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Abstract 
  
Nine faunal teeth from Layer 20 of El Castillo cave in Cantabrian Spain were dated using 
electron spin resonance (ESR).  Two teeth were rejected due to inconsistent sub-sample 
ages, while the remaining teeth yielded a mean age that is consistent with the 
stratigraphic expectations: 42.7±3.5.  Uncertainty in the external γ dose rate results in a 
potential systematic uncertainty of ±6.4 ka that should affect all samples equally.  The 
results provide independent confirmation of previously-reported 14C ages for Layer 20. 
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Introduction 
 
The deposits in El Castillo cave provide one of the longest and most complete 
archaeological sequences in Europe (Cabrera Valdés, Hoyos Gómez, & Bernaldo de 
Quirós, 1997).  Electron spin resonance (ESR) dating at El Castillo has been used to 
support a relatively early timing for the Middle to Upper Paleolithic transition in 
Cantabrian Spain (Rink, Schwarcz, & Lee, 1997), as well as to directly compare ESR age 
results with 14C ages (Rink, Schwarcz, & Lee, 1996).  Here we report ESR age results for 
tooth enamel from the Mousterian Layer 20. 
 
Dating studies at El Castillo have been used in the past to support a relatively early 
timing for the Middle to Upper Paleolithic transition in Cantabrian Spain (Rink, 
Schwarcz, & Lee, 1997).  However, this view has been superseded by a model of 
regional transition is a “mosaic” in time and space (Straus, 1996).  Indeed, quantitative 
dating of the Middle to Upper Paleolithic transition in the El Castillo sequence only is a 
challenge (Zilhão, J., 2006).  The basal Aurignacian level (18) has been interpreted as 
containing both Middle and Upper Paleolithic components, a conclusion supported by 14C 
dates in excess of 46 ky cal BP (Stuart, 2005).  Separated by a sterile intercalating layer 
(19), the underlying Mousterian level (20) has been dated to 43.6 and 47.3 ky cal BP 
(Cabrera-Valdés, et al., 1996; Zilhão, 2006), while Mousterian layers 21 and 22 have 
been dated with ESR to 70±8 ka. 
 
ESR dating of fossil tooth enamel is well-established technique for dating sites at or 
beyond the limit of radiocarbon dating (Rink, 1997).  The technique is based on the 
measurement of radiation dose in tooth enamel (hydroxyapatite); the ratio of absorbed 
dose to dose rate gives the burial age of the tooth.  Age uncertainties are typically ±10%, 
including random uncertainties in the ESR measurement as well as unknown systematic 
uncertainties such as sediment moisture content and inhomogeneity of radiation doses 
(Grün, 2006). 
 
In addition, dental tissues may incorporate significant concentrations of uranium due to 
transport by groundwater.  It is therefore necessary to model the changing dose rate to the 
enamel.  Typically, two model ESR are reported, according to an assumed uptake of 
uranium in the dental tissues: the early-uptake (EU) model assumes that all uranium 
present in the dental tissues was incorporated immediately following burial, while the 
linear-uptake (LU) assumes the concentration of exogenous uranium increased linearly 
over time.  Other uptake models, including uranium loss or episodic uptake and loss, are 
also possible, but are rarely reported.  In many cases, the dental tissues contain little or no 
uranium; in these cases, the EU and LU ages are indistinguishable. 
 
Methods 
 
The results from this study are for teeth collected from squares N-18, N-17, and N-16. All 
squares examined here were first excavated in 1980. Figure 1 shows the profile of the 
squares N-16 to N-18 from which teeth were extracted in this study. The teeth examined 
in this study were from Layers 20c, 20d, and 20e. 
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Sample preparation and ESR measurement procedures followed standard techniques 
(Rink, 1994).  If sediment was attached to the teeth, the closest 2 mm was collected for β 
dose rate determination. During the process of α dose removal, enamel thickness was 
measured in at least 100 points to ensure 40 µm enamel was removed from both the 
buccal and lingual sides of the enamel sample.  Uranium (U) concentrations were 
determined by delayed neutron counting or ICP-MS, while thorium (Th) and potassium 
(K) concentrations were determined by neutron activation analysis or ICP-MS (see Table 
1a). 
 
In order to determine the annual external γ dose rate to the teeth, concentrations of 
uranium, thorium, and potassium were determined in sediment excavated from three 
cores taken 5-20cm into the face of layer 20.  Whole sediment, including a representative 
quantity of limestone, was ground and sampled.  An average concentration of each 
radioisotope was calculated from the three cores. This concentration was used to 
determine the external γ dose rate to the enamel using ROSY software. The external γ 
dose rate was determined to be 515 µGy/a. The cosmic dose rate was also calculated 
using ROSY software and determined to be 55 µGy/yr based upon a depth of 11 m for an 
overburden density of 2 g/cm3. The average moisture content of the sediment was taken 
as 33% based upon measurements in layer 20 at El Castillo. Because of the possible 
variation in sediment moisture (which affects dose rate) and radioisotope concentration, 
the dose rate uncertainty was estimated to be 20% of the annual dose rate. Therefore the 
tooth samples had their ages calculated using a dose rate of 570±114 µGy/a. 
 
ESR measurements were performed using a JEOL JES-FA 100 X-band ESR 
spectrometer. The ESR spectrometer had the following settings: power: 2.0 mW, 
amplitude: 0.5 mT, centre field: 336.0 mT, scan width: 5.0 mT, scan rate: 0.167 mT/s, 
time constant 0.1 s.  ESR ages were calculated with ROSY v2.0 which includes one-
group theory for β particle transport (Brennan, et al., 1997). 
 
Results 
 
Nine enamel samples and three additional sub-samples were dated from Layer 20.  ESR 
analytical data, including radioisotope concentrations, are shown in Table 1a.  Dose rates 
and ages are shown in Table 1b. 
 
Ages are calculated for both the early uptake (EU) and linear-uptake (LU) models (Grün, 
Schwarcz, & Chadam, 1988), in which it is assumed, respectively, that the uranium in the 
dental tissues was absorbed immediately following burial or at a constant rate since 
deposition.  However, the low concentration of uranium in the dental tissues results in 
negligible differences between the EU and LU model ages.  The following discussion 
will utilize LU ages only. 
 
The uncertainties in the ages (approximately ±20%) are larger than is typical for ESR 
dating.  For the samples analyzed here, the age calculation is dominated by the γ dose rate 
(see Table 1b).  The calculated γ dose rate is strongly dependent upon the moisture 
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content for the sediment surrounding the tooth sample.  The moisture content of the soil 
used here (33%) was measured directly in Layer 20 and assumed to be constant over time 
(Rink, Schwarcz, & Lee, 1997). 
 
Two sub-samples each were collected from three teeth (97131, 97137, and CST1A; see 
Table 1a).  The LU ages for 97131A and 97131B agree (44.7±9.0 ka compared with 
43.3±9.2 ka).  However, the LU ages for the sub-samples of 97137 and CST1A do not 
agree (32.3±5.9 ka and 39.6±7.9 ka; 47.0±9.4 ka and 38.6±5.7 ka).  Note that the stated 
uncertainty includes a large proportion of the γ dose rate, which is an unknown 
systematic uncertainty that will be identical for sub-samples of a single tooth.  Thus, 
although the stated uncertainties overlap, the sub-sample ages are nonetheless 
inconsistent. 
 
The inconsistency of the sub-sample ages for 97137 and CST1A may be due to 
fragmentation of the cementum layer.  For both teeth, only one sub-sample still includes 
attached cementum.  The enamel sub-sample without attached cementum receives a 
calculated sediment β dose rate that is significantly greater than that received by the sub-
sample with attached cementum; thus, the age of the sub-sample without attached 
cementum is depressed compared to the age of the sub-sample with cementum.  
Additionally, the comparably high U concentration in the attached sediment for CST1A 
may indicate weathering of the cementum.  It is impossible to determine which sub-
sample age is more reliable.  Therefore, we exclude the ages from 97137 and CST1 from 
further discussion. 
 
The mean age of all 8 remaining enamel samples is 42.7, with a standard deviation of 3.5 
ka.  However, the age calculation is dominated by the external γ dose rate, which is 
subject to an unknown systematic error. 
 
The external γ dose rate contribution ranges between 70–85% of the total γ dose rate, 
with mean 77%.  As we have assumed a systematic uncertainty of ±20% to the external γ 
dose rate, we believe it is appropriate to assume a systematic uncertainty of 
approximately ±15% in the mean age of Layer 20.  Thus, we may quote the mean age of 
Layer 20 as 42.7±3.5±6.4 ka, where the first uncertainty refers to the standard deviation 
and the second uncertainty refers to the systematic uncertainty in the unknown external γ 
dose rate.  Note that the distinction between “random” and “systematic” uncertainty is not 
entirely precise, as the random component may include age variations due to 
unrecognized systematic uncertainties. 
 
The ESR ages presented here are consistent with previously-reported 14C ages of faunal 
remains in the same layer (Cabrera-Valdés, et al., 1996; Zilhao, 2006). 
 
Conclusions 
 
Twelve enamel samples were prepared from nine teeth collected from Layers 20c, 20d, 
and 20e at El Castillo Cave.  Two samples were rejected from consideration due to 
inconsistent sub-sample ages, possibly due to degradation of cementum.  The mean age 
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of the remaining 8 samples is 42.7±3.5±6.4 ka, which includes the random and 
systematic uncertainties, respectively. 
 
The uncertainty of the external γ dose rate is by far the largest contributor to the 
uncertainty of the ages reported here.  This uncertainty (±20%) is an unknown systematic 
error, which may be reduced potentially through future measurements of the γ dose rate 
in situ.  The ESR age results presented here provide independent confirmation of the 14C 
dating results previously reported. 
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Figures 
 
Figure 1. Stratigraphy of layers 17-21 along squares N-16 to N-18 (after Maillo 
Fernández,  et al., 2004). Insert at upper left shows location of El Castillo in Spain. 
 


