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ABSTRACT  25 

The so-called “Gran Dolina site” (Atapuerca mountain range, N Spain) is a karstic cavity filled 26 

by sediments during the Pleistocene, some of which contain a rich ensemble of archaeological 27 

and paleontological records. These sediments have contributed significantly to our 28 

understanding of early human dispersal in Europe but, in contrast, older, interior facies deposits 29 

have received much less of attention. The stratigraphy of this site reveals an abrupt sedimentary 30 

change of interior to entrance facies from bottom to top, reflecting a significant 31 

paleoenvironmental change that promoted the accumulation of sediments transported from the 32 

vicinity of the cave by water or en masse. Since the major magnetic polarity reversal known as 33 

the Matuyama-Brunhes boundary (0.78 Ma) was detected within the TD7 unit in the middle of 34 

the stratigraphic section, we carried out a new combined paleomagnetic, radiometric (U-Pb), 35 

and electron spin resonance (ESR) dating study of the lower part of the sequence in order to 36 

constrain the chronology of the interior facies at Gran Dolina. U-Pb analysis of speleothems did 37 

not produce age information as the samples proved to be extremely unradiogenic. The magnetic 38 

stratigraphy of the cave interior sediments reveals a dominant reverse magnetic polarity, 39 

coherent with a Matuyama age, and interrupted by a normal polarity magnetozone interpreted as 40 

the Jaramillo Subchron (1.0- 1.1 Ma). ESR ages on quartz grains from the upper part of the 41 

interior facies sediments are coherent with such an interpretation.  We conclude that the fluvial 42 

deposits (interior facies) that are flooring the cave began accumulating before 1.2 Ma. The 43 
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development of large cave entrances at Gran Dolina occurred shortly after the Jaramillo 44 

Subchron but before ca 900 ka ago. 45 

 46 

KEYWORDS: Karstic cave, Pleistocene, interior facies, paleomagnetism, ESR, U/Pb dating. 47 

 48 

1. Introduction 49 

 Research at the Lower Paleolithic cave site of Gran Dolina, Sierra de Atapuerca 50 

(northern Spain) (Fig. 1), has led to major advances in our understanding of the human 51 

evolution and occupation of Eurasia in the Pleistocene. The Gran Dolina site has 52 

produced thousands of fossils and artifacts since 1995, when the first hominin remains 53 

were reported, and soon became a Pleistocene landmark in studies of early human 54 

settlement outside the African continent (Carbonell et al., 1995; 2008). Stratigraphic 55 

layer TD6 of Gran Dolina has yielded over 170 human fossil remains, more than 200 56 

lithic artifacts, classified as Mode 1, as well as several thousand small and large 57 

vertebrate remains (Bermúdez de Castro et al., 1997; Carbonell et al., 2005; Bermúdez 58 

de Castro et al., 2008; Ollé et al., 2013). The initial paleomagnetic dating at Gran 59 

Dolina revealed a switch from reverse to normal geomagnetic polarity above TD6 level, 60 

interpreted as the Matuyama-Brunhes boundary (MBB), providing a minimum age of 61 

0.78 Ma for the archaeo-paleontological layer TD6 (Parés and Pérez-González, 1995). 62 

Subsequent chronometric analysis by Electron Spin Resonance (ESR) and luminescence 63 

further reinforced the paleomagnetic age, and currently an age of around 0.85 Ma is 64 

accepted for the TD6 level (Parés et al., 2013; Arnold et al., 2014; Moreno et al., 2015). 65 

About four meters below TD6, stratigraphic layer TD4, a breccia of gravel-size clasts in 66 

a muddy and sandy matrix, is known to contain archaeological artifacts although no 67 

human fossils have been found yet (Carbonell and Rodriguez, 1994). The chronology of 68 

the ensemble TD4-TD5 levels is constrained by ESR dates on quartz grains and ranges 69 

between 0.9 to 1.13 Ma (Moreno et al., 2015). Such an age range overlaps with the 70 

Jaramillo Subchron (1.00-1.07 Ma) and therefore paleomagnetism allows testing of 71 

whether level TD1 has a pre or post-Jaramillo age and in doing so constraining the age 72 

of the overlying, lithic-tool bearing layer TD4. Due to the progress of the excavation 73 

during the past five years, it has recently been possible to reach the oldest stratigraphic 74 

layer at Gran Dolina, extending by ten more meters the current stratigraphic profile at 75 

the site.  76 



 

 

Figure 1- Regional geological map of the study area showing the main lithological 

units (above), and a 3D view of the Atapuerca Mountain Range (Benito and Perez-

Gonzalez, 2015). 
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There is very little chronological constraint on the interior cave deposits that make up 77 

layer TD1. Since the MB boundary has been identified in TD7, they are known to be 78 

older than 0.78 Ma (Pares et al., 2013). The only direct ages available so far are based 79 

on ESR dating of optically bleached quartz grains extracted from the top of TD1. The 80 

three samples dated by Moreno et al. (2015) confirm an Early Pleistocene chronology, 81 

but the age scatter (from 789+61 to 1249+126 ka) does not provide any further age 82 

constraint. 83 

In this study we report new paleomagnetic and ESR dating results from cave interior 84 

sediments (layer TD1), well below the fossiliferous stratigraphic units, and well below 85 

the MB boundary recorded in TD7/TD8, with the aim of detecting the presence of older 86 

subchrons along the Gran Dolina section that could allow establishing additional time 87 

lines in the sedimentary infill. Specifically, we collected numerous palaeomagnetic 88 

samples through 9 meters in layer TD1, including laminated clastic deposits that 89 

preceded the opening of large entrances to the cave and the concomitant accumulation 90 

of fossils and artifacts. Additionally, to further constrain the chronology of those 91 

deposits with numerical ages, we re-analysed with ESR three quartz samples from the 92 

bottom of the sedimentary sequence that were previously dated by Moreno et al. (2015). 93 

Last, we attempted to date two flowstones at the top of TD1 with the U-Pb method. 94 

 95 

2. Geological Setting  96 

 At first glance the Gran Dolina sedimentary deposits reveal a rather common 97 

succession in karstic tiered caves that developed during progressive river incision. 98 

Passages of phreatic origin form at or just below the water table and are subjected to 99 

frequent flooding and associated deposition of slackwater deposits by stream flows. 100 

Accumulation of drip-type flowstones such as stalactites and stalagmites will often cap 101 

the fine clastic sediments, although these can also form after groundwater draining. In 102 

either case, the development of flowstones in caves has been associated with prolonged 103 

valley stability (e.g., Frank et al., 2006; Couchoud, 2008; Harmand et al., 2017). As 104 

incision lowers the local water table such passages are progressively abandoned and 105 

subjected to truncation by valley deepening, collapse, or fissuring that eventually will 106 

lead to the formation of a cave entrance. Talus, slope wash, and sliding bed mode 107 

deposits will then accumulate at the cave entrance and up to several meters in to the 108 

cave. Such processes will produce a variety of gravel accumulation, diamictons, and 109 

channel facies, controlled by water availability and particle size (e.g., Bosh and White, 110 
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2004). The Gran Dolina stratigraphy has been divided into 12 main units termed TD1 to 111 

TD 11 from bottom to top (Campaña et al., 2017). It reflects a broad evolution and 112 

includes cave interior deposits at the bottom (including both silts, clays and flowstones) 113 

below TD4 unit, and an assemblage of diamictons and gravels often showing channel 114 

cut-and-fill structures with abundant sand and silts from TD4 to the top of the sequence 115 

(Fig. 2). Cave entrance deposits will not be further considered in this paper and details 116 

can be found in Campaña et al. (2017). Below a prominent flowstone at the base of 117 

these cave entrance deposits (the basal “stalagmitic crust” of Carbonell and Rodríguez, 118 

1994), the sedimentary record is mostly made up by silts and clays of fluvial origin. 119 

Although a detailed study of such sediments is underway, the source of these cave 120 

interior sediments likely includes fluvial deposits and filtrates from soils (terra rossa). 121 

Silts and clays are often laminated, a quite common feature in phreatic environments 122 

(e.g., Ford and Williams, 2007), although the presence of two flowstones towards the 123 

top of the section suggests sporadic proximity to the vadose zone. The lower half of the 124 

stratigraphic section is characterized by a conspicuous unit of inclined laminar bedding 125 

silts and clays. Laminae are parallel to the depositional surface and therefore the unit 126 

corresponds to parallel accretion (Bull, 1981), so deposition of silt and clay laminae that 127 

are concordant to the underlying bedrock topography. Locally, such laminated silts and 128 

clays form couplets (3-4 cm thick), possibly suggestive of frequent flooding and 129 

drawing (Ford and Williams, 2007) by a mechanism linked to climatic events. 130 

Consequently, our sampling was focused on the cave interior deposits TD1-TD2, 131 

which basically correspond to a slackwater facies and the capping flowstones, with the 132 

ultimate goal of extending the magnetostratigraphy at Gran Dolina to the floor of the 133 

cavity. In addition to this 9 meter-thick new profile (hereafter called the Vicho section), 134 

a shorter one (South Trench) four meters south and encompassing the layers sampled 135 

for ESR was also sampled and paleomagnetically studied and the description can be 136 

found somewhere else (Campaña et al., 2017).  137 

 138 

3. Sampling and procedures 139 

3.1. Paleomagnetism and rock-magnetism 140 

 Owing to the cementation of the cave deposits, two different methods have been 141 

used to obtain paleomagnetic samples. In flowstones and cemented siltstones we used a 142 

gas-powered drilling machine, equipped with a 1-inch non-magnetic drill bit. Soft, non-143 

cohesive clay and silt deposit samples were obtained by pushing standard 8 cm
3
 cubic 144 



 

Figgure 2- Gran Dolina sedimentary infill. A- General context of the Gran Dolina site 

and map view of the excavation area. B- Detail of the change from interior facies 

(below) to exterior facies (above). Notice the two speleothems that developed at the top 

of the interior facies deposits, with the corresponding samples for U-Pb analysis (see 

text for details) C- Position of the three ESR samples in S Trench section. Two 

different facies (A and B) may be identified within TD1, as observed by Campaña et al 

(2017).  
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or cylindrical plastic boxes into a clean, vertical surface. In both cases orientation of the 145 

specimens was performed in situ using a standard orientation device (compass-146 

inclinometer) to obtain the azimuth and dip of the samples. Paleomagnetic analyses 147 

were carried out at the Geochronology facilities at the CENIEH (Burgos, Spain). 148 

Measurement of the natural remanent magnetization (NRM) of the samples was 149 

performed with a cryogenic magnetometer 2G model 755R-4K, which includes an 150 

online AF degausser capable of producing a peak field of 170 mT. Thermal 151 

demagnetization of the NRM was carried out with an oven (model TD-48, ASC 152 

Scientific). Standard orthogonal, Zijderveld-type plots were used to interpret the 153 

structure of remanence components to later computing the direction of the 154 

Characteristic Remanent Magnetization (ChRM) directions using linear regression, 155 

guided by visual inspection of orthogonal demagnetization plots. Rockmagnetic 156 

analysis included hysteresis cycles, which were obtained on a 3900 VSM MicroMag 157 

(Princeton).  158 

 For sedimentary fabric characterization, we have used the anisotropy of 159 

magnetic susceptibility (AMS). The low field magnetic susceptibility of a rock (the ratio 160 

of magnetization, M, to the applied field H, or K = M/H) is given by the total 161 

contribution of its bulk mineralogy, including paramagnetic (e.g., phyllosilicates, iron-162 

bearing feldspars), diamagnetic (e.g., quartz, calcite) and ferromagnetic (sensu lato; e.g., 163 

magnetite, goethite, hematite) grains. An intrinsic property of all rock-forming minerals 164 

is that their magnetic susceptibility is anisotropic (Nye, 1957) and thus Kij = Mi / Hj. 165 

The anisotropy of magnetic susceptibility defines a symmetric, second-rank tensor that 166 

has six independent matrix elements. When the coordinate system is referred to the 167 

eigenvectors, these trace an ellipsoid that is known as the magnitude ellipsoid (Nye, 168 

1957) whose semi-axes are the three principal susceptibilities (Kmax≥Kint ≥Kmin). AMS 169 

in siliciclastic rocks depends mostly on the crystallographic preferred orientation of the 170 

individual components, mostly phyllosilicates, and compositional layering. Therefore, 171 

AMS can be used as a proxy for grain preferred orientation in a variety of rocks (e.g., 172 

Tarling and Hrouda, 1993). Some of the advantages of using AMS as opposed to x-ray, 173 

or other methods such as neutron diffraction are the speed of the measurement and the 174 

integration of thousands of grains as analyses are performed on several cubic 175 

centimeters of rock at a time. 176 

 AMS was measured on a 1-FA Kappabridge (AGICO Instruments), a fully 177 

automated inductive bridge, at a frequency of 976 Hz and with a field of 200 A/m. The 178 
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instrument measures the susceptibility of a slowly spinning specimen. The operator has 179 

to adjust the specimen only in the three perpendicular positions. The measurement takes 180 

about 2 minutes per specimen and is very precise, due to many susceptibility 181 

determinations in each plane perpendicular to the axis of specimen rotation. Software 182 

combines the measurements in three perpendicular planes plus one bulk value to create 183 

a complete susceptibility tensor. The errors in determination of this tensor are estimated 184 

using a method based on multivariate statistics principles Jelinek (1978). There is a 185 

plethora of parameters to describe the axial magnitude relationships of the susceptibility 186 

ellipsoid (see also Tauxe, 1993 and Tarling and Hrouda, 1993). The simplest 187 

expressions are the axial ratios L (Kmax/Kin) (Balsley and Buddington, 1960), F 188 

(Kint/Kmin) (Stacey et al., 1960) and P (Kmax/Kmin) (Nagata, 1961). Alternatively, other 189 

authors use the parameters P’ (P’=exp2(a1
2
+a2

2
+a3

2
)]

1/2 
(Jelinek, 1981) where a1 = 190 

ln(Kmax/Kb), etc. and Kb=(Kmax+kint+Kmin)/3 (Nagata, 1961) to express the fabric 191 

intensity as a measure of eccentricity and T (T=2(lnKint-lnKmin)/[lnKmax-lnKmin]-1) 192 

(Jelinek, 1981) to define the degree to which the ellipsoid is oblate or prolate, both 193 

adopted in this study. 194 

 195 

3.2. Electron Spin Resonance of optically bleached quartz grains 196 

Among the 39 quartz samples previously ESR dated at Gran Dolina by Moreno 197 

et al., (2015), three of them (TD1-08-01bis, TD1-08-01 and TD1-08-02) were taken 198 

from the upper part of level TD1 layer and are consequently of direct interest for the 199 

present study. All the aliquots (i.e., gamma-irradiated, natural and bleached aliquots) of 200 

these quartz samples were re-measured by ESR using the experimental setup at 201 

CENIEH and following the most advanced analytical procedures. New in situ gamma 202 

spectrometry measurements were also carried out at the exact sampling spots with a NaI 203 

probe connected to an Inspector1000 multichannel analyzer (Canberra).  204 

Full details of the sample preparation, gamma irradiations and laboratory 205 

bleaching experiment can be found in Moreno et al. (2015). The aliquots of these three 206 

quartz samples were measured by ESR with an EMXmicro 6/1Bruker X-band ESR 207 

spectrometer coupled to a standard rectangular ER 4102ST cavity. To ensure constant 208 

experimental conditions over time, the temperature of the water circulating in the 209 

magnet is controlled and stabilized at 18 ºC by a water-cooled Thermo Scientific 210 

NESLAB ThermoFlex 3500 chiller, and the temperature of the room is kept constant at 211 

20 ºC by an air conditioning unit. ESR measurements were performed at low 212 
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temperature (~90 K) using a ER4141VT Digital Temperature control system based on 213 

liquid nitrogen cooling. Further details about the setup and about its stability over time 214 

can be found in Duval and Guilarte Moreno (2012).  215 

In accordance with the Multiple Centre (MC) approach, the ESR signals of both 216 

the Al and Ti centres were measured following the same procedure as in Duval et al. 217 

(2017). The following experimental conditions were employed for the Al centre: 10 218 

mW microwave power, 1024 points resolution, 100 kHz modulation frequency, 1 G 219 

modulation amplitude, 40 ms conversion time, 20 ms time constant, 200 G sweep width 220 

and 1 scan. The ESR signal associated to the Ti centre was measured as follows: 5 mW 221 

microwave power, 1024 points resolution, 100 kHz modulation frequency, 1 G 222 

modulation amplitude, 60 ms conversion time, 40 ms time constant, 200 G sweep width 223 

and 3-25 scans. When possible, the angular dependence of the ESR signal due to sample 224 

heterogeneity was taken into account by measuring each aliquot three times after a 225 

~120º rotation in the cavity. However, only one angle of each aliquot was measured (25 226 

to 10 scans) for TD1-08-01 and TD1-08-02, given the weak ESR intensities of the Ti-227 

centres measured. Furthermore, data reproducibility was checked by running repeated 228 

ESR measurements over different days. The ESR intensities of Al and Ti centres were 229 

extracted as in Duval et al, (2017). Following Duval et al. (2015), only option D was 230 

evaluated for the Ti centres, as it has been demonstrated to be the most reliable for Early 231 

Pleistocene deposits. For each aliquot, ESR intensities of Al and Ti centres were 232 

corrected by the corresponding receiver gain value, number of scans, aliquot mass and 233 

temperature correction factor (Duval and Guilarte Moreno, 2012). Final Dose Response 234 

Curves (DRCs) were obtained by pooling all the repeated ESR intensities into a single 235 

graph.   236 

The equivalent dose (DE) values were calculated with the Microcal Origin 8.5 237 

software using the Levenberg-Marquardt algorithm by chi-square minimization. For the 238 

Al center, a single saturating exponential + linear function (SSE+LIN) (Duval et al, 239 

2009) was fitted through the experimental points. For the Ti centers, the Ti-2 function 240 

was employed, as described in Duval et al., (2017), with both equal weights (EW) and 241 

data weighted by the inverse of the squared experimental errors (1/s
2
).  242 

New dose rate calculations were carried out using a combination of in situ and 243 

laboratory measurements. Gamma dose rate values were assessed on site with a NaI 244 

probe and evaluated using the Threshold approach as described in Duval and Arnold 245 

(2013). External alpha and beta dose rates were derived from U, Th and K 246 
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concentrations obtained by ICP-MS analysis of ~5 g of powdered dry raw sediment. 247 

The dose rate conversion factors are from Guérin et al (2011). Values were corrected 248 

with β and α attenuations for spherical grains (Brennan et al, 1991; Brennan, 2003; 249 

Guérin et al, 2012) and water attenuation formulae from Grün (1994). A water content 250 

(dry weight) of 15+5% was assumed for all samples and an internal dose rate was 251 

assumed to be 50 ± 30 µGy/a based on the work from Vandenberghe et al (2008) and 252 

assuming an α- efficiency k-value of 0.15±0.10. The cosmic dose rate was calculated 253 

from the equations of Prescott and Hutton (1994), with latitude, altitude and depth 254 

corrections. ESR age calculation was performed using a non-commercial software based 255 

on DRAC (Durcan et al, 2015) which takes into account the uncertainties derived from 256 

concentrations, depth, water content, in situ gamma dose rate, attenuations and DE 257 

values. The errors associated with total doses, equivalent doses and ESR age results are 258 

given at 1σ.  259 

 260 

3.3. U-Pb geochronology 261 

Two flowstones were sampled for U-Pb dating, including the top “stalagmitic 262 

crust” and a lower flowstone within the upper part of TD1 (Fig. 2). Prior to U-Pb 263 

isotope dilution analysis, reconnaissance U-Th-Pb concentration data were obtained by 264 

performing laser ablation traverses perpendicular to the growth layers of each sample. 265 

As noted in Woodhead et al (2012) this allows location of optimal layers for dating i.e 266 

those with high U/Pb ratio. 267 

Analytical methods follow closely those published previously by Woodhead et 268 

al. (2006, 2012). Multiple aliquots of solid sample (not powders), typically weighing 269 

~50 mg, are removed from the optimal layers in the speleothem sample identified by the 270 

laser ablation analysis, using a dental drill. The pieces of calcite removed in this way are 271 

placed into pre-cleaned disposable polyethylene cups and moved to a multiple-HEPA 272 

filtered clean room environment. Samples were briefly leached 2 times in very dilute 273 

(~0.01 M) three-times teflon distilled HCl, with each cycle lasting around a minute, and 274 

then repeatedly washed in ultra-pure water before being dried in a HEPA filtered 275 

laminar flow hood. This step is critical to the elimination of Pb contaminants resulting 276 

from sample handling which can easily dominate the Pb budget of the entire sample 277 

unless removed. 278 

 Individual samples were weighed into pre-cleaned teflon beakers and treated 279 

with sufficient 6N HCl to ensure complete dissolution. A mixed 
233

U-
205

Pb tracer, 280 

Mathieu
Texte inséré 
Measured water content were between 5.0 and 13.3%. These values most likely underestimates the past humidity conditions that prevailed in the closed cave environment. The sedimentary infilling has most likely significantly dried out since it has been exposed to surface conditions after the construction of the railway trench at the beginning of the 20th century. This is why we considered in first instance a value of 15% for all samples as a more reliable estimate of the long-term water content. The large associated 1sigma uncertainty (5%) is considered to take into account any fluctuations in the water content over time.

Mathieu
Barrer 

Mathieu
Barrer 

Mathieu
Texte inséré 
An

Mathieu
Texte inséré 
 (Yokoyama et al., 1985)
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calibrated against EarthTime (http://www.earth-time.org) reference solutions, was then 281 

weighed into the vials and each one sealed and refluxed on the hotplate for several 282 

hours to ensure complete sample-spike equilibration. Samples were then dried down 283 

and taken up in 0.6N HBr for Pb separation using AG 1X-8 anion exchange resin. The 284 

eluate was subsequently processed through the same column now filled with Eichrom 285 

TRU ion-specific resin, to separate U.  286 

 Isotope ratios were determined on a Nu Plasma MC-ICPMS using a DSN-100 287 

desolvation unit and MicroMist glass nebuliser, operating in the range 50-100 µl/min 288 

uptake. Instrumental mass bias effects were monitored and corrected using NIST SRM 289 

981 reference material in the case of Pb, and the sample’s internal 
238

U/
235

U ratio in the 290 

case of U. Instrument data files were processed initially using an in-house designed 291 

importer, operating within the Iolite environment (Paton et al. 2011), which considers 292 

all data and reference material analyses obtained throughout a particular analytical 293 

session and permits a variety of corrections for instrumental mass bias and drift. The 294 

resulting data, now corrected for instrumental effects, were then processed for isotope-295 

dilution calculations and blank correction using the Schmitz and Schoene (2007) 296 

software. 297 

 298 

4. Results 299 

4.1. Paleomagnetism 300 

As part of the sedimentary fabric study, the measurement of the AMS was 301 

carried out in the inclined laminar bedding silts and clays that appear in the lower part 302 

of the stratigraphic section. The distribution of the maximum axes of susceptibility 303 

show an overall tilt to the south and parallel to the measured dip of the laminae, whereas 304 

the minimum axes of susceptibility are normal to the lamination (Fig. 3). Axis 305 

distributions of this type are quite common in sedimentary rocks that have a primary 306 

inclination, providing further support for the origin of this cave interior facies. The 307 

anisotropy degree of 1.034 is consistent with clay-rich sediments as seen in a number of 308 

studies (see Tarling and Hrouda, 1995; Parés et al., 2007; 2010) and so is the shape of 309 

the ellipsoid as indicated by the T parameter (Fig. 3). Overall these observations are 310 

coherent with parallel accretion concordant to the dip of the underlying bedrock, and 311 

with the fluvial origin of this facies.  312 

 Demagnetization diagrams (Fig. 4) show generally well behaved, stable 313 

remanent magnetization directions upon stepwise alternating field demagnetization. 314 



 

 

Figure 3- Sedimentary fabric of the slackwater deposits (interior facies), in the lower 

part of TD1, as shown by the Anisotropy of Magnetic Susceptibility (AMS). 

Stereographic projection shows the distribution of the maximum (squares) and 

minimum (dots) susceptibility axes on to the lower hemisphere. Cartesian diagram on 

the right shows the shape of the magnetic ellipsoid (T) and the degree of anisotropy 

(P’). All samples display foliated magnetic anisotropy (T>0) (see text for discussion), 

coherent with a depositional fabric on a slightly inclined surface. 
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Many samples have a secondary low-coercivity component, possibly a viscous 315 

magnetization as the sediments have not been exhumed or thermally re-activated. Such 316 

low stability components are typically removed at fields of 15-20 mT and are apparent 317 

in samples where the high coercivity component has a negative inclination (e.g., 318 

14AT.17, 14AT5-3 in Fig. 4). The orientation of this viscous component typically 319 

conforms to that of the present day field at the locality and hence has not been further 320 

considered in our study. Taken together the demagnetization of the NRM and hysteresis 321 

curves (Fig. 5) suggest that PSD magnetite is present in the studied silts and clays, in 322 

agreement with our previous studies of sediments from the same cave system (Parés et 323 

al. 2016) and with numerous cave deposits elsewhere (e.g., Bosák et al., 2003; Rossi et 324 

al., 2016). The magnetostratigraphy of the sampled interval (Fig. 6), expressed as the 325 

Virtual Geomagnetic Pole Latitude (VGP Lat) position, reveals that, for the most part, 326 

the cave interior deposits display reverse polarity. Data from the lowermost cave 327 

interior sediments are scarcer, due to the abundance of sandy silts that have produced 328 

either inconclusive or non interpretable demagnetization diagrams. A 100 cm-thick 329 

interval of normal polarity is observed at a depth between 2-3 m, and around a depth of 330 

5.5 and 6.5 two shorter intervals of the same polarity as well (N3, N2, and N1 331 

respectively, Fig. 6). 332 

 333 

4.2. ESR dating 334 

The fitting results derived from the Al centre (Fig. 7) show an excellent 335 

goodness-of-fit for sample TD1-08-01bis (adjusted r
2
 > 0.99) resulting in a relative DE 336 

error of 9%. In comparison, TD1-08-01 and TD1-08-02 show instead a regular 337 

goodness-of-fit (adj. r
2
 < 0.97), resulting in somewhat higher relative DE errors of 22%.  338 

In contrast, no reliable ESR data have been obtained from the Ti centres (Option D) in 339 

two of the three samples analyzed in this work. The low intensity of the signals makes 340 

them quite difficult to measure, with noisy spectra resulting in scattered Dose Response 341 

Curves (DRC), unsatisfactory goodness-of-fit (adj. r
2
 < 0.85), and thus meaningless DE 342 

results. However, sample TD1-08-01bis shows a somewhat less scattered DRC, from 343 

which DE has been obtained (Fig. 7). Fitting results with equal weights and data 344 

weighted by the inverse of the squared errors provided DE values of 1387+249 and 345 

1141+181 Gy, respectively. These values differ by about 21%, which is most likely due 346 

to the scatter in the experimental data points. Consequently, we consider the mean DE 347 

value 1264+174 Gy as being the best estimate for the burial dose of this sample. 348 



 

 

Figure 4- Examples of progressive alternating field demagnetization displayed by 

vector end point diagrams (Zijderveld, 1967) of representative samples. Each data 

point represents the Natural Remanent Magnetization (NRM) end vector for individual 

demagnetization steps projected onto the horizontal (solid symbols) and vertical (open 

symbols) plane. Initial value of NRM (A/m) is also shown. Diagrams are shown in 

geographic coordinates. 

 
 

  



 

 

Figure 5- Examples of representative hysteresis loops (inset) for the clayey siltstones 

and sandstones of the cave interior facies, and corresponding magnetic grain size on a 

Day diagram (Day et al., 1977). SD: Single Domain, PSD: Pseudo-single Domain. Mr: 

Saturation remament magnetization, Ms:  Saturation magnetization, Hcr: Coercivity of 

remanence, Hc: Coercivity. 

 
 

  



 

 

Figure 6- Virtual Geomagnetic Pole (VGP) latitude positions for both Vicho (left) and 

South Trench (right) sections. Each dot corresponds to the VGP latitude of a specimen. 

GPTS (Geomagnetic Polarity Time Scale) shows the Jaramillo Subchron (1.00 – 1.07 

Ma), and three additional, shorter normal polarity intervals within Matuyama: Cobb 

Mountain (1.19 – 1.122 Ma), Gardar (Ga, 1.4 Ma) and Gilsa (Gi, 1.5 Ma) (Singer, 

2014). Also shown is the location of samples for ESR analysis. Squares (diamond) 

show Al (Ti) data (see main text for discussion).   
 

  



 

Figure 7- ESR dose response curves (DRC) of the Al and Ti-Li (option D) signals 

measured in three quartz samples from the TD1 level in Gran Dolina site. For each 

sample, final DE values were derived the pooled ESR intensities, as recommended by 

Duval (2012).  
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Calculations provide ESR-Al age results of 1.12+0.25, 1.20+0.27 and 2.27+0.22 349 

Ma for samples TD1-08-02, TD1-08-01 and TD1-08-01bis, respectively. Overall, these 350 

results are apparently coherent with both the chronostratigraphic framework and 351 

previous numerical ages (Moreno et al, 2015) suggesting an Early Pleistocene 352 

chronology for TD1. For example, the new age of TD1-08-01 is very similar to that 353 

previously obtained by Moreno et al (2015) (-3%) while it is higher by +41% for sample 354 

TD1-08-02. This is mostly because previous age calculations by Moreno et al. (2015) 355 

were performed using the same gamma dose rate value as for TD1-08-01. The new in 356 

situ measurements and the radioelement concentrations obtained by ICP-MS instead 357 

reveal that the gamma dose rate at TD1-08-02 site was lower by 35%. Finally, sample 358 

TD1-08-01bis yields an age that is more than two times older than those previously 359 

obtained by Moreno et al. (2015) (2.3 Ma vs. 0.9 Ma). This difference is mostly due to 360 

the DE values derived from each study (3403+310 vs 1631+332, respectively), although 361 

a more limited impact due to a somewhat smaller total dose rate cannot be discounted. 362 

The new results show an excellent goodness-of-fit (r
2
>0.99), which contrast with the 363 

previous data (r
2
<0.98) from Moreno et al (2015), resulting in a more reliable dose 364 

estimate and thus a more accurate age result. However, this ESR-Al age is far older than 365 

those obtained for TD1-08-01 and TD1-08-02. This may actually reflect some vertical 366 

variations of the sedimentary fluvial environment within the top of TD1 unit. The three 367 

ESR samples were indeed collected from two different facies observed within TD1, as 368 

defined by Campaña et al, (2017). TD1-08-01bis may be correlated to facies B, 369 

comprised of laminated cemented clayey silt, while TD1-08-01 and TD1-08-02 were 370 

collected from facies A, a laminated sandy silt with soft nodules. The change from 371 

facies B to facies A indicates an increase in the flow energy and the sorting of larger 372 

particles (Campaña et al, 2017) (Fig. 2C). Therefore, these two sedimentary facies 373 

suggest different transport and depositional conditions, and thus bleaching histories for 374 

the three samples. The higher energy environment of facies A may indicate a more 375 

effective zeroing of the Al-centre for samples TD1-08-01 and TD1-08-02, in 376 

comparison with TD1-08-01bis.  377 

 In comparison, the Ti-Li signal measured in TD1-08-01bis gives a significantly 378 

younger age result of 0.84 ± 0.12 Ma. Based on the principle of the MC approach, such 379 

a difference between ESR-Al and ESR-Ti ages for this sample may be interpreted as an 380 

incomplete bleaching of the Al signal during transportation, which is consistent with 381 

previous observations made on the sedimentary environment. Consequently, we 382 
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consider the Ti result as the most reliable estimate for the burial age of sample TD1-08-383 

01bis.  384 

 385 

4.3. U-Pb Geochronology 386 

The reconnaissance laser ablation data reveal typically low, and relatively 387 

constant, uranium concentrations around 50 ppb but with very large variations in Pb 388 

concentration from low ppb to high ppm values (Fig. 8). Although areas with the 389 

highest U/Pb ratios (identified for analysis using laser ablation techniques) were 390 

sampled for the subsequent solution isotope dilution analyses, the U-Pb data reveal no 391 

discernable radiogenic ingrowth with increasing U/Pb ratios - at least within analytical 392 

uncertainties (see table). As a result no U-Pb age information could be obtained for the 393 

two flowstones. At the present time therefore these materials remain undatable with 394 

traditional U-Pb isotope dilution methods. Research is however continuing into the 395 

development of in situ (laser ablation) dating methodologies which might ultimately 396 

allow the isolation of more radiogenic horizons suitable for age determination. 397 

 398 

5. Discussion 399 

The magnetostratigraphic study of the lowermost part of the sequence at Gran 400 

Dolina (Vicho section) has led to the unambiguous identification of three normal 401 

magnetozones (N3, N2 and N1 from bottom to top) within deposits mostly dominated 402 

by a reverse polarity (Fig. 6). In comparison, only one normal and one reverse 403 

magnetozone were identified in the shorter Southern trench where ESR samples were 404 

collected. A tight litho- and magneto-stratigraphic correlation is nevertheless possible 405 

for those two sections that are distant by a few meters only, positioning the Southern 406 

trench deposits in the top part of the Vicho profile. 407 

The presence of the Matuyama-Brunhes boundary (MBB) near the TD7-TD8 408 

boundary has been reported at about ten meters above the youngest cave interior facies 409 

horizon (Parés et al., 2013 for discussion), and recent luminescence dates from TD6 410 

sediments, right below the MBB, produced a weighted mean age of 846±57 ka (Arnold 411 

et al., 2014), which can be taken as a postquem for the cave interior sediments. On the 412 

other hand, our new ESR results reveal ages of 1.12±0.25 (TD1-08-02) and 1.20±0.27  413 

(TD1-08-01) for the reverse magnetozone located at the top of unit TD1 and above 414 

magnetozone N3 (Fig. 6). These two ages are derived from the measurement of the Al 415 

centre, which means that they should be considered as maximum possible age estimates 416 



 

Figure 8- Laser ablation traverses perpendicular to the growth layers of each sample for 

reconnaissance of U-Th-Pb concentration data. 
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for the deposits dated. In other words, the true age of those deposits is either similar or 417 

younger than the ESR-Al ages obtained. The chronology of the top part of TD1 is thus 418 

constrained between the MBB and the weighted mean Al age of 1.16+0.18 Ma derived 419 

from the two ESR samples. 420 

Consequently, both the MBB above TD1 and the ESR ages strongly suggest that 421 

normal chron N3 of the local magnetostratigraphy corresponds to the Jaramillo 422 

Subchron (C1r.1n; 1.00-1.07 Ma). The ESR sample TD1-08-01bis collected within N3 423 

provides an ESR-Al age of 2.27+0.2 Ma and an ESR-Ti age 0.84+12 Ma. While the 424 

former should be interpreted as a maximum age, the latter instead may be considered as 425 

the best age estimate for the deposits. Although this result is not incompatible at a 2σ 426 

confidence level with a Jaramillo chronology, it looks nevertheless somewhat 427 

underestimated. Two main factors could possibly explain such a bias. A water content 428 

of 15+5% was first assumed for the age calculation, in order to cover a wide range of 429 

values including the measured water content, but it might be underestimated in 430 

comparison with the past humidity level when the cave was closed. By considering a 431 

water content of 20% instead, the resulting age slightly increases to 0.90±0.13 Ma, i.e. 432 

consistent within error with a Jaramillo chronology. Moreover, the reliability of the 433 

fitting results may be questioned as one may observe that the natural point is actually 434 

much lower than any other points in the DRC. This has most likely the effect of 435 

decreasing the DE value and thus the age. To evaluate this impact, we calculated the DE 436 

without taking into account the natural point, obtaining a DE of 1892+447 (data 437 

weighted by 1/s
2
) and 2087+646 (equal weights). Considering the resulting mean DE 438 

value 1990+137 Gy, the resulting ESR-Ti age obtained becomes significantly older 439 

(1.33+0.10 Ma), which may be considered as the maximum possible age for the sample. 440 

Consequently, it is probable that the true age of TD1-08-01bis is somewhat higher than 441 

the 0.84+0.12, although this cannot be exactly quantified.  Given all these constraints, 442 

our interpretation that N3 corresponds to Jaramillo is strongly supported by the current 443 

data.  444 

There are two older short normal polarity intervals in the section, namely N1 and 445 

N2, much shorter and hence difficult to interpret. On the GPTS two short-lived normal 446 

polarity intervals can be observed below Jaramillo, namely Cobb Mountain (1.19-1.22 447 

Ma) and Bjorn (1.25 Ma) (Singer, 2014), which we can tentatively correlate to polarity 448 

intervals N2 and N1 respectively. We are aware that assigning interval N2 to Cobb 449 

Mountain implies a reduction of accumulation rate downwards between depths 5 to 2.5 450 

Mathieu
Barrer 

Mathieu
Texte inséré 
A water content of 15+5% (1σ) was first assumed for the age calculation, in order to cover a wide range of values (5-25%), including the current water content at a 2 sigma confidence level. A slight increase of the water content to 20% instead would result in a moderate age increase to 0.90±0.13 Ma, i.e. consistent within error with a Jaramillo chronology.
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m, but given the nature and accumulation history of cave deposits it is a reasonable 451 

hypothesis. The appearance of well laminated, varved sediments at depths 4.8 to 6.2 m 452 

suggests a variable sediment accumulation rate in the section. Hence, because (1) 453 

accumulation rates can be rather variable, and (2) there is a number of short-lived, 454 

ephemeral normal polarity intervals between 1.7 Ma (top Olduvai) and 1.0 Ma (bottom 455 

Jaramillo) (Gradstein et al., 2012), the assignation of intervals N1 and N2 remains at 456 

this stage somewhat ambiguous, whereas Jaramillo seems to be rather well documented 457 

in the section. At any case the interpretation of N1 does not affect the inference that 458 

sedimentation in the cave started within the Matuyama Chron, before Jaramillo, and 459 

most likely before the Cobb Mountain normal short interval.  460 

 Our new paleomagnetic record of the cave interior sediments (TD1) at the base 461 

of the Gran Dolina section adds an important constraint on the overlying stone tool-462 

bearing level TD4. Sedimentary unit TD4 predates both a luminescence age of 850 ka, 463 

and the Matuyama-Brunhes boundary (0.78 Ma), and it is younger than the cave interior 464 

sediments that recorded the Jaramillo Subchron. These chronological constraints are 465 

consistent with the biochronological evidence. Significant microfaunal taxa suggest that 466 

level TD4 of Gran Dolina is younger than the lower red units of Sima del Elefante 467 

(Cuenca-Bescos et al., 2015), with an estimated burial age of 1.2 Ma±0.16 Ma 468 

(Carbonell et al., 2004). They indicate that TD4 level, which postdates the cave interior 469 

sediments, is younger than the Sima Elefante red units (TELRU of Cuenca et al., 1999; 470 

2015) fauna. 471 

 From a karst evolution point of view, the “stalagmitic crust” at the top of TD1 472 

marks an important step in the Gran Dolina sedimentary infilling history and by 473 

inference in the middle tier of the karst. Below such a flowstone sediments are 474 

slackwater deposits, whereas on top the sedimentary record shows an abundance of 475 

coarse deposits, gravels and sandstones of allochthonous origin for the most part. Such a 476 

pronounced change, likely related to an environmental shift that occurred between ca 477 

1.0 and 0.9 Ma (MIS 25?), reflects the development of a cave entrance that allowed the 478 

beginning of the allochthonous sediment accumulation in the cavity, and a significant 479 

drop of the water table. Although some thin flowstones are found in younger units (e.g., 480 

TD7-TD8), the cavity remains essentially above the phreatic level until it is completely 481 

filled up by sediments (unit TD11). The time gap between the development of the basal 482 

stalagmitic crust and the first entrance of allochthonous deposits of unit TD4 remains to 483 

be determined and will inevitably slightly rejuvenate the age of this geo-unit.  484 
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 From a broader geological perspective, this geochronological context also helps 485 

us to better understanding the development and karst evolution of the Atapuerca system. 486 

Gran Dolina is one of several caves in the middle level tier of the karst. The middle 487 

karst level tier consists of a sub-horizontal passage located at 1000-1005 m a.s.l. (above 488 

sea level) in Cueva Mayor and the main karstic cavities (Sima Elefante, Galería and 489 

Gran Dolina), and probably relates to the formation of the Arlanzón River terrace T3 490 

(+70-78 m) (Ortega et al. 2014; Ortega et al., 2013). Along both Galería Baja and 491 

Galería del Silo (interior of Cueva Mayor) a unit of sandy clays and silts of unknown 492 

total thickness is blanketing the floor of the passages. The visible thickness, in 493 

prehistoric silos, is about 150 cm, but the contact with the limestone floor is not 494 

exposed. A thin flowstone is capping the clastic sediments in both passages. The 495 

magnetostratigraphic sections in these two conduits show similar trends: sediments at 496 

the bottom have reverse magnetization directions whereas at the top they have normal 497 

polarity. The remains of Ursus deningeri in the upper sediments suggests a Middle 498 

Pleistocene age (e.g., García et al., 1997) and accordingly the RN polarity change has 499 

been interpreted as the Matuyama-Brunhes boundary (Parés et al., 2015). The thickness 500 

of sediment underneath the sampled section is unknown, and therefore the polarity 501 

reversal age is only a minimum age for the cave formation. This is consistent with 502 

previous observations in Sima del Elefante (Middle level tier exposed along the railway 503 

trench, see Fig. 1), where the lowermost deposits (TE9) have a burial age of 1.22±0.16 504 

Ma (Carbonell et al., 2008). In the upper part of the Elefante section the Matuyama-505 

Brunhes reversal has been described (Parés et al., 2006) and recent luminescence dates 506 

confirm such a polarity reversal (Arnold et al., 2014). In summary, current evidence 507 

suggests that the middle level tier in the Atapuerca karst system formed well before the 508 

Matuyama-Brunhes boundary as suggested by both paleomagnetism and terrestrial 509 

cosmogenic burial ages. The cave interior sediments at Gran Dolina targeted in the 510 

current study are flooring the middle level tier and have reverse polarity, which is 511 

consistent with the previous data, and shows that this level tier formed during in 512 

Matuyama times and before the Jaramillo Subchron according to our new data. 513 

 514 

6. Conclusions 515 

 The archaeological layers at Gran Dolina, including artifact-bearing level TD4, 516 

are preceded by about 9 meters of sterile, interior fluvial facies cave sediments that were 517 

deposited before the appearance of large openings to the cave (Fig. 9). The cave interior 518 



 

Figure 9- Sedimentary infill at Gran Dolina site, Atapuerca showing the overall 

magnetostratigraphic results. Main lithostratigraphic units adapted from Campaña et al. 

(2015) and our own field observations. Notice the two main groups of sedimentary 

facies, including Entrance facies deposits (TD4 through TD10) at the top, and 

Slackwater, fluvial deposits (TD1) at the bottom overlying the bedrock. In blue are 

shown the speleothems that developed at the bottom unit TD1.   
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sediments are capped by a flowstone and are followed by a pile of 15 meters of exterior 519 

facies sediments (talus, slope, sliding bed deposits), where fossil and artifact-bearing 520 

horizons are found. The magnetic stratigraphy of the cave interior sediments reveals a 521 

dominant reverse magnetic polarity, coherent with a Matuyama age, and interrupted by 522 

a ca. 100 cm normal polarity magnetozone. Re-measured ESR ages on quartz grains in 523 

the upper part of TD1 produced an age range between 0.8 to 1.2 Ma, and therefore we 524 

interpret the normal magnetozone N3 as the Jaramillo Subchron (1.00-1.07 Ma). The 525 

oldest archaeological unit at Gran Dolina and artifact-bearing layer TD4 is overlying the 526 

studied layer TD1 and therefore post-dates the Jaramillo Subchron. 527 

 The flowstone between units TD1 and TD4 (“stalagmitic crust”) indicate the 528 

proximity of the cavity to the vadose zone, and its formation shows a major change 529 

from interior facies (phreatic-vadose zone) to eventual cave entrances development, an 530 

environmental change that allowed the accumulation of slope, talus, and debris cones 531 

that contain the fossil and artefact horizons that make the Gran Dolina site so special. 532 

Ongoing research on the flowstone that precedes such deposits will help in further 533 

constraining the age of such major paleoenvironmental change in the karst evolution 534 

and development at Atapuerca. 535 
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Tables 

 
Table  I: Paleomagnetic data. Dec & Inc= Declination and Inclination of the Characteristic 

Remanent Magnetization (ChRM) direction; MAD= Maximum angular deviation; VGP LAT= 

latitude of the Virtual Geomagnetic Pole Position.  

VICHO Section  

Specimen Depth (cm) Dec Inc MAD VGP Lat 

14AT1.05.B -15.0 176.4 -55.7 6.1 -83 

14AT1.01.A -15.0 164.2 -53.8 4.5 -75 

14AT1.02.A -15.0 174.7 -54.4 12.3 -82 

14AT.03.A -15.0 189.5 -48.1 7.0 -75 

14AT1.05.A -15.0 185.6 -65.4 18.9 -84 

14ATA1-70 30.0 182.7 -39.2 42.6 -70 

14ATA1-71 31.0 205.9 -63.2 12.2 -71 

14ATA1-72 32.0 192.7 -37.4 32.8 -66 

14ATA1-73 33.0 200.6 -3.0 11.3 -45 

14AT1.06 63.0 239.4 -30.8 16.8 -34 

14AT1.10.A 72.0 192.8 -61.3 2.1 -81 

14AT1.10.B 72.0 189.8 -65.0 16.9 -82 

14AT1.07 77.0 184.1 -59.0 1.9 -86 

14AT1.09.A 82.0 180.9 -64.2 8.9 -86 

14AT1.09.B 82.0 206.9 -40.8 38.5 -61 

14AT1.12.B 88.0 173.5 -70.3 25.6 -77 

14AT1.12.A 94.0 183.9 -58.4 2.1 -86 

14AT1.11.A 95.0 185.5 -50.1 9.2 -78 

14AT1.11.C 95.0 202.2 -54.7 14.0 -71 

14AT1.11.B 95.0 183.4 -56.3 10.5 -84 

14AT1.14 116.0 164.4 -79.0 35.6 -62 

14AT1.16.A 136.0 206.6 -38.6 31.3 -60 

14AT1.17 151.0 184.0 -57.8 8.9 -85 

14AT1.18 161.0 185.9 -43.0 33.5 -72 

14AT1.20.B 185.0 180.0 -30.0 15.5 -70 



14ATA1-65 195.0 3.0 62.1 5.4 88 

14ATA1-66 198.0 351.8 50.6 10.1 77 

14ATA1-67 201.0 329.2 56.4 14.9 66 

14ATA1-68 204.0 9.1 52.7 10.4 78 

14ATA1-69 206.0 359.1 52.7 9.2 81 

14ATA1-48 208.0 12.0 58.4 8.6 80 

14ATA1-49 211.0 353.9 69.6 14.2 78 

14ATA1-50 214.0 356.6 66.2 6.7 83 

14ATA1-51 217.0 354.5 58.3 7.3 85 

14ATA1-53 227.0 341.7 63.3 7.8 77 

14ATA1-47 232.0 345.8 52.3 8.2 75 

14ATA1-54 234.0 5.9 66.1 7.9 83 

14ATA1-55 235.0 350.9 58.5 13.4 82 

14ATA1-56 239.0 8.4 59.6 9.7 83 

14ATA1-58 247.0 28.7 75.9 12.3 63 

14ATA1-59 249.0 357.7 54.6 10.0 83 

14ATA1-62 242.0 8.0 58.5 3.6 83 

14ATA1-63 263.0 356.9 68.0 7.1 81 

14ATA1-64 268.0 1.9 55.3 7.2 83 

14AT1.31.A 273.0 190.8 -21.1 24.4 -57 

14AT1.32 273.0 171.2 -59.3 21.2 -83 

14AT1.33.A 288.0 177.5 -36.5 9.8 -68 

14AT1.34.A 288.0 161.3 -33.1 25.0 -61 

14AT1.36 295.0 137.8 -4.2 3.1 -35 

14AT1.39 320.0 165.4 -0.1 14.2 -46 

14AT1.40 320.0 140.0 -11.2 4.8 -39 

14AT1.42 326.0 171.3 -1.7 8.4 -48 

14AT1.44 332.0 206.9 9.5 6.6 -37 

14ATA5-1 350.0 220.6 -8.3 17.0 -38 

14ATA5-2 354.0 212.1 6.4 15.7 -36 



14ATA5-3 382.0 201.0 -35.6 18.2 -61 

14ATA5-4 383.7 209.5 -21.4 12.8 -50 

14ATA5-6 389.0 187.1 4.8 19.9 -45 

14ATA5-7 391.6 209.8 21.8 11.1 -30 

14ATA5-10 404.0 206.0 12.2 19.2 -36 

14ATA5-11 409.0 230.7 36.5 20.0 -12 

14ATA5-13 415.0 239.7 33.6 16.8 -8 

14ATA5-14 420.0 139.0 -31.4 6.0 -47 

14ATA5-15 434.0 150.0 -18.7 10.4 -48 

14ATA5-17 446.0 142.4 -37.0 20.8 -52 

16GD6.13 466.0 211.0 36.0 6.0 -21.0 

16GD6.11 473.0 207.0 -3.0 10.0 -43.0 

16GD6.10 477.0 178.0 -4.0 4.0 -50.0 

16GD6.9 480.0 174.0 -4.0 1.0 -50.0 

16GD6.8 484.0 182.0 0.0 6.0 -47.0 

16GD6.6 492.0 167.0 10.0 11.0 -41.0 

16GD6.5 495.0 173.0 -7.0 7.0 -51.0 

16GD6.4 500.0 182.0 -5.0 5.0 -50.0 

16GD6.3 504.0 186.0 15.0 3.0 -40.0 

16GD6.2 514.0 1.0 52.0 2.0 80.0 

16GD6.1 516.0 5.0 52.0  3 79.0 

15AT8-1 516.0 344.0 59.0 7.0 78 

15AT8-2 520.0 1.0 69.7 7.6 79 

15AT8-3 521.0 13.0 62.4 10.4 80 

15AT8-29 524.0 329.0 66.0 9.0 68 

15AT8-4 526.0 1.9 63.2 9.3 87 

15AT8-5 529.0 22.7 67.0 6.0 73 

15AT8-30 531.0 352.0 63.0 6.0 84 

15AT8-6 533.0 14.5 78.8 21.2 63 

15AT8-7 533.0 6.1 58.5 19.2 84 



15AT8-8 537.0 327.3 74.6 19.4 83 

15AT8-11 537.0 28.9 57.6 15.1 68 

15AT8-14 542.0 336.0 80.8 19.5 58 

15AT8-15 545.0 359.2 65.2 17.9 85 

15AT8-56 547.0 194.0 -32.0 4.4 -62 

15AT8-16 549.0 184.5 38.5 8.5 -25.8 

15AT8-36 549.0 165.0 0.1 5.0 -45.5 

15AT8-58 549.0 176.0 -25.0 6.0 -60.8 

15AT8-39 558.0 203.0 11.0 32.0 -37.6 

15AT8-60 558.0 190.8 -19.5 10.0 -56.3 

15AT8-21 561.0 175.0 38.0 23.8 -26.2 

15AT8-61 561.0 215.7 -14.6 8.0 -43.0 

15AT8-41 563.0 200.0 -7.0 22.0 -46.9 

15AT8-42 566.0 191.0 10.0 27.0 -41.0 

15AT8-46 573.0 205.0 29.0 27.0 -27.6 

15AT8-47 575.0 161.0 -38.0 27.0 -63.5 

15AT8-28 577.0 154.2 -0.1 7.7 -42.0 

15AT8-95 578.0 181.0 -25.0 7.0 -60.6 

16GD8-13 600.0 163.0 8.0 13.0 -41.0 

16GD8-12 602.0 159.0 0.0 12.0 -44.0 

16GD8-11 605.0 164.0 21.0 9.0 -35.0 

16GD8-10 608.0 150.0 33.0 15.0 -24.0 

16GD8-9 611.0 147.0 51.0 8.0 -10.0 

16GD8-7 616.0 181.0 55.0 30.0 -12.0 

15AT7-12 632.0 356.0 52.0 4.0 80.0 

16GD8-2 633.0 3.0 57.0 2.0 85.0 

16GD8-1 636.0 16.0 59.0 5.0 78.0 

15AT7-13 636.0 7.0 39.0 6.0 69.0 

16GD9-3 636.0 12.0 64.0 3.0 81.0 

16GD7-14 638.0 5.0 62.0 3.0 86.0 



16GD9-5 642.0 349.0 66.0 2.0 80.0 

15AT7-16 642.0 23.0 64.0 5.0 73.0 

16GD7-13 642.0 353.0 40.0 6.0 70.0 

16GD7-9 696.0 236.0 -44.0 6.0 -42.0 

16GD7-8 696.0 233.0 -45.0 15.0 -44.0 

16GD7-7 698.0 193.0 -22.0 9.0 -57.0 

16GD7-6 700.0 212.0 3.0 13.0 -37.0 

16GD7-2 723.0 218.0 -19.0 6.0 -43.0 

16GD7-1 730.0 203.0 -22.0 10.0 -53.0 

16GD10-25 732.0 222.0 -22.0 7.0 -42.0 

16GD10-20 762.0 202.0 -38.0 10.0 -62.0 

16GD10-19 760.0 219.0 -8.0 6.0 -38.0 

16GD10-10 835.0 325.0 -51.0 6.0 9.0 

16GD10-9 830.0 166.0 -49.0 8.0 -73.0 

16GD10-8 852.0 300.0 37.0 16.0 36.0 

16GD10-4 855.0 213.0 -16.0 3.0 -45.0 

 

S TRENCH Section 

Specimen Depth (cm) Dec Inc  MAD VGP Lat 

TD1-13-064 

TD1-13-056 

TD1-13-054 

TD1-13-052 

TD1-13-050 

TD1-13-048 

TD1-13-046 

TD1-13-044 

TD1-13-042 

TD1-13-040 

TD1-13-038 

0.0 

44.0 

53.0 

63.0 

73.0 

79.0 

83.0 

87.0 

88.0 

92.0 

94.0 

294.0 

177.0 

176.0 

176.0 

221.0 

199.0 

217.0 

248.0 

222.0 

197.0 

235.0 

-34.0 

-35.0 

-49.0 

-36.0 

-58.0 

-66.0 

-69.0 

-60.0 

-61.0 

-66.0 

-35.0 

8.0 

10.0 

5.5 

6.3 

7.0 

3.2 

4.5 

6.9 

3.2 

3.8 

4.6 

4.2 

-67.2 

-77.5 

-67.7 

-58.9 

-75.2 

-63.1 

-40.4 

-59.1 

-76.5 

-38.6 



TD1-13-036 

TD1-13-034 

TD1-13-032 

TD1-13-030 

TD1-13-026 

TD1-13-022 

TD1-13-018 

TD1-13-016 

TD1-13-014 

TD1-13-013 

TD1-13-012 

TD1-13-010 

TD1-13-008 

TD1-13-003 

TD1-13-005 

98.0 

101.0 

103.0 

108.0 

118.0 

122.0 

158.0 

175.0 

188.0 

192.0 

196.0 

197.0 

202.0 

208.0 

213.0 

230.0 

222.0 

238.0 

7.0 

352.0 

340.0 

305.0 

340.0 

343.0 

331.0 

16.0 

58.0 

334.0 

360.0 

26.0 

-26.0 

-27.0 

-5.0 

27.0 

59.0 

50.0 

49.0 

52.0 

57.0 

43.0 

57.0 

48.0 

-29.0 

39.0 

50.0 

8.9 

6.0 

7.3 

12.0 

5.1 

23.8 

9.6 

2.6 

5.2 

4.1 

3.8 

4.2 

9.1 

5.1 

8.0 

-38.5 

-44.5 

-25.0 

61.6 

83.6 

70.5 

44.7 

71.6 

76.2 

60.7 

77.0 

42.0 

27.7 

70.0 

66.4 

 

 

  



 

 

Table II.  ESR ages and associated data obtained (Bl = bleaching percentage, expressed as the relative difference between the ESR intensities of the 

natural and bleached aliquots) ; Dcos= cosmic dose rate; Dint = internal dose rate; Da = total dose rate; DE= equivalent dose) 

 

This study Moreno et al (2015) 

Sample Centre  Bl (%) Dα (µGy/a) Dβ (µGy/a) Dγ (µGy/a) Dcos (µGy/a) Dint (µGy/a) Da (µGy/a) DE (Gy) Age (Ma) Age (Ma) 

TD1-08-02 Al 
 

50.6 ± 0.8 44 ± 10 1347 ± 22 639 ± 38 30 ± 3 50 ± 30 2110 ± 54 2374 ± 517 1.12 ± 0.25 
0.79+0.06 

TD1-08-01 Al 
 

65.7 ± 0.3 65± 15 1774 ± 29 1087 ± 63 28 ± 3 50 ± 30 3004 ± 63 3609 ± 798 1.20 ± 0.27 
1.25+0.13 

TD1-08-01bis 

Al 
 

52.4 ± 1.4 

 

31 ± 7 

 

759 ± 13 

 

632 ± 38 

 

27 ± 3 

 

50 ± 30 

 

1499 ± 51 

 

3403 ± 310 2.27 ± 0.22 
0.92+0.19 

Ti-Li 

(option 

D) 

 

1264+174 ka 0.84 ± 0.12 

 

 

- 

 
  

Mathieu
Barrer 



Table III 

Uranium and lead isotopic compositions of Gran Dolina TD1 speleothem samples analysed by MC-ICP-MS at the University of Melbourne. 

 

Speleothem Sample U (ppm) Pb (ppm) 
238

U/
206

Pb % err 
207

Pb /
206

Pb % err 
204

Pb /
206

Pb % err corr. coeff. 

TD2-1 1 0.054 0.009 21.142 1.03 0.82879 0.14 0.05279 0.25 -0.76 

 

2 0.076 0.012 21.094 0.98 0.82855 0.14 0.05262 0.25 -0.75 

 

3 0.053 0.008 21.865 1.30 0.82760 0.16 0.05242 0.48 -0.82 

 

4 0.074 0.010 26.893 1.53 0.82797 0.18 0.05287 0.29 -0.85 

 

5 0.055 0.010 19.766 1.43 0.82849 0.17 0.05262 0.28 -0.80 

 

6 0.083 0.015 19.550 0.86 0.82921 0.12 0.05387 0.22 -0.77 

           GD1403 1 0.049 0.008 21.854 1.37 0.81825 0.18 0.05170 0.50 -0.87 

 

2 0.067 0.009 24.717 53.69 0.84113 12.59 0.04448 0.50 -0.01 

 

3 0.046 0.012 13.298 0.81 0.82039 0.13 0.05215 0.23 -0.72 

 

4 0.066 0.004 65.613 3.49 0.82185 0.39 0.05234 0.51 -0.97 

 

5 0.053 0.010 18.077 1.05 0.82760 0.15 0.05242 0.58 -0.73 

 

6 0.068 0.005 50.475 1.50 0.82182 0.19 0.05197 0.34 -0.87 

 




