
apparent U-series ages should theoretically show a progressive decrease 
from the outside to the inside of the block. This trend can be observed for 
several of the LA tracks. For example, LA track #3 shows an older age of 
~212 ka on the outer part of the sample, while two younger and 
consistent ages of 120–130 ka (LA spots 4 and 5) are obtained towards 
the interior (Supplementary Material Table S3). In comparison, LA track 
#5 shows somewhat scattered results (e.g., LA spot 2 returns a much 
younger age of ~77 ka), but the outermost LA spot 5 yields the oldest 
apparent U-series age (~165 ka), while the innermost LA spot yields a 
younger age by several tens of ka (~128 ka) (Supplementary Material 
Table S5). In contrast, a couple of LA tracks show a different trend in 
apparent U-series age estimates through the cross-sectional profiles. For 
example, LA track #1 shows progressively younger results from the 
inner to the outer part of the sample, with LA spots 5 to 7 
(Supplementary Material Table S1) returning ages from ~204 ka to 133 
ka. A similar observation can be made for LA track #4, with two close 
ages of 160–170 ka from the inner side of the apatite, and two younger 
ages of 93–104 ka towards the outer part. While these older ages show 
large associated errors, possibly resulting in questionable reliability, we 
hypothesize that the results obtained from the inner part of the block 
probably reflect contamination by limestone (which returns U-series 
data close to or beyond equilibrium), as a result of incomplete dissolu
tion. In other words, the various LA spots (namely, LA spot 5 of track #1, 
and LA spots 1 and 2 of track #4) are probably located in close proximity 
to the dissolution/crystallization front and incorporate a mixture of 

Table 3 
Chemical composition of phosphate samples using X-ray fluorescence (XRF), expressed in % weight. Key: < DL = below Detection Limit.

Sample Site Unit SiO2 Al2O3 Fe2O3t MnO MgO CaO Na2O K2O TiO2 P2O5 SO3 LOI

ESR13-04 Galería GII 0.44 0.32 0.10 <DL 0.04 53.21 0.24 0.04 <DL 37.69 <DL 7.91
ESR13-05 Galería GII 0.20 0.19 0.06 0.06 0.05 53.86 0.25 0.03 <DL 31.64 <DL 13.67
ESR13-06 Galería GI 12.71 21.53 2.77 0.03 0.32 21.98 0.30 0.65 0.22 24.27 <DL 15.32
ESR13-07 Gran Dolina TD4 1.15 0.32 0.11 <DL 0.03 52.50 0.22 0.06 0.02 36.60 <DL 8.99
ESR13-08 Gran Dolina TD6.2 0.42 0.39 0.13 0.07 0.07 53.45 0.31 0.05 0.02 29.28 <DL 15.79
ESR13-09 Gran Dolina TD9 0.28 0.34 0.08 0.03 0.04 53.81 0.27 0.03 <DL 35.53 <DL 9.60
ESR13-10 Gran Dolina TD10.4 0.45 0.45 0.12 0.05 0.04 52.96 0.27 0.04 <DL 36.13 0.05 9.43
ESR13-11 Sima del Elefante TE9 16.30 4.22 1.52 0.05 0.32 40.96 0.21 0.72 0.26 25.52 0.07 9.88

Table 4 
U-series dating results obtained from solution analyses performed in 2017 (ESR13-05, ESR13-07 and ESR1310) and 2019 (other samples).230Th/U ages were calculated 
with the half-lives of 75,584 years and 245,620 years for230Th and234U, respectively (Cheng et al., 2013). U-series ages were corrected for the initial230Th contam
ination with assumed initial230Th/232Th atomic ratio of (4.4 ± 2.2) × 10− 6, which is a value for the material at secular equilibrium, with the bulk earth232Th/238U 
value of 3.8 and an assumed error of 50 %. The corrected ages are given on the “BP” scale, before 1950 A.D. (234U/238U)i represents the initial activity ratio 
of234U/238U. All uncertainties are given at 2σ. Key: n.c. = not calculated (activity ratios above secular equilibrium). G: Galería, GD: Gran Dolina, SE: Sima del Elefante.

Sample ID Site Sample 
weight 
(mg)

238U (ppb) 232Th (ppb) 234U/238U 230Th/234U 230Th/232Th Age 
(ka)

Corrected 
age (ka BP)

(234U/238U)i

ESR13-04 G 9.69 2431 ± 2 175.0 ± 0.2 1.2753 ± 0.0008 0.9565 ± 0.0013 51.780 ± 0.0873 253.1 
± 1.2

251.8 ± 1.4 1.560 ±
0.003

ESR13-05 G 59.7 28686 ± 163 103.4 ± 0.5 1.0590 ± 0.0077 0.3288 ± 0.0032 288.42 ± 1.6510 43.3 ±
0.5

43.1 ± 0.5 1.067 ±
0.009

ESR13-06 G 11.6 23128 ± 12 5091 ± 12 1.3711 ± 0.0009 1.3798 ± 0.0036 26.264 ± 0.0921 n.c. n.c. n.c.
ESR13-07 GD 37.4 17791 ± 68 95.3 ± 0.4 1.0623 ± 0.0056 0.6490 ± 0.0047 384.40 ± 1.9613 112.5 

± 1.5
112.3 ± 1.5 1.086 ±

0.008
ESR13-08 GD 7.31 11448 ± 2 218.3 ± 0.3 1.0431 ± 0.0005 0.6662 ± 0.0009 111.44 ± 0.2012 118.2 

± 0.3
117.7 ± 0.4 1.061 ±

0.0007
ESR13-09 GD 11.1 28118 ± 4 115.6 ± 0.2 1.2375 ± 0.0002 0.8430 ± 0.0016 775.43 ± 2.1898 180.5 

± 0.8
180.5 ± 0.8 1.395 ±

0.001
ESR13-10 GD 78.0 38760 ± 25 130.3 ± 0.5 1.2181 ± 0.0100 0.8211 ± 0.0091 888.75 ± 4.7432 171.0 

± 4.7
170.9 ± 4.7 1.353 ±

0.016
ESR13-11 SE 11.6 25316 ± 5 2770 ± 5 1.1364 ± 0.0003 1.0042 ± 0.0020 31.881 ± 0.0886 362.2 

± 5.0
359.9 ± 5.2 1.377 ±

0.006
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authigenic apatite and limestone, as indicated by the very low uranium 
concentrations measured (<2 ppm; Supplementary Material Tables S1 
and S4).

In summary, the spatially-resolved LA U-series data provide unique 

insights into the timing, duration and homogeneity of the apatite for
mation process. Based on the above, the ages obtained from the outer 
ring of the authigenic apatite may be regarded as the closest estimates 
for the beginning of the formation process. Apparent U-series ages from 

Fig. 5. Wide ESR spectrum acquisitions (1000 G) carried out at room temperature for the natural samples ESR13-04 to ESR13-11. The ESR spectra of a calcite and 
limestone sample from Atapuerca are also displayed for comparison. Acquisition parameters are as follows: sweep width = 1000 G, resolution = 2048 points, 
modulation amplitude = 1 G, conversion time = 40 msec, time constant = 10 msec, microwave power = 1 mW, number of scans = 5. The red tringle arrow shows the 
radiation-induced signal typically measured in authigenic apatite, while the blue triangle arrow shows a signal of unknown origin that is visible in all samples. 
Finally, the six orange triangles show the stextet Mn lines present in the calcite and limestone samples. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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the outermost LA spots range from ~100 to ~212 ka depending on the 
area considered, which demonstrate that the authigenic apatite forma
tion process is not uniform around the limestone block. Moreover, the 
progressive age change observed across the sample indicates that this is 

a continuous and progressive process that may last several tens of ka. 
Unfortunately, the spatial resolution of the present data set does not 
allow detailed interpretations regarding the authigenic apatite forma
tion rate over time, and we cannot reasonably exclude that the 

Fig. 6. Narrow ESR spectrum acquisitions (50 G) carried out at room temperature for the natural samples ESR13-04 to ESR13-11. The ESR spectra of a calcite and 
limestone sample from Atapuerca are also displayed for comparison. Acquisition parameters are as follows: sweep width = 50 G, resolution = 2048 points, mod
ulation amplitude = 1 G, conversion time = 40 msec, time constant = 10 msec, microwave power = 1 mW, number of scans = 30. The green triangle arrow shows the 
signal possibly attributed to SO2

− signal and resulting from the calcite (light green) for sample samples. The narrow line observed in some samples (yellow triangle) is 
tentatively attributed to a transient signal induced by grinding. See text for further explanations. The position of the peaks T1, B1 and B2 associated to the radiation- 
induced ESR signal in authigenic apatite is indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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crystallization results from a succession of periods with variable pre
cipitation intensity, including periods with no precipitation at all. 
Interestingly, many LA spots yield results that are between 120 and 140 
ka, which is within close range to the age of ~118 ka given by solution 
U-series analysis on a bulk sample collected from ESR13-08 (Table 4), 
suggesting perhaps a phase of authigenic apatite formation around that 
time. The non-negligible age difference observed between two succes
sive LA spots of a given transect (>10 ka) also suggests that authigenic 
apatite precipitation may not be regarded as an even and continuous 
process. Finally, given the apparent relative inhomogeneity and porosity 
of the sample, we cannot exclude that the U-series ages are possibly 
impacted by local dissolution/recrystallization processes within the 
apatite.

5.4. ESR dating

5.4.1. ESR signals
An initial ESR acquisition was performed at room temperature using 

a large sweep width of 1000 G in order to visualize the various signals 
present in each natural sample (Fig. 5). Interestingly, the radiation- 
induced signal (RIS) created by CO2

− radicals, which is usually 
observed in tooth enamel (e.g., Duval, 2015) and typically attributed to 
hydroxyapatite, is clearly visible in most samples (see red triangles in 
Fig. 5), the exception being ESR13-11. Another signal of unknown origin 
is also consistently visible on the left of the RIS in all samples (see blue 
triangles in Fig. 5). We were not able to identify this signal, which ap
pears more or less visible among all samples depending on the intensity 
of the RIS. ESR13-05, ESR13-08 and ESR13-09 show an additional sextet 
(see orange triangles in Fig. 5) that may be related to the presence of 
calcite or limestone in the samples, as illustrated by the corresponding 
ESR spectra (Fig. 5). Both the calcite and limestone samples collected 
from Atapuerca display the typical lines attributed to the presence of Mn 
(e.g., Blanchard and Chasteen, 1976; White et al., 1977). Interestingly, 
these observations are confirmed by the XRD and XRF results. The three 
samples are composed of non-negligible proportions of calcite, which 
exceed 15 % for ESR13-05 and ESR13-08 (Table 2). These two samples 
also show the highest Mn content (Table 3). In comparison, the analysis 
of ESR13-09 returns lower calcite and Mn contents, which is also clearly 
visible on the ESR spectrum, with the RIS showing an intensity >5 times 
higher than the Mn lines (Fig. 5). Specifically, we cannot exclude that 
the significant proportion of calcite observed in ESR13-05 and 
ESR13–08 may have a non-negligible impact on the T1-B2 ESR intensity 
measured for the RIS, and especially for the least irradiated aliquots, and 
thus on the DE value that may be derived from these samples. While 
acknowledging the existence of this source of uncertainty, a more 
detailed discussion of its potential significance would be too speculative 
since its impact on the ESR results cannot be properly quantified here.

A second set of ESR acquisitions was performed on the natural 
samples using a smaller sweep width of 50–60 G in order to focus on the 
area around the RIS (Fig. 6). With the exception of ESR13-11, all samples 
show the RIS of hydroxyapatite with the usual T1, B1 and B2 peaks used 
for intensity evaluation (e.g., Grün, 2000). The absence of a visible RIS 
in ESR13-11, despite a relatively high hydroxyapatite content of 72 % 
(Table 2), is probably related to the non-negligible presence of sediment, 
as suggested by the XRD analytical results, which returned a composi
tional total of ~20 % for quartz and phyllosilicate (Table 2). Additional 
interfering peaks can also be identified in the ESR spectra, including the 
line at 2.0057 (dark and light green triangles in Fig. 6) that is usually 
attributed to the SO2

− signal (e.g., Grün, 2000). For some samples 
(ESR13-05, ESR13-08 and ESR13-09), this line (also called h-1 by some 
authors) correlates with calcite contamination (dark green triangles in 
Fig. 6), which is consistent with previous studies (e.g., Bahain et al., 
1995; Martinez et al., 2001). A narrow line is also observed in the calcite 
reference sample, as well as in ESR13-05 and ESR13-08 (yellow triangles 
in Fig. 6), and may be tentatively related to a transient signal induced in 
calcite by grinding (Yokoyama et al., 1988). This signal was no longer 

visible in the ESR spectra acquired for dosimetry purpose about one year 
later.

5.4.2. DE evaluation
After the first ESR acquisitions for signal characterization purposes, 

additional ESR measurements were performed following the standard 
analytical procedure for ESR dosimetry of tooth enamel (see details in 
section 4.2.3.3). The average aliquot weight used for a given sample 
ranges from 22.2 to 58.7 mg (Table 5). The average S/N reported for 
each sample should be regarded as a minimum value, since it is based on 
the natural aliquot, which shows by definition the smallest radiation- 
induced ESR intensity of all aliquots for a given sample. All samples 
show an acceptable minimum S/N value ranging from 14.8 to >100 
(Table 5), indicating that the high-frequency noise has negligible, or no, 
impact on the ESR intensities and corresponding dose estimates 
measured from the radiation-induced signal. Repeated measurements 
show limited variability of the mean ESR intensities, which are ≤1 % for 
all samples, except ESR13-11 (4.3 %) (Table 5). Resulting DE values 
show high overall repeatability, with a variation of <2 % for 5 of 8 
samples, and between 3.0 and 6.5 % for the remaining three samples 
(Table 5). These values are within usual standards of those reported for 
tooth enamel (e.g., Duval et al., 2013). 6 of 8 samples show high 
goodness-of-fit (adjusted r2 > 0.99; Table 5 and Fig. 7). In contrast, 
samples ESR1306 and ESR1311 show low goodness-of-fit with adjusted 
r2 values of 0.94 and 0.88, respectively. This is visually confirmed by the 
existing scatter around the best fit observed in the dose response curves 
for the experimental points below 2000 Gy (Fig. 7). This scatter results 
in large relative DE errors of 46 % and 68 %. Consequently, the reli
ability of the dose estimates obtained for these two samples may be 
reasonably questioned. Interestingly, these are also the two samples 
with the lowest hydroxyapatite content (Table 2). For ESR13-11, the 
fitting issues may be explained by the difficulty of properly identifying 
and isolating the RIS for the least irradiated aliquots. There is a strong 
interfering signal (Figs. 5 and 6), which most likely affects the accuracy 
of the ESR intensity evaluation for the RIS. This is well illustrated by the 
large errors associated with the ESR intensities displayed on the DRC 
(Fig. 7).

5.4.3. Dose rate considerations and evaluation
The external dose rate evaluation requires an accurate determination 

of the nature, composition and radioactivity of the material surrounding 
each sample, i.e., within a ~30 cm and ~2 mm radius of the sample for 
the gamma dose rate and beta dose rate components, respectively. 
Hence, based on field and laboratory observations (Fig. 3 and Supple
mentary Material Fig. S1), the various elements composing the sur
rounding environment were thoroughly described for each sample (see 
schematic reconstructions in Supplementary Material Fig. S2) and 
various samples were collected within more or less close range of the 
samples for beta and gamma dose rate reconstruction.

5.4.3.1. Internal dose rate. ICP-MS/OES analytical results enable us to 
divide the apatite samples into different groups (Table 6). The first 
group includes ESR13-05, ESR13-07, ESR13-08, ESR13-09 and ESR13- 
10. These samples have similar low Th and K contents (<0.5 ppm and 
0.05 %, respectively) but much higher U-concentration values (>10 
ppm). Given these results, the contributions of Th and K to the internal 
dose rate is minimal (≤1 % of the alpha dose rate for Th, the major 
component of the internal dose rate, and ~3–11 % of the beta dose rate 
for Th + K). Group 2 is composed of samples ESR13-06 and ESR13-11. 
Both samples show significantly higher Th and K contents (>4 ppm 
and 0.5 %, respectively; Table 6), which is consistent with the XRD re
sults showing the presence of quartz and phyllosilicates and indicating 
sediment contamination (Table 2). As a consequence, the Th + K 
contribution to the internal dose rate is not negligible for this group of 
samples (4–19 % and 46–78 % of the alpha and beta components). 
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Finally, ESR13-04 shows low U, Th and K contents (<0.5 ppm and 
<0.05 %) and does not fit into either Group 1 or 2. This sample can be 
considered as intermediate between Group 1 and Group 2.

In summary, these results provide additional indications regarding 
the purity of the apatite samples and their suitability for ESR dating. 
Unlike Group 2 samples, ESR13-04 and the Group 1 samples have such 
low Th and K concentrations that their contributions to the internal dose 
rate would be minimum and can therefore be reasonably neglected in 
the first instance, as is the case for tooth enamel samples, which are 
usually free of Th and K (Grün, 2009).

Finally, comparison of uranium concentrations derived from the 
solution ICP-MS elemental and U-series analyses shows some differences 
(see Tables 4 and 6), which are quite significant (>50 %) depending on 
the sample considered. While we cannot exclude that these differences 
may partly reflect a bias in the laboratory procedures employed, they 
most likely illustrate the existing spatial heterogeneity in the samples, as 
illustrated by the spatially resolved LA U-series analyses (Tables S1–S5). 
Since we have no evidence to question the reliability of either data set, 
we have calculated mean uranium concentration values for each sample 
and used these for the ESR age calculations.

5.4.3.2. External beta dose rate. For the purpose of external beta dose 
rate evaluation, the sample and its immediate surrounding (within ±2 
mm) were approximated as representing a succession of thin layers 
(Supplementary Material Fig. S2). 6 of 8 samples show the same ge
ometry, with sediment on one side and limestone on the other side (see 
also Fig. 3). Both materials show a thickness > 2 mm, indicating that 
they fully contribute to the external beta dose rate from each side. The 
other two samples, ESR13-06 and ESR13-11, are instead surrounded by 
sediment on both sides. Various samples of each component of the 
surrounding environment were collected (Supplementary Material Fig. 
S2) for ICP-MS/OES analyses in order to evaluate their natural radio
activity (Table 7).

All limestone samples return very low radioelement concentrations 
(U < 0.6 ppm, Th < 0.25 ppm, K < 0.025 %) indicating that the external 
beta contribution from that side of the crust would be relatively small. 
Uranium concentrations are consistent with those independently ob
tained via LA analyses (Supplementary Material Tables S1–S5). More
over, this beta contribution is strongly attenuated by >95 % given the 
magnitude of the initial and removed thicknesses for each sample, which 
exceed 3 mm and 80 μm, respectively (Table 8). The limestone clasts and 
sediment samples located closest to each apatite sample were selected 
for external beta dose rate evaluation (see summary in Supplementary 
Material Table S6; Table 8).

5.4.3.3. External gamma dose rate. Gamma dose rate values were 
calculated for three different scenarios (see summary in Supplementary 
Material Table S6). Scenario A is based on laboratory analysis and 
considers that the surrounding environment is composed of sediment 

only. These results should be regarded as maximum estimates since the 
environment also includes a non-negligible amount of limestone blocks 
with very low radioactivity. Therefore, the proportion of clasts and 
sedimentary matrix in the surrounding environment was estimated from 
photographs, and assumed to be fairly representative of a 30-cm sphere 
around each sample. A new gamma dose rate evaluation was performed 
(scenario B), resulting in significantly lower estimates (by > 500 μGy/a) 
for most samples. Finally, a few samples have closely associated in situ 
measurements (scenario C). For example, ESR13-05 from GII layer 
(Galería site) may be correlated to luminescence sample ATG10-10 
(Demuro et al., 2014). Samples ESR13-09 and ESR13-10 from Ata
puerca Gran Dolina TD9 and TD10 can be associated with luminescence 
samples ATD14-2 and ATD14-1 (Demuro, pers. com.; unpublished re
sults). The in situ values differ by about 10–30 % from the 
laboratory-derived estimates, which illustrates the significant intrinsic 
uncertainty of the latter in highly heterogeneous sedimentary environ
ments. By definition, laboratory gamma dose rate results are extremely 
sensitive to the clast/matrix ratio and this ratio cannot be properly 
evaluated from photographs and extrapolated to a 3D sphere. Regard
less, the impact of those considerations is significantly reduced by the 
small weight of the gamma dose rate to the total dose rate (see discus
sion in section 7.1.). Age calculations were preferentially performed 
using gamma dose rates from in situ measurements (scenario C) when 
available (Table 8). Otherwise, a gamma dose rate evaluation based 
laboratory analyses (scenario B) was used (Table 8).

5.4.4. ESR age calculations
Considering the questionable ESR fitting results (Table 5) obtained 

for ESR13-06 and ESR13-11, as well as their U-series data being close to 
or beyond equilibrium (Table 4), and the limited purity of the apatite 
with non-negligible sediment contamination (Table 2), these two sam
ples cannot be regarded as suitable for ESR dating. Consequently, no ESR 
age calculation was performed for them.

For the other six samples, combined U-series/ESR age calculations 
performed with DATA (see data inputs in Table 8) do not return any 
finite ages (Table 9), suggesting that the data inputs are close to or 
beyond the limits of the program. Additional calculations were carried 
out using the EU model (i.e., assuming a closed system), which yield late 
Middle to Late Pleistocene ages ranging from 197 ± 61 ka (ESR13-04) to 
42 ± 4 ka (ESR13-05) (Table 9). The EU-ESR age is younger than the 
apparent U-series ages for 4 samples (Tables 4 and 9): ESR13-04 (EU- 
ESR: ~197 ka; U-series: ~253 ka), ESR13-07 (EU-ESR: ~54 ka; U-series: 
~112 ka), ESR13-09 (EU-ESR: ~125 ka; U-series: ~180 ka) and ESR13- 
10 (EU-ESR: ~77 ka; U-series: ~171 ka). Such a pattern is usually 
interpreted as evidence for uranium leaching, suggesting that (i) the 
apparent U-series ages are most likely overestimated and (ii) the closed- 
system assumption based on the EU model is not met for these samples. 
Therefore, from a methodological point of view, the two data sets cannot 
be regarded as providing reliable chronological constraints. In contrast, 

Table 5 
ESR data set. The average aliquot weight was derived from the weight of all aliquots of a given sample. Minimum S/N value corresponds to the average S/N value 
obtained from the various measurements of the natural aliquot of a given sample. Mean intensity precision corresponds to the variability (coefficient of variation) of the 
mean ESR intensities derived from all aliquots of a given sample on a given measurement time. DE precision corresponds the relative standard deviation associated to 
the mean DE value calculated form the three repeated measured. Dmax is the maximum irradiation dose employed for the dose response curve fitting. Dmax/DE ratio 
follows the recommendations by Duval and Grün (2016).

Sample Average aliquot weight (mg) Minimum S/N Measurement repeatability DE (Gy) Adjusted r2 Dmax (Gy) Dmax/DE

Mean intensity precision DE precision (%)

ESR13-04 58.2 25.4 1.0 1.4 215 ± 7 0.9994 2148 10.0
ESR13-05 58.2 24.2 0.4 3.1 267 ± 9 0.9993 2148 8.0
ESR13-06 22.2 23.0 0.6 6.2 1630 ± 770 0.9270 3850 2.4
ESR13-07 58.7 31.7 0.8 1.4 265 ± 11 0.9989 2148 8.1
ESR13-08 38.4 25.6 0.1 1.3 596 ± 37 0.9971 3850 6.5
ESR13-09 58.6 >100 1.0 0.4 1161 ± 102 0.9975 2148 1.8
ESR13-10 55.5 78.3 0.2 0.5 882 ± 70 0.9959 3850 4.4
ESR13-11 43.4 14.8 4.5 10.1 1247 ± 850 0.8751 2148 1.7
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Fig. 7. ESR dose response curves obtained for the eight samples. A zoomed plot of the dose range <1.1 kGy is also displayed. A SSE function (data weighting by 1/I2) 
was fitted through the experimental data points. Note that the fitting was not performed over the full dose range (i.e., Dmax = 9.4 kGy), but until a selected Dmax in 
order to meet the Dmax/DE criterion defined by Duval and Grün (2016) (see main text for further explanations). The corresponding numerical fitting results may be 
found in Table 5.
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the EU-ESR and apparent U-series ages are in agreement within error for 
the other three samples (ESR13-04: 197 ± 61 ka (EU-ESR) and ~253 ka 
(U-series); ESR13-05: ~42 ka and ~43 ka; ESR13-08: ~116 ka and 
~118 ka), indicating that they behaved as closed systems for U-series 
elements. As a result, the numerical ages obtained for these samples may 
be regarded as reliable age constraints for the formation of the apatite.

6. Discussion

6.1. Methodological considerations

Given the restricted number of ESR dating studies based on geolog
ical apatite, our general knowledge and understanding of this specific 
geochronological application remains limited (i.e., in contrast to ESR 
dating of fossil tooth enamel, or optically bleached quartz grains; see an 
overview in Duval et al., 2020). As such, the present work may be 
regarded as experimental from a methodological point of view. In 
particular, we acknowledge that the ESR, U-series, or any associated 
data collected from the apatite samples, and their combination for 
dating purpose, may naturally raise a series of questions around the 
robustness and the reliability of the results, and can help to identify the 
main sources of uncertainty in the dating procedure.

In the first instance, the ESR dating results indicate that many apatite 
samples do not behave as a closed system for U-series elements. In other 
words, the closed system assumption should not be systematically taken 

for granted for authigenic apatite. When considering all samples, the 
total dose rate is largely dominated by the internal component (Table 9), 
whose weighting ranges from about 60 % (ESR13-04) to 91 % (ESR13- 
09 and ESR13-10) of the total dose rate. This internal component is 
dominated by the alpha dose rate with relative contribution of 58–68 % 
depending on the sample considered, which is consistent with previous 
observations by Rink et al. (2003). As a consequence, the external dose 
rate, and especially the gamma dose rate, carry very limited weight on 
the total dose rate calculation (<20 % for all but one sample – ESR13-04, 
~34 %), thus minimizing any existing uncertainty around its evaluation, 
as discussed above (section 5.4.3.3.).

The overall uncertainty of the ESR dating results is therefore most 
likely driven by the internal dose rate. Given its magnitude 
(4000–10500 μGy/a; Table 9) and its resultant weight on the total dose 
rate, we cannot reasonably exclude that it might be significantly over
estimated. This may be indirectly confirmed by the ESR age calculation 
attempts using the CSUS model: even when considering a rapid uranium 
uptake scenario, the modelled internal dose value calculated for several 
samples (ESR13-07, ESR13-08 and ESR13-09; Table 9) is higher than the 
experimental DE value, leaving no possibility for incorporating the 
external dose rate into the finite age calculation. This demonstrates that 
the ESR and U-series data are not compatible, and supports the hy
pothesis of a significant overestimation of the internal dose rate.

Three main parameters significantly impact the evaluation of the 
internal dose rate: uranium concentration, apparent U-series age and 
alpha efficiency. Our spatially resolved LA U-series data collected for 
ESR13-08 show that the solution U-series analytical results might be 
biased by significant spatial heterogeneity of radioelements, with some 
domains within the apatite samples locally showing significantly higher 
uranium concentrations, and others being contaminated by incom
pletely dissolved limestone, whose U-series data are at secular equilib
rium. The latter is consistent with the independent observations derived 
from the XRD (Table 2) and ESR data (Fig. 7). Both situations (higher 
uranium concentration or older apparent U-series age) would have a 
similar influence on the dose rate evaluation, leading to the calculation 
of a higher internal dose rate. In a similar way, the impact of dentine 
contamination in the enamel has also been observed in other studies (e. 

Table 6 
Radioelement concentrations measured in the apatite samples by ICP-OES/MS.

Sample ID U (ppm) Th (ppm) K (%)

ESR13-04 0.52 ± 0.07 0.30 ± 0.05 0.0385 ± 0.0021
ESR13-05 23.5 ± 0.83 0.15 ± 0.05 0.0118 ± 0.0015
ESR13-06 12.5 ± 0.44 8.98 ± 0.38 0.8653 ± 0.0340
ESR13-07 21.5 ± 0.76 0.22 ± 0.05 0.0431 ± 0.0022
ESR13-08 17.7 ± 0.62 0.40 ± 0.05 0.0399 ± 0.0021
ESR13-09 19.4 ± 0.68 0.34 ± 0.05 0.0423 ± 0.0022
ESR13-10 34.6 ± 1.22 0.23 ± 0.05 0.0296 ± 0.0019
ESR13-11 31.1 ± 1.09 4.06 ± 0.18 0.5456 ± 0.0215

Table 7 
Radioelement concentrations measured by ICP-OES/MS in diverse materials collected from the immediate surroundings of the ESR samples (see also Supplementary 
Material Fig. S1 and S2).

Corresponding ESR sample Type U (ppm) Th (ppm) K (%)

ESR13-04 A Sediment 3.20 ± 0.13 14.44 ± 0.61 1.707 ± 0.067
Ba Limestone 0.22 ± 0.07 0.09 ± 0.05 0.011 ± 0.002
C Limestone 0.33 ± 0.07 0.14 ± 0.05 0.005 ± 0.001
D Limestone 0.24 ± 0.07 0.17 ± 0.05 0.024 ± 0.002
E Limestone 0.21 ± 0.07 0.11 ± 0.05 0.005 ± 0.001

ESR13-05 A Sediment 4.08 ± 0.16 17.03 ± 0.71 1.629 ± 0.064
B Limestone 0.21 ± 0.07 0.07 ± 0.05 0.008 ± 0.001
C Limestone 0.18 ± 0.07 0.11 ± 0.05 0.004 ± 0.001
Da Limestone 0.58 ± 0.07 0.05 ± 0.05 0.003 ± 0.001

ESR13-06 A Sediment 2.38 ± 0.11 14.85 ± 0.62 1.499 ± 0.059
C Sediment 2.27 ± 0.11 13.59 ± 0.57 1.595 ± 0.063
Db Sediment 2.94 ± 0.12 25.33 ± 1.06 1.875 ± 0.074

ESR13-07 A Sediment 1.53 ± 0.09 5.84 ± 0.25 0.768 ± 0.030
B Sediment 3.18 ± 0.13 7.16 ± 0.30 0.911 ± 0.036
Da Limestone 0.25 ± 0.07 0.04 ± 0.05 0.004 ± 0.001

ESR13-08 A Sediment 6.07 ± 0.22 11.21 ± 0.47 1.422 ± 0.056
B Limestone 0.52 ± 0.07 0.11 ± 0.05 0.016 ± 0.002
C Limestone 0.45 ± 0.07 0.23 ± 0.05 0.021 ± 0.002

ESR13-09 A Sediment 2.46 ± 0.11 13.87 ± 0.58 1.418 ± 0.056
C Sediment 2.11 ± 0.10 15.41 ± 0.65 1.516 ± 0.059
Eb Sediment 2.54 ± 0.11 7.69 ± 0.33 0.969 ± 0.038

ESR13-10 A Sediment 6.20 ± 0.23 15.00 ± 0.63 1.509 ± 0.059
Ba Limestone 0.38 ± 0.07 0.15 ± 0.05 0.020 ± 0.002

ESR13-11 B Sediment 5.71 ± 0.21 10.25 ± 0.43 1.574 ± 0.062
C Sediment 16.03 ± 0.57 9.73 ± 0.41 1.420 ± 0.056

a Clast directly attached to the authigenic apatite sample being dated.
b Sediment collected during sample preparation.
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g., Duval et al., 2018). Moreover, like Rink et al. (2003), we used the 
alpha efficiency value traditionally employed for tooth enamel (0.13; 
Grün and Katzenberger-Apel, 1994), but we acknowledge that its ac
curacy for geological apatite is currently unknown. Additionally, several 
ESR studies based on fossil teeth (e.g., Bahain et al., 1992; Duval et al., 
2012) have showed the difficulty of dating samples with high uranium 
concentration in the enamel (>2 ppm). For this reason, it has been hy
pothesized (although not confirmed by experimental data so far) that 
there might be an inverse correlation between the alpha efficiency and 
the uranium concentration. In other words, higher concentrations would 
naturally lead to an increased trap or signal destruction, and thus a 
decrease of the alpha efficiency. In the present study, relatively high 
uranium concentrations were measured in most (5/6) samples (14–37 
ppm; Table 8), thus leading to the calculation of very large internal dose 
rates (Table 9). Consequently, following the conclusions drawn for fossil 
tooth enamel, we cannot reasonably exclude that this component may 
be overestimated. Basic sensitivity tests using an alpha efficiency 
divided by 2 (e.g., 0.07) for samples showing high uranium concentra
tions (i.e., all samples except ESR13-04) return older EU-ESR ages by 

between +11 ka (ESR13-05) and +60 ka (ESR13-09). This impact is 
limited by the fact that the alpha dose rate represents about 60 % of the 
internal dose rate, with the other 40 % corresponding to the beta 
component. In contrast, CSUS-ESR age estimates are older by a factor >2 
for three samples when using an alpha efficiency divided by 2, whereas 
no result can be obtained for ESR13-07 and ESR13-10, suggesting that 
an internal dose rate overestimation can only be partly explained by the 
use of an inappropriate alpha efficiency value.

To sum up, there is a non-negligible uncertainty on the alpha effi
ciency, as well as on the spatial homogeneity of the U-series data, which 
could possibly induce a significant internal dose rate overestimation. 
Finally, it should also be kept in mind that the LA U-series data suggest 
that apatite formation may not be regarded as an immediate process, but 
rather takes several tens of ka. This may have significant implications 
and add complexity as far as internal dose rate evaluation, as well as 
introduce strong time dependency for some parameters like the alpha 
and beta self-absorption factors. All of the above considerations illus
trate the experimental aspect of this work and the difficulty of dating 
this kind of deposits using the ESR method. Accordingly, we cannot 

Table 8 
Summary of data inputs used for the ESR age calculations. All errors are 1σ.

Sample ESR13-04 ESR13-05 ESR13-07 ESR13-08 ESR13-09 ESR13-10

Layer GII GII TD4 TD6-2 TD9 TD10

Authigenic 
apatite

DE (Gy) (a) 215 ± 8.31 267 ± 10.6 265 ± 12.5 596 ± 39.1 1161 ± 105.3 882 ± 72.6
U (ppm) (b) 1.475 ±

0.955
26.09 ±
2.593

17.67 ±
1.875

14.56 ±
3.116

23.77 ±
4.349

36.70 ±
2.060

234U/238U (c) 1.275 ±
0.001

1.059 ±
0.004

1.062 ±
0.006

1.043 ±
0.001

1.238 ±
0.001

1.218 ±
0.005

230Th/234U (c) 0.957 ±
0.001

0.329 ±
0.002

0.649 ±
0.002

0.666 ±
0.001

0.843 ±
0.001

0.821 ±
0.005

Water 0 0 0 0 0 0
Alpha efficiency 0.13 ± 0.02 0.13 ± 0.02 0.13 ± 0.02 0.13 ± 0.02 0.13 ± 0.02 0.13 ± 0.02
Total thickness (μm) 5757 ± 576 4109 ± 411 3720 ± 372 3716 ± 372 6189 ± 619 3250 ± 325
Removed thickness side 1 (limestone block) (μm) 780 ± 78 681 ± 68 357 ± 36 84 ± 8 1551 ± 155 136 ± 14
Removed thickness side 2 (sediment) (μm) 620 ± 62 956 ± 96 258 ± 26 602 ± 60 1611 ± 161 464 ± 46
Density 2.95 2.95 2.95 2.95 2.95 2.95

Limestone block U (ppm) 0.220 ±
0.069

0.580 ±
0.072

0.250 ±
0.069

0.485 ±
0.071

0.380 ±
0.070

0.380 ±
0.070

Water 0 0 0 0 0 0
Sediment U (ppm) 3.20 ± 0.13 4.08 ± 0.16 2.36 ± 0.11 6.07 ± 0.22 2.54 ± 0.11 6.20 ± 0.23

Th (ppm) 14.44 ± 0.61 17.03 ± 0.71 6.50 ± 0.28 11.2 ± 0.47 7.69 ± 0.33 15.0 ± 0.63
K (%) 1.71 ± 0.07 1.63 ± 0.06 0.84 ± 0.03 1.42 ± 0.06 0.97 ± 0.04 1.51 ± 0.06
Water content (% wet weight) 20 ± 5 20 ± 5 20 ± 5 20 ± 5 20 ± 5 20 ± 5

​ Gamma dose rate (μGy/a) 368 ± 26 (d) 960 ± 40 (e) 543 ± 27 (d) 912 ± 46 (d) 757 ± 31 (e) 936 ± 39 (e)

​ Depth (m) 10 ± 2 9 ± 2 14 ± 2 10 ± 2 7 ± 2 7 ± 2

a A 2.3 % error on the dose rate delivered by the gamma source was added to the fitting error given in Table 5.
b For each sample, average uranium concertation values and associated standard error were considered (derived from Tables 4 and 6) in the ESR age calculation (see 

text for explanation).
c U-series data from Table 4 (values have been rounded to 3 decimal places, and errors are given at 1 σ).
d Derived from laboratory analysis (Supplementary Material Table S6).
e Derived from in situ measurement (Supplementary Material Table S6).

Table 9 
ESR age results. Errors are 1σ. Calculations were performed using three different uranium uptake models: U-series (US; Grün et al., 1988), Early Uptake (EU), 
Closed-system US (CSUS; Grün, 2000).

Sample ESR13-04 ESR13-05 ESR13-07 ESR13-08 ESR13-09 ESR13-10

Layer GII GII TD4 TD6.2 TD9 TD10

US-ESR age calculation
US-ESR age (ka) no result no result no result no result no result no result
EU-ESR age calculation
Internal dose rate (μGy/a) 652 ± 336 5279 ± 586 4300 ± 459 4137 ± 741 8373 ± 1295 10335 ± 920
Beta dose rate limestone (μGy/a) 0 ± 0 0 ± 0 0 ± 0 1 ± 1 0 ± 0 1 ± 0
Beta dose rate sediment (μGy/a) 7 ± 2 6 ± 2 18 ± 3 15 ± 3 0 ± 0 27 ± 6
Gamma + cosmic dose rate (μGy/a) 428 ± 28 1026 ± 41 586 ± 27 974 ± 92 843 ± 35 1022 ± 42
Total dose rate (μGy/a) 1087 ± 337 6311 ± 587 4904 ± 460 5127 ± 746 9216 ± 1296 11385 ± 921
EU-ESR Age (ka) 197 ± 61 42 ± 4 54 ± 5 116 ± 18 125 ± 21 77 ± 8
CSUS-ESR age calculation
Modelled internal dose (Gy) 177 ± 1 226 ± 2 619 ± 5 483 ± 2 1703 ± 7 2350 ± 47
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exclude that the apparent discrepancy between the EU-ESR and U-series 
ages observed earlier and the possible occurrence of uranium leaching 
could simply be artificially induced by an internal dose rate over
estimation. In other words, we cannot reasonably exclude that the 
apparent U-series ages may be reliable age constraints. This possibility is 
taken into account in the following discussion.

6.2. Constraining the age of apatite formation in Atapuerca

6.2.1. Gran Dolina
As explained above, the existing ESR and U-series data sets obtained 

for the four samples collected from Gran Dolina may be interpreted in 
two different ways. On the one hand, the combination of ESR and U- 
series data suggests that among these samples, only one (ESR13-08) 
behaved as a closed system for U-series elements, while the others may 
have experienced uranium leaching. Therefore, the reliability of the 
apparent U-series ages obtained for samples ESR13-07, ESR13-09 and 
ESR13–10 may be questioned. In this context, the age of ~120 ka ob
tained for ESR13-08 by two independent methods (EU-ESR and U-se
ries), which is also compatible with the LA U-series data, is the only 
reliable constraint for the formation of the apatite. On the other hand, it 
cannot be excluded that the apparent discrepancy observed between 
ESR and U-series data might simply result from the existing uncertainty 
around the dose rate evaluation (see section 6.1.), and in particular a 
potentially overestimated internal dose rate. In this context, the 
apparent U-series ages may be regarded as reliable age constraints, and 
they suggest the occurrence of two apatite formation events: one around 
170–180 ka in the upper units TD9 (ESR13-09) and TD10 (ESR13-10), 
and another later, around 110–120 ka for the lower TD4 (ESR13-07) and 
TD6 (ESR13-08) units. Importantly, these results are significantly 
younger than, and therefore compatible with, the known depositional 
age obtained for these various units, confirming the post-depositional 
formation of authigenic apatite in Gran Dolina.

Our data lead to the secure identification of at least one apatite 
formation event affecting TD6 and dated to ~120 ka, i.e., post-dating by 
about 720 ka the depositional age of the sediment dated to 0.85 ± 0.06 
Ma (Arnold et al., 2015). When considering all chronological, strati
graphic and sedimentological evidence available, the following inter
pretation may be proposed. First, the phosphate crusts in Gran Dolina 
are situated in the SE of the section, and they seem to be related to a 
cut-and-fill that starts in TD9 and reaches TD4 (Pérez-González et al., 
2001). TD9 has been initially described as a narrow phosphatic layer 
most likely resulting from the accumulation of bat guano 
(Pérez-González et al., 2001; Campaña et al., 2017). It may be regarded 
as the most probable source of phosphate in Gran Dolina, which is 
consistent with the oldest apparent U-series age obtained for ESR13-09, 
suggesting an early weathering event in TD9. This event most likely also 
impacted the stratigraphically overlying unit TD10 unit, which may be 
explained by the geometry of the deposits. Phosphate crusts identified 
within TD10.4 are indeed mainly located in the SE section that is 
topographically positioned below TD9 in the northwest (Campaña et al., 
2017). Therefore, phosphate migration from TD9 to TD10 is plausible, 
supporting thus TD9’s bat guano as the source of phosphate. A second 
event of apatite formation within TD6 and TD4 may be identified, about 
60–70 ka later than the first event identified in TD9-TD10. The source of 
the phosphate for this second event could be the hyena coprolite accu
mulation at the top of the TD6 unit (TD6.1.0 layer), which is formed by 
phosphates (Campaña et al., 2016; Pineda et al., 2017). This accumu
lation is situated in the southeast of the stratigraphic section. Never
theless, the results of LA U-series (Supplementary Material Tables 
S1–S5) also indicate that the formation of the phosphate crust in TD6 
may have started earlier, at a similar time to the event recorded in 
TD9-TD10, and lasted for several tens of ka. The thickness of the phos
phate crusts in TD6 also suggests a longer formation time than in other 
layers.

6.2.2. Galería
Three samples were collected from Galería site (ESR13-04, ESR13- 

05, ESR13-06). Among them, the internally consistent EU-ESR and U- 
series ages estimates obtained for ESR13-04 and ESR13-05 indicate they 
both behave as closed systems. Although they both belong to the same 
stratigraphic Unit GII dated to 242 ± 17 ka by luminescence (Demuro 
et al., 2014) and 350–363 ka by ESR/U-series (Falguères et al., 2013), 
they return significantly different ages (Table 9), suggesting that Unit 
GII has experienced at least two different phases of apatite formation. 
The numerical age of ~250 ka obtained for ESR13-04 indicates that a 
first phase of apatite formation occurred very close in time to sediment 
deposition, whereas a second phase may be documented later, about 40 
ka. No reliable age constraint could be obtained through either ESR 
and/or U-series for ESR13-06 from Unit GI. In particular, U-series data 
beyond secular equilibrium indicate that the sample has experienced 
uranium leaching. The timing of this formation event therefore cannot 
be constrained with the present data set.

In Galería, phosphate crusts are only found inside and below the 
black and white layers of GII unit, which are interpreted as bat guano 
(Pérez-González et al., 1995, 1999; Falguères et al., 2013; Demuro et al., 
2014). These layers are the only possible phosphate source identified in 
the site. While it may be hypothesized that authigenic apatite formation 
in GII and GI results from the leaching of the phosphate from the bat 
guano and its subsequent precipitation in the underlying layers, this 
cannot be confirmed by the present data set given the absence of reliable 
age constraint for the sample from GI. Interestingly, the two phases of 
apatite formation dated to ~250 ka and ~40 ka cannot be correlated to 
the precipitation events identified in Gran Dolina. This suggests that 
both sites have experienced independent diagenetic events, which 
cannot be attributed to the overall karst dynamics of the Sierra de 
Atapuerca, but should rather be regarded as local processes.

6.2.3. Sima del Elefante
In Sima del Elefante, phosphates are only found in the human fossil- 

bearing deposits of TE9c sub-unit (Carbonell et al., 2008; Huguet et al., 
2017), within three 5 cm thick layers of unconsolidated greyish brown 
silts. The only chronological constraint available for sample ESR13-11 is 
the apparent U-series age estimate of ~360 ka (Table 9), which should 
be treated with caution since its reliability cannot be properly evaluated. 
This chronology is nevertheless compatible with the older depositional 
age of 1.1–1.2 Ma (Carbonell et al., 2008; Garba et al., 2024) established 
for TE9 through cosmogenic nuclides burial dating. The very localized 
presence of phosphates in Sima del Elefante site suggests that acid events 
were more limited at this site than in Gran Dolina and Galería. Although 
the source of the phosphate is uncertain, the lithology of TE9c is similar 
to that of the TD8-9 and TD9 deposits of the Gran Dolina (Huguet et al., 
2017), suggesting that this level may have had some input of bat guano.

6.3. Additional considerations regarding the fossil and archaeological 
record

Two phosphate samples were taken from key human fossil-bearing 
units, ESR13-08 from TD6.2 (Gran Dolina) and ESR13-11 from TE9c 
(Sima del Elefante). The presence of phosphates in these units indicates 
weathering events in the sediment that could possibly affect the pres
ervation of fossil remains (Karkanas et al., 2017). Bone dissolution may 
start in sediments with a pH < 8.1 (Berna et al., 2004), with increasing 
intensity below 7 (Hedges and Millard, 1995). The hydroxyapatite 
forming phosphate crusts is stable at a pH between 8 and 7, while 
crandallite and montgomeryite form at pH < 7 (Karkanas et al., 2000). 
The absence of the latter two minerals in TD6.2 and TE9c indirectly 
indicates that the pH did not go below 7 and therefore bone dissolution, 
if any, has been most likely very limited. This is confirmed by the 
absence of weathering features observed on the human teeth from TE9c, 
as well as by the presence of a noticeable small mammal fossil record 
(Carbonell et al., 2008). Additionally, despite the identification of many 
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phosphate crusts within the fossil-rich TD6.2 sub-unit hosting Homo 
antecessor remains in the southeast wall of the vertical pit (Bermúdez de 
Castro et al., 2017 and references therein), spatial analysis indicates that 
there is no significant lateral variation in the number of fossil remains 
(Campaña et al., 2016), nor weathering features in the fossil remains 
(Saladié et al., 2021) near the south-east wall of the vertical pit. This 
indicates that, despite the pH being below 8 at the time of phosphate 
crust formation, the pH most likely remained closer to 8 than 7 in this 
area (Karkanas et al., 2017), thus limiting any significant impact on 
fossil preservation. Instead, the crandallite found in units GI and GII at 
Galería (Pérez-González et al., 1995; Demuro et al., 2014; Campaña 
et al., 2023) indicates that the pH was possibly below 7. Given these 
conditions, significant fossil dissolution processes are expected for GII 
where crandallite was identified in the white layers, unlike for GI, which 
is formed by cave interior facies that are palaeontologically sterile 
(Rodríguez et al., 2011; Campaña et al., 2023). In contrast, TD9 has been 
described as an archaeologically sterile unit (Fernández-Jalvo, 1995; 
Blain et al., 2009). Despite the absence of crandallite in this unit 
(Table 2), which would indicate that the pH was consistently above 7, no 
fossil remains were discovered. This suggests that the fossilized material 
was possibly dissolved, which could have been caused by the bat guano 
deposit that forms this unit and would provide a stable acid environment 
for a long period. Finally, the pH conditions documented by the 
phosphate-bearing layers is not expected to significantly impact the 
preservation of lithic tools based on flint, quartzite and quartz, whose 
solubility threshold has been defined above a pH of 8.0–8.5 (Krauskopf, 
1979).

7. Conclusion

The presence of authigenic apatite, formed by the weathering of 
limestone in karstic environments, has received little attention so far 
Atapuerca, although it documents the existence of intense post- 
depositional processes occurring in the sedimentary infill, i.e. long 
after the sediment deposited. Through a characterization and dating 
study of geological authigenic apatite collected from various strati
graphic units and cave sites across the Atapuerca complex, the present 
work contributes to improve our understanding of processes that 
occurred throughout the Middle and Late Pleistocene. Interestingly, our 
dating results indicate that the sites have all experienced independent 
diagenetic events, which cannot be attributed to the overall karst dy
namics of the Sierra de Atapuerca, but should rather be regarded as local 
processes. From a methodological point of view, the results obtained 
here show the potential and current limitations of the ESR and U-series 
dating methods applied to geological apatite, and help to identify future 
avenues worth exploring in order to improve authigenic apatite dating 
reliability and accuracy. In particular, any further dating attempts will 
specifically require proper evaluation of the alpha efficiency for this 
type of material, which currently appears to be one of the main sources 
of uncertainty affecting the combined U-series/ESR dating results.
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Campaña, I., Benito-Calvo, A., Pérez-González, A., Ortega, A.I., Bermúdez de Castro, J. 
M., Carbonell, E., 2017. Pleistocene sedimentary facies of the Gran Dolina archaeo- 
paleoanthropological site (Sierra de Atapuerca, Burgos, Spain). Quat. Int. 433, 
68–84. https://doi.org/10.1016/j.quaint.2015.04.023.
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Lombera-Hermida, A., Menéndez, L., Modesto-Mata, M., Van der Made, J., Soto, M., 
Blain, H.-A., García, N., Cuenca-Bescós, G., Gómez-Merino, G., Pérez-Martínez, R., 
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Rosas, A., Huguet, R., Pérez-González, A., Carbonell, E., Bermúdez de Castro, J.M., 
Vallverdú, J., Van Der Made, J., Allué, E., García, N., Martínez-Pérez, R., 
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