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The Cueva del Silo is part of the lower karst level of the Cueva Mayor-Cueva del Silo karst system (Sierra de
Atapuerca, Burgos, Spain), whose evolution has preserved an impressive archeo-paleoanthropological sequence
since the Early Pleistocene. Cueva del Silo is remarkable for the presence of fluvial deposits that record the entry
of the Arlanzén River water in the cave system, providing a key sequence to investigate the fluvio-karstic re-
lationships that give rise to this endokarst system. In order to provide a chronological framework to these fluvial
deposits, six sediment samples were dated by Electron Spin Resonance and 16 samples by paleomagnetism,
collected from two outcrops: Galeria de las Arenas and Sala del Caos. Our results provide maximum mean age of
around 1600 ka and a minimum age of 916 + 136 ka for the deposits in Sala del Caos. The younger date from
Sala del Caos might represent the last fluvial input from Arlanzén River in the lower karst level. In contrast, ESR
ages estimates of 1268 + 133 ka and 1262 + 108 ka were obtained for Galeria de las Arenas sequence, which
could indicate re-sedimentation processes from the intermediate karst level where similar ages were published.
The annual dose might be wrongly assessed due to the re-sedimentation processes inside the karst, hence, ESR
ages for these facies should be treated with extreme caution.

1. Introduction

Atapuerca karst system (Burgos, Spain) records an exceptional
Pleistocene sedimentary sequence which contains the most complete
archeological and paleontological evidence of human presence in
Europe during the Quaternary (Bermtdez de Castro et al., 1997, 2017;
Parés and Pérez-Gonzalez, 1999; Carbonell et al., 2005, 2008; Rodriguez
et al., 2011; Ollé et al., 2013; Arsuaga et al., 2014, 2017; Garcia-Me-
drano et al., 2014; Meyer et al., 2016).

In-depth studies of the Atapuerca multilevel endokarst (Fig. 1A) have
enabled the establishment of the different stages of human occupation of
the cavities (Ortega et al., 2018) preserved in allochthonous facies
(Campana et al., 2016, 2017). Previous works proposed a geomorpho-
logical relationship between the subhorizontal endokarstic levels and
the water tables imposed by the Pleistocene fluvial terraces of the
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Arlanzén River (Benito, 2004; Benito-Calvo et al., 2008, 2017, 2018;
Ortega, 2009; Ortega et al., 2014). However, the scarce chronological
data about the fluvial sediments contained in the endokarst system
(Ortega, 2009) precludes further correlations of these events with the
chronological data available of the fluvial terraces (Benito, 2004;
Benito-Calvo et al., 2008, 2017, 2018; Benito-Calvo and Pérez-Gonzalez,
2007; Moreno et al., 2012). So far, the endokarst sedimentary infill has
been studied through paleomagnetism (Parés et al., 2000, 2006, 2016,
2020) and mainly by dating entrance facies with archeological and/or
paleontological records (Falgueres et al., 1999, 2013; Bischoff et al.,
2003; Berger et al., 2008; Arnold et al., 2014; Demuro et al., 2014, 2019;
Moreno et al., 2015), which provide minimum dates for the passages
formation. Although, a couple of studies focused on the lowermost
stratigraphic units of Gran Dolina have recently been published (Parés
et al., 2018; Duval et al., 2022).
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Cueva del Silo contains two well-preserved sedimentary sequences in
Sala del Caos and Galeria de la Arenas, which have similar altitudes
(Fig. 1B and C). These sequences are essential for establishing a com-
plete chronological framework for the Atapuerca multikarst develop-
ment and to better understand the fluvio-karstic dynamics of the system.
In this work, we report new ESR and paleomagnetic data to understand
the chronology of these cave fluvial deposits, scarcely dated so far
(Ortega, 2009; Parés et al., 2016).

2. Cueva del silo site

The Sierra de Atapuerca is a multilevel endokarst system with three
main subhorizontal levels passages, perched about 90, 70, and 60 m
above the main course of the Arlanzén River (Fig. 1A) (Ortega et al.,
2013).

The upper and intermediate levels are the most developed and
include the passages of Cueva Mayor (Galeria de las Estatuas and Sima
del Elefante), Gran Dolina and Galeria, while the lower level is repre-
sented by Cueva del Compressor, Cueva Peluda, Cueva del Silo and Sima
de los Huesos of Cueva Mayor (Fig. 1A) (Ortega et al., 2014). The latter
three are key cavities since they preserved fluvial sequences that record
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the direct relationship between fluvial evolution of the Arlanzén River
and the endokarst system (Ortega, 2009; Aranburu et al., 2017).

Cueva del Silo is described as a network of maze patterns, made up
by small conduits that converge to a master passage (Galeria Principal-
Sala del Caos) (Fig. 1B). Cueva del Silo, and specifically Sala del Caos, is
the closest cave to the Arlanzén valley (Fig. 1A). The chimneys and
cupolas show a hypogenic speleogenesis in their origin, whose heights
correlate with Arlanzoén fluvial terrace T3 (+70-78 m) dated to 1140 +
130 ka by ESR (Al center) (Fig. 1D) (Benito, 2004; Benito-Calvo et al.,
2008, 2017, 2018; Moreno et al.,, 2012; Ortega et al., 2013, 2018;
Benito-Calvo and Pérez-Gonzalez, 2015). The scallops suggest an
east-to-west water flow direction, locating the zone of discharge in the
old entrance of the cave, in the Valhondo Valley (Eraso et al., 1998;
Ortega, 2009; Ortega et al., 2013). The cave formation is related to a
steady water-table level, whose elevation suggests a relation with
Arlanzén fluvial terraces; T4 (+60-67 m), T5 (+50-54 m) dated of
around 930-780 and 700-600 ka respectively using the Al center
(Benito, 2004; Benito-Calvo et al., 2008, 2018; Moreno et al., 2012) and,
T6 (+44-46 m) (Fig. 1D) (Ortega et al., 2013, 2018; Benito-Calvo and
Pérez-Gonzalez, 2015; Benito-Calvo et al., 2017, 2018).

Cueva del Silo preserves fluvial sediment deposits, consisting of
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Fig. 1. (A) Location and plan of the Sierra de Atapuerca cave systems showing the main archeological sites (modified from Ortega, 2009). (B) Cueva del Silo map.
Asterisk: gravels outcrops, red circumference: sampling areas. (C) Location of the ESR dating ages and paleomagnetic results in the stratigraphical sequences pre-

served in the Sala del Caos (stratigraphy modified from Ortega 2009), and the Galeria

de las Arenas. (Al): Al-ESR age, (Ti-D) Ti D option ESR age. (D) Cross sections of

Sala del Caos and Galeria de las Arenas and its elevation relation with Arlanzdn fluvial terraces T3, T4 and T5. Red dots: ESR samples, black squares: paleomagnetism

samples. (—): reversed polarity. (+) normal polarity. (modified from Ortega, 2009).
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quartzite gravels (Galeria Principal-Sala del Caos) (Fig. 1B) and quartz-
rich sand and silt facies (Galeria de las Arenas), which indicate a source
from the Arlanzén River. Sala del Caos is a room with ESE-WNW di-
rection, located beneath and next to the Middle and Lower levels of
Cueva Mayor (Sala de los Ciclopes and Sima de los Huesos) (Fig. 1B)
(Ortega et al., 2018). The fluvial deposits show upward decreasing grain
size, consisting at the base of clast-supported conglomerates composed
by rounded well-sorted quartzite pebbles within sandy coarse matrix. In
a lateral section, a sequence of coarse sands, sandy clays, dark laminated
silts with interbedded fine sand layers, and a flowstone overlay these
quartzite pebbles (Fig. 1C). In some areas of the room, instead of a
flowstone, red clay unit overlay the sequence. Sandy facies show fluvial
structures and compositional similarities with Arlanzén fluvial terraces.

The Galeria de las Arenas is a lateral passage of 32-m length (Ortega,
2009) and preserves a homogeneous siliciclastic sequence divided into
three stratigraphic units. The first unit at the bottom is composed of
cross-bedded coarse to fine sands and the second one of silts. Whereas
the textural and compositional features of these two units show struc-
tural and compositional similarities with Arlanzén fluvial terraces, the
last unit composed of red clays at the top of the sequence correspond to
stagnant waters developed after the fluvial sequence (Ortega, 2009)
(Fig. 1C).

Previous chronological data available about the Cueva del Silo
fluvial sequences are scarce. A paleomagnetic study conducted in the
clayey sands in Galeria Principal-Sala del Caos revealed a normal
magnetic polarity, presumably of Brunhes age (Parés et al., 2016).

3. Methodology

A total of six samples were collected from Cueva del Silo for ESR
dating following the procedure described in (Moreno et al., 2017). Four
and two samples were obtained in Sala del Caos (SILO1501 to
SILO1504) and in Galeria de las Arenas (SILO1505 and SILO1506),
respectively (Fig. 1C, D and Fig. S1). SILO1501 and 1502 are fluvial
sediments composed of quartzite cobbles within a sandy matrix capped
by red silt while SILO1503 and SILO1504 are silty clay sediments.
SILO1505 and 1506 samples were collected from sandy sediments. In
situ gamma spectrometry was performed using a Nal(Tl) probe con-
nected to an Inspector 1000 multichannel analyzer (Canberra) and
inserted directly into the section at the exact sampling spot.

A total of 16 samples were taken for paleomagnetism (11 in Sala del
Caos, and 5 in Galeria de las Arenas. Fig. 2). Sampling was carried out by
pushing 8 cm? plastic boxes into partially cohesive clay deposits. Ver-
tical surfaces were cleaned before sampling between SILO1503 and
1504 and just below SILO1505. Azimuth and dip of samples were
measured in situ using a standard compass with an inclinometer. Finally,
samples were gently removed from the sediment using a ceramic knife.
Fig. 2

3.1. Electron Spin Resonance (ESR) dating of quartz grains

3.1.1. Sample preparation

Sample preparation was performed at the ESR dating Laboratory of
the Centro Nacional de Investigacion sobre la Evoluciéon Humana
(CENIEH) in Burgos (Spain) in a dark room following the protocol
described in Moreno et al. (2021) until obtaining a final quartz
grain-size fraction between 100-200 pm. The Multiple Aliquots Additive
Dose (MAAD) approach was applied, and each sample was divided into
14 aliquots. Twelve of these aliquots were irradiated using a calibrated
Gammacell-1000 '7Cs gamma source to the following doses: 100, 200,
400, 800, 1600, 3200, 6000, 9000, 14000, 20000, 30000, and 50000
Gy. For each sample, one aliquot was bleached using a SOL2 (Dr. Honle)
solar light simulator for approximately 1500 h to evaluate the ESR in-
tensity of the non-bleachable residual signal associated with the
Aluminum center of quartz (Voinchet et al., 2003) and one aliquot was
preserved natural.
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Fig. 2. Pictures of the site where ESR (black boxes) and paleomagnetism (blue
dots) samples were collected in: A. Sala del Caos. B. Galeria de las Arenas.
Paleomagnetic results plotted on stereographic projections (lower hemisphere)
are showed on the right side of the figure. Black dots represent normal polarity
vectors, while white dots are inverse polarity vectors.

3.1.2. ESR dose reconstruction

The MC approach was previously proposed by Toyoda et al. (2000)
to check whether the Al-ESR signal was completely bleached before the
sedimentation of the deposit. Although the Al center has been broadly
used for dating (Moreno et al., 2012, 2015), due to its slow bleached
kinetics, Toyoda et al. (2000) and Duval et al. (2015) proposed to
evaluate its behavior using another center which had faster-bleached
kinetics as the Ti center. Therefore, the Multiple Center approach was
applied to our ESR samples, and both the Al and Ti centers were
measured. ESR measurements were carried out at low temperature (90
K) using an EMXmicro 6/1 Bruker X-band ESR spectrometer coupled to a
standard rectangular ER4102ST cavity. The acquisition parameters
established by Duval et al. (2015) are given in Table S2. To ensure
constant experimental conditions over time, the temperature of the
room and the water circulating in the magnet are controlled and stabi-
lized at 20 °C by an air conditioning unit and at 18 °C by a water-cooled
Thermo Scientific NESLAB thermoflex 3500 chiller, respectively. The
angular dependence of the ESR signal due to sample heterogeneity was
taken into account by measuring each series of 14 aliquots three times
after a ~120° rotation in the cavity. Furthermore, data reproducibility
was verified by running repeated ESR measurements over different days.
ESR intensities have been corrected by sample weight, receiver gain
value, number of scans, and temperature correction factor (Duval and
Guilarte, 2012).

The ESR intensity of the Al center was extracted from peak-to-peak
amplitude measurements between the top of the first peak (g =
2.0185) and the bottom of the 16th peak (g = 1.9928) (Toyoda and
Falgueres, 2003). The ESR intensity of the Ti centers was measured from
peak-to-peak amplitude between g = 1.979 and the bottom of the peak at
g = 1.913 (Ti Option A), peak-to-baseline amplitude around g =
1.913-1.915 (Ti Option D), and peak-to-baseline amplitude around g =
1.915 (Ti-H Option C) (Duval and Guilarte, 2015).

Equivalent dose values (Dg) were calculated using the Microcal
OriginPro 8.5 software using the Levenberg-Marquardt algorithm by
chi-square minimization. For the Al center, a single saturating expo-
nential + linear function was fitted through the experimental points, and
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data were weighted by the inverse of the squared ESR intensity (1/1%)
(Duval, 2012). For the Ti centers, the Ti-2 function was used (Woda and
Wagner, 2007) and data were weighted by the inverse of the squared
error (1 /52) (Duval and Guilarte, 2015).

3.1.3. Dose rate evaluation and age calculation

Dose rate values (D) were calculated by combining in situ and labo-
ratory measurements. Alpha, beta, and gamma external dose rate values
were derived from U, Th, and K contents in raw sediment analyzed by
high resolution y-spectrometry (HRGS) at CENIEH. The external y dose
rate was also calculated using the threshold approach (Duval and
Arnold, 2013), based on the in situ gamma spectrometry performed at
the exact sampling spot. In situ measurements of gamma dose rate were
used for the dose rate calculation. In situ gamma dose was corrected
considering the long-term water content assumed.

Total dose rates were calculated and corrected using the dose-rate
conversions factors from Guérin et al. (2011), alpha and beta attenua-
tion values for the spherical grain size from Brennan et al. (1991) and
Brennan (2003), and alpha efficiency k-value of 0.07 + 0.01 (Bartz
et al.,, 2019). An HF etching depth of 20 pm was assumed for all the
samples, as well as an internal dose rate of 50 + 30 pGy/a as in (Moreno
et al.,, 2021). The cosmic dose rate was calculated using equations of
Prescott and Hutton (1994). Water contents were calculated to be 60%
of the saturated water content measured in the laboratory conditions as
in Moreno et al. (2021) (Table S4). The final long-term water content
values range from 13.5 + 0.2 to 25.7 &+ 0.4 and was calculated as % of
dry weight.

ESR age calculations were performed using non-commercial soft-
ware based on DRAC (Durcan et al., 2015), which considers the un-
certainties derived from U, Th, and K concentrations, depth, water
content, in situ gamma dose rate, attenuations, and Dg values. The errors
associated with total dose rate, equivalent dose and ESR age result are
given at 1o (Table 1).

3.2. Paleomagnetism

All the paleomagnetic measurements were carried out at the
Archaeomagnetism Laboratory at CENIEH. Natural remanent magneti-
zation (NRM), as well as progressive demagnetization were measured
using a three-axis 2G SQUID cryogenic magnetometer. This instrument
is housed in a field-free space (residual field <3000 nT). One sample
from Sala del Caos, and Galeria de las Arenas were demagnetized ther-
mally using a thermal demagnetizer oven (ASC model TD-48) also
placed in the Helmholtz cage. The remaining part of the samples was
demagnetized by Alternating Fields. Demagnetization was conducted

Table 1

Quaternary Geochronology 73 (2022) 101374

for all samples until approximately 100-140 mT. Characteristic rema-
nent magnetization directions (ChRM) were computed by Principal
Component Analysis (Kirschvink, 1980) and plotted on stereographic
projections (lower hemisphere).

4. Results
4.1. Electron Spin Resonance (ESR) dating of quartz

The results obtained from the processed samples are displayed in
Table 1. The ESR analytical data and all the ESR Dose Response Curves
(DRC) derived from the evaluation of the Al, and Ti centers are provided
in Supplementary Material (Tables S3, S4, and S5 and Figs. 52-59).

The Al center shows bleaching coefficients ranging within a rela-
tively narrow range (from 55 to 66%; Table 1) suggesting similar
bleaching conditions for all samples. Equivalent Dose (Dg) values were
calculated using the mean ESR intensities measured on different days.
The fitting results derived from this center exhibit an excellent
goodness-of-fit for all samples (adjusted r? > 0.99; Table S5), resulting in
relative Dg errors between 10% and 15%. However, the linear part of the
DRCs, driven by the very high irradiated aliquots, seems to cause a small
distortion of SILO1502,1504 and 1505 DRCs (Fig. S2). Hence,
SILO1502,1504 and 1505 Dg, values might be sightly overestimated. The
variability of De value over repeated measurements is less than 20% for
all the samples (Table S5). Ages obtained from the Al center are older
than 1100 ka except for the sample SILO1503 (958 ka) (Table 1).

Regarding the Ti center, the Dg values were calculated by averaging
the ESR intensities measured on three different days. According to Duval
and Guilarte (2015), the reliability of the fitting results obtained from
the Ti center may be reasonably questioned when the adjusted r? value
is < 0.98 and the relative errors >50%. In our samples, the Ti center
(options D and A) shows r? > 0.99 and relative errors <11% for samples
SILO1505 and SILO1506 (Galeria de las Arenas). In the samples from
Sala del Caos, a poorer fit of the data is observed (Table S4). For
example, SILO1502 shows r? < 0.98 in both options A and option D. Dg
value from Option A could not even be calculated in SILO1504 because
ESR intensities were scattered and any curve was impossible to be fitted
to the measured intensities. Furthermore, Dg values from both the Al
center and Ti Option D are in agreement at 1c in all the samples except
for SILO1502 and SILO1505, in which Dg values from Ti Option D are
lower than values from the Al center. Option D and A yields similar Dg
values for SILO1503, 1505 and 1506 samples, whereas Option A yields
higher Dg values for the rest of the samples. Dg estimates were also
obtained from Ti-H (Option C) but discarded for age calculation.
Goodness-of-fit is significantly lower than for Ti Options A and D (0.88

ESR results obtained on quartz grains for Cueva del Silo. (Bl: bleaching: D, internal dose rate: D,: alpha dose rate; Dy: beta dose rate; D,: gamma dose rate; Dos: cosmic
dose rate; D: total dose rate: Dg: equivalent dose). The results interpreted as the most reliable dates are in bold.

CUEVA DEL SILO

Sala del Caos

Galeria de las Arenas

SILO1501 SILO1502 SILO1503 SILO1504 SILO1505 SILO1506
Dine (0Gy/a) 50 + 30 50 + 30 50 + 30 50 + 30 50 + 30 50 + 30
D, (uGy/a) 30+8 29+7 50 +13 50 +13 48 +£12 53+13
Dp (uGy/a) 1140 + 23 972 £ 19 1717 £ 34 1606 + 30 1345 + 24 1593 + 29
D, (uGy/a) 594 + 21 660 + 24 987 + 35 901 + 32 828 + 29 685 + 24
Deos (Gy/a) 2242 22+ 2 22+ 2 22+ 2 28+3 28+ 3
Bl (%) 56 + 0.3 55+1 55+ 0.8 59+ 0.8 58 + 0.6 66 + 0.4
D (uGy/a) 1836 + 44 1733 £ 43 2826 + 69 2629 + 55 2300 + 50 2409 + 50
Dg (Gy) Al 3195 + 465 2530 + 359 2708 + 273 3285 + 470 4071 + 407 2788 + 331
Dg, (Gy) Ti-Li D option 4340 £+ 700 1122 + 167 2589 + 381 4101 + 351 2917 + 300 3041 + 253
Dg (Gy) Ti-Li A option 5692 + 352 2838 + 613 2623 + 382 - 3720 + 498 3533 + 292
Dk (Gy) Ti-H C option 2166 + 279 699 + 314 931 + 203 1031 + 365 953 + 246 936 £+ 131
Age (ka) Al 1740 + 257 1460 + 210 958 + 99 1249 + 181 1770 + 181 1157 + 139
Age (ka) Ti Option D 2364 + 385 648 + 98 916 + 136 1560 + 137 1268 + 133 1262 + 108
Age (ka) Ti Option A 3100 + 206 1638 + 356 928 + 137 - 1618 + 219 1467 + 125
Age (ka) Ti-H C option 1180 + 155 403 + 181 329 £ 72 392 + 139 414 £ 107 389 £55
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<12 < 0.99), with samples SILO1501 and SILO1503 being the only ones
with r? values higher than 0.99. Moreover, although Ti-H center shows
great potential to date late Middle to Late Pleistocene deposits, its reli-
ability for dating samples with Dg values > 1000 Gy, as in the present
study (Table 1), may be reasonably questioned (Duval and Guilarte,
2015; Voinchet et al., 2020). For Ti Option D, Dg variability varied be-
tween 9.2% (SILO1504) and 44.9% (SILO1501) (Table S5). The ESR
intensities obtained for the first aliquots in the SILO1501 sample are
very similar, consequently the DRCs do not pass through all the exper-
imental data points and yield very different Dg values for each mea-
surement (Fig. S4). 4/6 samples yield ages for more than 1 million years
from the D option, whereas SILO1502 and 1503 have an age of 648 + 98
and 916 + 136, respectively. A Option provides ages between 900 to
3100 ka approximately. Ages from the Ti-H center are between 300 and
1200 ka (Table 1). Their reliability should, however, be treated with
extreme caution for the reason mentioned above.

4.2. Dose rate evaluation

The gamma dose rates calculated in the laboratory are systematically
higher than those obtained from in situ measurements for all the samples
(Table S6). Such values could indirectly indicate a potential disequi-
librium in the U-238 decay chain. However, no significant differences
were observed when calculating dates using both gamma dose rate
values. Hence, such possible disequilibrium would have a negligible
impact on the final calculated dates. Total dose rate values (D) (Table 1)
from Sala del Caos samples are between 1786 and 2776 pGy/a. In
comparison, samples from Galeria de las Arenas have similar dose rate
values of around 2300 pGy/a. Variability of dose rate values from Sala
del Caos is very likely due to the heterogeneity of the sedimentary
sequence in Sala del Caos, whereas the sedimentary outcrop is very
homogenous in Galeria de las Arenas.

4.3. Paleomagnetism

The results have been represented in several stereographic pro-
jections that can be seen in Fig. 2. Black dots correspond to vectors that
indicate positive polarity, while the white dots indicate negative po-
larity. According to the results, paleomagnetic data between ESR
SILO1503 and 1504 (Sala del Caos) reveal a switch from reverse to
normal polarity. In Galeria de las Arenas (ESR SILO 1505 and 1506
samples), paleomagnetic data show exclusively reverse polarity di-
rections. The paleomagnetic inversion in Sala del Caos is most likely
correlated to the Matuyama-Brunhes boundary, whereas reverse polar-
ity in Galeria de las Arenas suggest a Matuyama age (> 0.78 Ma;
Gradstein et al., 2020) for this deposit. Paleomagnetic data are sum-
marized in Table 2.

Table 2

Paleomagnetic results. Dec/Inc: Declination/Inclination of the Characteristic
Remanent Magnetization (ChHM) directions; MAD: Maximum Angular
Deviation.

Site Sample Dec Inc MAD

Sala del Caos 21SIL2-01 191.0 —43.0 13.2
21SIL2-02 205.0 —47.0 6.3
21SIL2-04 234.0 52.0 2.1
21SIL2-06 354.0 78.0 3.4
21SIL2-07 4.0 73.0 1.0
21S1L.2-08 13.0 67.0 5.0
21SIL2-09 17.0 66.0 7.4
21SIL2-10 14.0 60.0 5.4
21SIL2-11 15.0 52.0 8.3

Galerias de las Arenas 21S1L4-01 152.0 —47.0 12.4
21SIL4-02 103.0 —57.0 2.5
21S1L4-04 142.0 —20.0 9.7
21SIL4-05 187.0 —-38.0 5.0
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5. Discussion

Previous studies have shown the great potential of using Ti Option D
ages to date Lower-Middle Pleistocene samples (Duval et al., 2015,
2022; Moreno et al., 2021). In addition, this center yields more reliable
estimates of the burial age of quartz grains as it has much faster bleached
kinetics (Toyoda et al., 2000). However, in some samples, Al ages have
been considered more reliable based on mathematical parameters.

5.1. Sala del caos

Al and Ti Option D centers provided ages of 1460 + 210 ka and 648
+ 98 ka for SILO1502, respectively. This discrepancy between dates is
probably due to the slow bleaching kinetic and unbleached component
of the Al center (Toyoda et al., 2000). Although the Al age might be
slightly overestimated because the DRC does not pass exactly through
the natural experimental point (Fig. S8), this sample shows an excellent
goodness-of-fit (r2 = 0.99). In addition, a good D repeatability was
calculated from the different measurements, which means the DE mean
value from the Al center is a representative average of the whole sample.
On the contrary, Ti Option D age (SILO1502) is inconsistent with reverse
polarity results above SILO1503 (Fig. 1C). Finally, the Ti Option D age is
not reliable because of the poor fit of the data (? = 0.94).

SILO1501 has an Al age of 1740 + 257 ka. This age is 1 sigma
consistent with the SILO1502 date obtained by the same center. How-
ever, Al center ages should be interpreted as maximum possible dates
considering its slow bleaching kinetic and its unbleached component
(Toyoda et al., 2000; Duval et al., 2015). Ti Option D age of around 2400
ka (SILO1501), which is older than the Al age mentioned above and,
disagrees with the stratigraphical sequence. This latter date is also un-
reliable because a significant variability of Dg was observed (44.9%)
(Table S5). In other words, the mean Dg value from Ti Option D would
not be representative, even if the curve fit was excellent, which is not
observed either (r* = 0.96).

The SILO1503 sample, located in the middle of the sequence, yielded
an age of around 900 ka, consistent with the reverse polarity result
above this sample (Fig. 1C) and both the Al and Ti Option D center
(Table 1). Measurements related to water content for the SILO sample
yielded inconsistent data. Therefore, the water content of the sample
and the water saturation has been calculated using the average of the
data measured in the other Sala del Caos samples. Therefore, these es-
timates could be causing age uncertainty. Nevertheless, the paleomag-
netism confirms that this unit was probably deposited more than 0.78
Ma ago, which agrees with both the Al and Ti Option D dates.

Although SILO1504 age from Al center might be slightly over-
estimated because the DRC does not pass exactly through all experi-
mental points (Fig. S8), Al and Ti Option D ages are also 1 sigma
consistent (1249 + 181 and 1560 + 137 ka, respectively). However,
dates are neither stratigraphically consistent (Table 1) nor in agreement
with the independent age control at this study in Sala del Caos (Table 1,
Fig. 1C). These anomalous data might be due to the present of quartz
grains from higher levels of Atapuerca karst (and therefore older) which
contaminate younger sediments. Sala del Caos relates to Cueva Mayor
(intermediate level) throughout several vertical conduits, so water had
paths to migrate from high to low levels. (Ortega, 2009). These
re-sedimentation process inside the endokarst were mentioned before by
Berger et al. (2008). If so, ESR ages for all the sequence should be treated
with extreme caution because they might be based on an incorrect
assessment of the dose rate.

A complex sedimentary process is observed in Sala del Caos. The
irregular floor of this room is evidence of the different sedimentary and
erosional phases that occurred in the cave. In addition, the massive
collapse of the ceiling cave complicates the observation of the sedi-
mentary record.

The sedimentary sequence outcrops in a 4-m-thickness subvertical
surface formed in several sedimentary phases (Ortega 2009). The first
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phase is related to the direct entry of fluvial deposits of metamorphic
gravels and coarse sand into the karst through a sinkhole directly con-
necting the Arlanzén River and the cave. Ferruginous oxidations have
been described between the gravels and the overlying coarse sands. This
sedimentary phase occurred 1600 ka years ago at most, considering the
Al ages obtained from the SILO1501 and 1502 samples. This river
channel facies corresponds to high-energy sedimentary environments.
At the top of this unit, an erosional surface shows a paleo-relief on which
the second sedimentary phase overlays. The second phase corresponds
to the settling of clayey sediments in a very low-energy environment, i.
e., stagnant water and restricted circulation (SILO1503 sample dated
around 900 ka and with reverse polarity). In phase three, a gradual in-
crease in the contribution of sandy material is observed. The environ-
ment, therefore, is of higher energy. In this phase, sedimentation
gradually changes from clayey sediments (phase 2) to dark silts with
centimetric intercalations of medium sands. Sample SILO1504 was
sampled in this unit but did not provide a conclusive date (see above).
The penultimate phase shows an erosive process and a generalized
collapse of the cave ceiling. This phase is related to vadose environ-
ments. It is possible to see the entire stratigraphic sequence in the Sala
del Caso because of this phase, which allows the top of the gravels to
outcrop. Finally, the sequence is filled with the formation of speleothems
in zero-energy environments, i.e., stagnant, and percolating water.
While the sedimentation of the gravels is only related to the entry of the
Arlanzoén River into the cave, the fine sediments could have entered in
suspension from other levels of the karst (Ortega, 2009).

SILO1502 and 1501 samples yield a maximum possible date of
around 1600 ka (Al center). SILO1503 has a reliable age of 922 + 137.
Anomalous dates of SILO1504 might be because of a re-sedimentation
process in the cave. Paleomagnetic data between these two samples
confirm the existence of a reversed polarity, presumably Matuyama-
Brunhes boundary (0.78 Ma, Gradstein et al., 2020), considering
SILO1503 sample.

5.2. Galeria de las arenas

In the Galeria de las Arenas (SILO1505 and SILO1506 samples), two
dates with the Ti Option D of 1268 + 133 ka and 1262 + 108 ka have
been obtained, respectively. Both dates are stratigraphic consistent
within the sedimentary sequence (Fig. 1C). Although SILO1505 age from
Al center is slightly overestimated due to a small distortion of DRC
(Fig. S8), ages from both Al and Ti centers in Galeria de las Arenas are
consistent (Table 1) (Duval and Guilarte, 2015). Considering the inde-
pendent age control and ESR analysis, these two samples provide a
consistent age of around 1300 ka.

However, considering that Cueva del Silo and Cueva Mayor are
connected, it cannot be discarded that there were ancient quartz grains
from the intermediate level which contaminated the sediment. In
addition, previous studies dated the intermediate level formation before
1300 ka (Parés et al., 2018; Duval et al., 2022). Therefore, there could be
quartz grains with an unbleached signal within the karst of at least that
age. Consequently, these ages might be overestimated considering the
geological context mentioned above and should be treated with extreme
caution given the significant uncertainty of the dose rate estimates.
However, paleomagnetic sampling just below the SILO1505 sample
confirms reverse polarity results at the bottom of the sequence. There-
fore, the sedimentation may have occurred at least in the Matuyama
chron in Galeria de las Arenas.

5.3. Cueva del silo cave

Both in the Galeria Principal and the Sala del Caos, quite similar
sedimentary sequences are described (Ortega, 2009), formed by gravels
in the lower part at similar altitudes, followed by a decreasing grain
sequence capped by a flowstone layer. The quartzite pebbles outcrop in
the Sala del Caos due to a partial re-excavation of the sedimentary
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sequence, where the SILO1502 sample was sampled. The gravels also
outcrop in the bottom of three Prehistory human-excavated silos in the
Galeria Principal of Cueva del Silo cave. Normal magnetic polarity,
presumably correlate to Brunhes chron, has been described on top of
fluvial gravel in one of those silos (Parés et al., 2016). At neither of these
sites, is it possible to see the thickness of these gravels, they have a
minimum thickness of 2 m in Sala del Caos though. The entry of gravels
should be a high-energetic geological event that could have affected the
lower and middle levels of Atapuerca karst system. Perhaps, this event
could be related to the roof collapsing along the main axis of Cueva del
Silo (Galeria Principal-Cueva del Silo) (Ortega et al., 2013).

In consequence, the most recent age from SILO1503 sample (916 +
136 ka) (Fig. 1C), might date the last fluvial input from the exterior and,
therefore, the latest cave formation process. On the contrary, the oldest
ages obtained by the SILO1504 (1560 + 137 ka), 1505 (1268 + 133 ka)
and 1506 (1262 + 108 ka) samples, could be dating Early Pleistocene
quartz grains that record older fluvial inputs, (Parés and Pérez-Gonzalez,
1999; Berger et al., 2008; Carbonell et al., 2008; Moreno et al., 2015;
Parés et al., 2018). If a re-sedimentation process has been occurred in-
side the cave, the age estimation might be based on an incorrect
assessment of the dose rate, meaning ESR results should be treated with
extreme caution. Therefore, more dating with other dating methods
should be carried out to better explain the sedimentology context in
Cueva del Silo and Cueva Mayor to confirm our results.

Sima de Elefante is a cavity above lower level of Cueva Peluda-Cueva
del Silo and the lower part of its stratigraphic sequence appears altered
by subsidence. This sedimentary subsidence might be due to instability
in the lower karst level during the Matuyama chron (Rosas et al., 2006;
Ortega, 2009; Ortega et al., 2014, 2018). This collapse could therefore
be due to the last direct input of the river event dated by SILO1503
sample. This last entrance of the Arlanzén River in Cueva del Silo might
be related to the erosive event described in Sima de los Huesos, as well,
during the Matuyama chron (Ortega 2009; Ortega et al., 2013; Aranburu
et al., 2017).

Two different stratigraphical sections can be seen in Galeria de las
Arenas and Sala del Caos, which are separated by just over 100 m
(Fig. 1B). Both siliciclastic sequences have been deposited by fluvial
system in different areas inside the same subhorizontal karst conduit,
but both sections have lithological differences in grain size that do not
allow a correlation stratum by stratum.

Reverse polarity sequence reaches heights of 984.40 m a.s.l
(SILO1505) in Galeria de las Arenas (Ortega, 2009). At an altitude
around 983 m a.s.l., a silty unit placed above the fluvial facies was dated
in this study of about 900 ka (SILO1503) in Sala del Caos. Considering
altimetric data and SILO1503 sample, sedimentation of sand facies in
Galeria de la Arenas and the silty clay sediments in Sala del Caos to
gravel roof may have occurred around the Matuyama-Brunhes bound-
ary. However, ESR dating do not confirm this correlation, so more
geochemical studies should be done to correlate these two sedimentary
sequences.

According to its geomorphological position, this fluvial input in Sala
del Caos was previously correlated between Arlanzon fluvial terraces T6
(+ 44-46 m) and T4 ( 4+ 60-67m), or older (Ortega, 2009; Ortega et al.,
2013, 2018; Benito-Calvo et al., 2017, 2018). T4 (+60-67) and T5
(+50-54) yield consistent Al center average ages of about 850 ka (780
4 120 and 930 4= 100 ka); and 700 ka (700 4 100 ka and 600 & 110 ka)
respectively (Moreno et al., 2012; Benito-Calvo and Pérez-Gonzalez,
2007, 2015). These ESR ages are in agreement with the paleomagnetic
data which reveal a reversed and normal polarity respectively (Beni-
to-Calvo et al., 2008, 2018). Therefore, the sedimentary sequence in
both Galeria de la Arenas and Sala del Caos may have occurred around
the Matuyama-Brunhes boundary considering the T4 (+60-64 m)/T5
(4+-50-54 m) terrace of the Arlanzén River, as well as other authors have
already mentioned (Benito-Calvo et al., 2018; Ortega et al., 2018). This
fluvio-karstic dynamic agrees with the previous geomorphological
model of the karst formation (Ortega, 2009; Ortega et al., 2010, 2013,
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2018; Benito-Calvo and Pérez-Gonzalez, 2015; Benito-Calvo et al., 2008,
2017, 2018), previous studies of Arlanzén River valley (Moreno et al.,
2012), SILO1503 (916 + 136 ka) ESR sample, independent age control
in this study and, previous paleomagnetic data (Benito-Calvo et al.,
2008, 2018; Parés et al., 2016).

6. Conclusion

The sedimentary sequence dated in the Sala del Caos might have
been deposited in the Early-Middle Pleistocene boundary, possibly be-
tween Arlanzon River terraces T3 ( + 70-78 m) and T5 ( + 50-54 m).
ESR ages from these facies should be treated with extreme caution ac-
cording to the evidence of re-sedimentation process inside the cave,
which would have modified the original sedimentary composition and,
therefore, the annual dose rate would be incorrectly evaluated.
Maximum age of around 1600 ka (SILO1501 and SILO1502 sample) and
minimum age of 916 + 136 ka (SILO1503) might be possible for the
deposits in Sala del Caos, with the youngest date similar to the ages
published for T4 (+60-64 m) and T5 (+50-54 m), estimated between
930 + 100 and 600 + 110 ka, respectively (Moreno et al., 2012).
Re-sedimentation processes inside the cave might explain older dates,
especially observed in SILO1505 and 1506 samples at Galeria de las
Arenas (1268 + 133 and 1262 + 108 ka, respectively) and SILO1504 at
Sala del Caos. These data could indicate a complex sedimentation pro-
cess from the intermediate karst level. However, these ages should be
treated with great caution because the re-sedimentation process inside
the cave would have modified the original sedimentary composition
and, therefore, the annual dose rate would be incorrectly evaluated. An
in-depth characterization of the stratigraphy, geochemistry, and
geochronology is necessary to better understand these processes in the
Sierra de Atapuerca endokarst and their relationships with the evolution
of the Arlanzén River valley.
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