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Abstract

The Pech-de-l’Azé I skull and mandible are included in the juvenile Neandertal remains from Europe. However, some preserved features in
the cranial skeleton seem to distinguish the specimen from other Neandertal children. Unfortunately, the stratigraphic position and dating of this
child has never been clear. Our recent work on unpublished archives show that the Pech-de-l’Azé I Neandertal child was discovered at the bot-
tom of layer 6, attributed to the Mousterian of Acheulean tradition type B. These skull and mandible are the first diagnostic human remains
(aside from an isolated tooth) attributed to the Mousterian of Acheulian tradition (MTA) type B. Consequently, we confirm that Neandertals
were the makers of this Mousterian industry, which is characterized by unusual high frequencies of Upper Paleolithic type tools, elongated
blanks and blades. We were able to date the context of the hominid remains by dating layer 6 and the layers above and beneath it using
ESR, coupled ESR/230Th/234U (coupled ESR/U-series), and AMS 14C. Coupled ESR/U-series results on 16 mammalian teeth constrain the
age of the uppermost layer 7 to 41e58 ka, and layer 6 to 37e51 ka. The wide spread in each age estimate results mainly from uncertainties
in the gamma-dose rate. These ages are concordant with AMS 14C ages of two bones coming from the top of layer 6, which provide dates
of about 41.7e43.6 ka cal BP. A combination of stratigraphic arguments and dating results for layers 6 and 7 show that the Neandertal child
cannot be older than 51 ka or younger than 41 ka. The lowermost layer 4 is shown to be older than 43 ka by the principle of superposition
and ESR dating in the immediately overlying layer 5. This study shows that the MTA type B had been manufactured by Neandertals before
the arrival of anatomically modern humans in the local region. Additionally, by providing a firm chronological framework for the specific mor-
phometric the features of Pech-de-l’Azé I Neandertal child, this study is a new step toward the understanding of temporal and spatial changes in
the ontogenesis of Neandertals in south-western Europe during oxygen isotope stages 5e3.

Résumé

Le crâne et la mandibule du Pech-de-l’Azé I sont classiquement inclus dans l’échantillon des restes juvéniles néandertaliens européens. Ce-
pendant ils présentent quelques traits anatomiques qui les distinguent au sein de cet échantillon. Un cadre chronologique précis est alors indis-
pensable pour définir si cette variabilité est d’ordre temporel. Jusqu’à récemment, leur position stratigraphique n’avait pas été clairement établie
et par conséquent leur contexte n’avait jamais pu être daté précisément. L’étude des archives inédites de Peyrony, de Bordes et d’autres, ainsi que
l’analyse des produits de la dernière fouille extensive menée sur le site par Bordes en 1970 et 1971, permettent de montrer que l’enfant du Pech-
de-l’Azé I provient de la base du niveau 6, attribué au Moustérien de tradition acheuléenne de type B. Il s’agit de la première tête osseuse né-
andertalienne que l’on peut associer à cette industrie originale par son fort taux d’outils type Paléolithique supérieur, de lames et d’éclats
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allongés. Les Néandertaliens doivent donc être considérés comme les auteurs du MTA de type B. Nous avons utilisé différentes méthodes (RPE,
séries de l’Uranium couplées à la RPE et C14 par accélérateur) pour dater le niveau qui a livré les restes néandertaliens et les niveaux sous-
jacents et sus-jacents.

Seize dents de grands mammifères ont été datées par RPE. Douze de ces dents ont été choisies dans l’échantillon fouillé par Bordes dans les
années 70: elles étaient encore recouvertes du sédiment originel ce qui permet une mesure RPE de bonne qualité. Quatre dents supplémentaires
ont été prélevées sur le témoin actuel lors des mesures de dosimétrie. Deux de ces dents ont été datées par les séries de l’Uranium. Les isotopes
du carbone ont été mesurés sur deux fragments de diaphyse non brûlées.

Les mesures des séries de l’Uranium couplées a l’ESR montrent que l’âge du niveau 7, le dernier niveau de la séquence, se situe entre 41 et
58 ka, et que l’âge du niveau 6 se situe entre 37 et 51 ka. La large distribution de chaque âge est le résultat d’incertitudes dans le taux de la dose
gamma. Ces âges sont concordants avec les deux mesures C14 AMS qui donnent un âge moyen pour le sommet du niveau 6 d’environ 38 ka, ce
qui pourrait correspondre à un âge calendaire calibré entre 41.7 et 43.6 ka cal BP. L’ensemble des arguments stratigraphiques et des résultats des
datations radiométriques pour les niveaux 6 et 7 montrent que l’enfant néandertalien ne peut pas être plus vieux que 51 ka, ni plus jeune que
41 ka. Le niveau 4, à la base de la séquence stratigraphique, n’a pas pu être daté directement mais sa position stratigraphique sous le niveau 5
daté par ESR montre que ce niveau 4 est plus ancien que 43 ka. Cette étude montre que le MTA de type B a été produit par les Néandertaliens,
avant l’arrivée des Hommes anatomiquement modernes, dans cette région de l’Europe de l’Ouest. En outre, ces nouvelles données précisent le
contexte chronologique du fossile de Pech-de-l’Azé I et devraient contribuer à une meilleure compréhension des caractéristiques morphométri-
ques présentées par cet enfant en terme d’évolution régionale. Au fur et à mesure de la datation radiométrique des autres spécimens, la question
de changements temporels et spatiaux dans l’ontogenèse des Néanderthaliens au cours des stades isotopiques 5 à 3 pourra être précisée.
� 2006 Elsevier Ltd. All rights reserved.
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Introduction

When scholars attempt to address the question of evolution
in the Neandertal lineage, they traditionally compare a ‘‘pre-
Neandertal’’ sample [European fossils associated with oxygen
isotope stages (OIS) 9e7/6] to a sample of ‘‘classical Nean-
dertals’’ (European fossils related to OIS 5e3). Such an ap-
proach obscures the classical and late Neandertal diversity,
and the occurrence of individual and/or chronological varia-
tion within this latter sample cannot be disregarded, as re-
cently shown by the demonstration of mtDNA diversity of
OIS 5e3 Neandertals (Orlando et al., 2006).

The Pech-de-l’Azé I Neandertal child (Fig. 1) has been
studied by various scholars, and all of them have stressed
that, in addition to a suite of features that are found in archaic
members of Homo sapiens, including Neandertals, this speci-
men exhibits some morphological peculiarities (Patte, 1957;
Ferembach, 1969; Ferembach et al., 1970; Tillier, 1996).
Tillier (1996) presented evidence of ontogenetic variation be-
tween Pech-de-l’Azé I and other children of the same age class

Fig. 1. Pech-de-l’Azé I juvenile Neandertal remains (after Ferembach et al.,

1970). Not to scale.
from the Dordogne region, such as the Roc de Marsal 1 indi-
vidual. For example, the symphyseal region of the Pech de
l’Azé I mandible is more gracile (i.e., more modern) than
that of Roc de Marsal 1. However, a clear chronological
framework for these specimens is required to understand the
origin of this morphological variation.

Pech-de-l’Azé I is located northwest of the small village of
Carsac within the Dordogne region in southwestern France (ap-
proximately 44�500N, 1�140E). It is part of a complex of four
separate Pleistocene rock-shelters: Pech-de-l’Azé I through
Pech-de-l’Azé IV (Bordes and Bourgon, 1950, 1951; Bordes,
1954, 1955, 1975; McPherron and Dibble, 2000; Soressi
et al., 2002). In 1909, at the entrance of the Pech-de-l’Azé I
cave, Capitan and Peyrony (1909, 1910) recovered the cranium
and mandible of a Neandertal child in a layer attributed to the
‘‘Upper Mousterian’’ at the time of the discovery and subse-
quently attributed to the Mousterian of Acheulean tradition
(MTA) (Peyrony, 1920). The lack of precision in the original
publication by Capitan and Peyrony prompted Bordes to con-
test this attribution in the 1970s (Bordes, 1972: 92). The con-
text of the juvenile skull has since remained unclear.

Recent work on both the unpublished notes from Peyrony,
Bordes, and others and on the analyses of the unpublished
products of the last excavation at Pech I in the 1970s has al-
lowed us to precisely define the original context of the Pech-
de-l’Azé I Neandertal child and select appropriate layers to
date using ESR, uranium-series, and AMS 14C.

The context of the Pech-de-l’Azé I Neandertal remains

Capitan and Peyrony (1909) discovered the Pech-de-l’Azé I
Neandertal skull while excavating a 1-m-wide trench under the
drip line at the entrance of the cave (Fig. 2). The human fossil
was discovered near the northwest-facing cliff (Peyrony’s oral
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Fig. 2. Location of Pech-de-l’Azé I, II, and IV (redrawn from Bordes, 1972: 7; McPherron and Dibble, 2000), stratigraphy of Pech-de-l’Azé I (after Bordes, 1954),

and plan view of the successive excavations at Pech-de-l’Azé I. Discovery location of the Neandertal child is indicated by a star.
communication to Bordes in 1950, published in Bordes, 1984:
147): it was ‘‘10 cm deep within the layer,’’ which was ‘‘about
1 m thick . [and] covered with 3 meters of big limestone
blocks and éboulis.’’ Around the skull, there was an ‘‘abun-
dance of broken bones, and the teeth of bovids, red deer,
horses, goats and reindeers,’’ as well as ‘‘many flints: points
and knives-scrapers well worked on one face only, and of Up-
per Mousterian type.. Below the skull, the Mousterian layer
contained fine axes of the Saint-Acheul type’’ (Capitan and
Peyrony, 1909: 402). Peyrony (1920) changed the name of
the ‘‘Upper Mousterian type’’ layer to ‘‘Mousterian of Acheu-
lean tradition’’ (MTA). Vaufrey (1933) and Bordes (1954,
1955, 1972), who excavated the site after Peyrony, also attrib-
uted the entire sequence to the MTA, characterized by bifaces,
backed knifes and Upper Paleolithic type tools. Bordes used
the site as a reference to define two new subfacies within
the MTA: MTA type A, after Pech I bottom layerdlayer
4dand the MTA type B after the upper layersdlayers 5e
7dwith subtype A characterized by many more bifaces than
subtype B (Bordes and Bourgon, 1951; Bordes, 1954, 1955).

Nonetheless, Bordes contested the attribution of the Nean-
dertal remains to the MTA in the early 1970s. He claimed that
the Pech-de-l’Azé I human fossil came either from a Denticu-
late or a Typical Mousterian layer or from a Quina Mousterian
layer. In both cases, these layers would not have been recog-
nized by Peyrony and Capitan during their excavation (Bordes,
1972: 23e27, 92).

The putative Denticulate/Typical Mousterian breccia

Bordes grounded his argument about the Denticulate or
Typical Mousterian in his recognition of a few stone tools in
a breccia inside the cave, which he attributed to these Mouste-
rian variants (conflicting with Vaufrey’s attribution of this
breccia in the 1930s to the MTA). The U/Th dating of the in-
side breccia by Schwarcz and Blackwell (1983) neither contra-
dicted nor supported Bordes’s hypotheses. What had been
dated was the pure calcite flowstone at the bottom of the brec-
cia, underlying the artifacts. However, our recent work at the
site shows that:

1) The inner cave breccia is at the same elevation as the MTA
type B layers from outside of the cave (Fig. 3).

2) It is possible to follow the remains of the second (from the
top) MTA type B layer (layer 6 in Bordes’s terminolo-
gy)dstill adhering to the cliffdfrom the existing
sections, through the area excavated in the 1970s, to the
inside cave breccia. These two are then in direct continu-
ity across the site.

Fig. 3. Cross-sectional view of the artifacts excavated by Bordes in the 1970s,

compared with the position of the inner breccia, looking northwest from out-

side toward inside the cave (see Fig. 2 for direction of the view).
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3) Calcite flowstone, which forms the breccia, is common in
karst environments and is related to local water dripping.
Consequently, this layer could have been locally brecci-
ated while laterally lacking calcite cement. This fact was
recognized by Bordes himself in the 1970s when he exca-
vated the nearby area excavated by Capitan and Peyrony.
He recorded the brecciated parts of layer 6 within the
same layer 6 as the nearby nonbrecciated area. Unfortu-
nately, this was done after the publication of his Denticu-
late/Typical Mousterian hypothesis.

4) The MTA type B layers 6 and 7 are very rich in denticu-
lates (more than 50% of the retouched tools are notches
and denticulate; see Bordes, 1955), and the small sample
collected within the breccia by Bordes may be biased
against backed knives, which differentiate the MTA type
B from the Denticulate Mousterian, as bifaces are always
much rarer than backed knives within the MTA type B (see
Bordes, 1972: 54; for example, in Pech I layers 6 and 7,
there are 4 and 8 bifaces, 61 and 51 backed knifes, and
214 and 217 denticulates and notches, respectively; see
details in Soressi, 2002: 162, 169).

The supposed interstratified Quina Mousterian

Bordes highlighted the fact that reindeer are generally char-
acteristic of Quina Mousterian context and that it is possible
that what was called an ‘‘Upper Mousterian’’ by Peyrony in
1909 was a Quina Mousterian. However, Mellars (1996:
183e190, 325e331) and others have shown that no Quina
Mousterian has ever been found interstratified within MTA
layers. Additionally, reindeer are rare at Pech Idthey represent
1.4% of the number of identified specimens (NISP) in layer 6
(Rendu, personal communication) and 3.9% of the NISP in
layer 4 (Armand et al., 2001). In fact, Peyrony cited the differ-
ent species in numerical order, as recognized in layer 6, from
the most-represented species (bos/bison and red deer) to the
least represented (horses, goats, and reindeer) (Rendu, personal
communication). Moreover, with a careful and exhaustive
reading of the publications by Peyrony and others, published
between 1909 and 1950, it is possible to demonstrate that
what was called an ‘‘Upper Mousterian’’ with ‘‘points and kni-
ves-scrapers well worked on one face only’’ by Peyrony in
1909 was not a Quina Mousterian, but an MTA (Maureille
and Soressi, 2000). Finally, two unpublished letters written
by Capitan and Peyrony at the time of the discovery were re-
cently found in the archives of the Musée de l’Homme in Paris.
These letters confirm that the human remains were found in
a ‘‘very late Mousterian,’’ that is ‘‘the industry of the Abri Au-
dit and of the site of Gare de Couze’’ (for a transcription of the
two letters, see Maureille and Soressi, 2000). The sites of Abri
Audit and Gare de Couze were later used by Peyrony (1920),
along with Pech-de-l’Azé I, to define the MTA in opposition
to the Quina Mousterian (and Bordes agreed with this classifi-
cation; see Bordes, 1961: pl. 36e37; 1953: 462).

It is worth noting that Bordes did publish his arguments
about the non-MTA origin of Pech-de-l’Azé I child while he
was, with others (e.g., Vallois, 1958), defending the existence
of a ‘‘pre-sapiens’’ lineage (a European ancestral population of
Upper Paleolithic Homo sapiens sapiens) coexisting with the
Neandertal lineage (for a more complete review of this theory,
see Hublin, 1988). Within this framework, MTA must have
been made by ‘‘pre-sapiens,’’ as MTA was, from a cultural
point of view, at the origin of the Châtelperronian, considered,
since the 1930s, the first Upper Paleolithic-type industry in the
area. It is much easier today to look more objectively at the
data, as the pre-sapiens theory has been abandoned for about
20 years (Hublin, 1988).

The actual context of Pech-de-l’Azé I Neandertal child

When mapping the artifacts recovered by Bordes in 1970e
1971, and comparing this plot to the elevation data for the
layers published by Capitan/Peyrony and Vaufrey, the upper
limit of the first (from the top) dense archaeological layer,
layer 6, remains at the same elevation across the total 8-m-
wide excavated area (Maureille and Soressi, 2000). Fortu-
nately, these layers are relatively horizontal across the entire
excavation. Peyrony actually found the Neandertal child
10 cm inside what was later called layer 6. Due to the fact
that this layer 6 is always equal to or thicker than 10 cm,
and because it is of about the same thickness across the known
part of the site, we can assume that the Neandertal child comes
from layer 6 or from the interface between layer 6 and layer 5.
To be conservative, the possibility that the child could have
been buried into layer 6 by people inhabiting the site during
the formation of layer 7 should be considered. Regardless,
we conclude that the Pech-de-l’Azé I Neandertal child is asso-
ciated with MTA type B, and cannot be older that the forma-
tion of layer 6. These are the first significant diagnostic human
remains attributed to the MTA type B [aside from a Neandertal
lower first premolar from La Quina bed 6d (Debénath and
Jelinek, 1998; Verna, 2006: 436]. Consequently, we confirm
that Neandertals were the makers of this Mousterian industry
with unusual high frequency of Upper Paleolithic type tools,
elongated blanks and blades (Bordes, 1984: 142e149;
Soressi, 2002: 218e238).

Radiometric the dating of Pech-de-l’Azé I upper layers

Accurate dating of the Pech-de-l’Azé I Neandertal child is
dependent upon reliable dating of layer 6, as well the underly-
ing and overlying layers 5 and 7, respectively. Burnt stone ar-
tifacts are rare at Pech-de-l’Azé I within these layers, whereas
teeth of large mammals are relatively common. Therefore, we
used electron spin resonance (ESR) dating of tooth enamel
coupled with uranium-series dating of the tooth dentine and
AMS 14C dating of unburnt bone to substantiate the chronol-
ogy at Pech-de-l’Azé I.

Methodology, ESR, and uranium-series sample

Electron spin resonance dating of mammalian tooth enamel
has been used at many archaeological sites that are beyond the
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range of radiocarbon dating (e.g., reviews by Rink, 1997,
2000). Mammalian tooth enamel is composed of the mineral
hydroxyapatite, which exhibits an ESR signal produced from
the passage effects of radiation during the tooth’s burial and
has a theoretical lifetime of 109 years (Schwarcz, 1985). Alpha
(a), beta (b), gamma (g), and cosmic (c) radiation dose rates
must be evaluated to determine ESR-model ages. The outer
and inner w40e50 mm of enamel of each specimen was strip-
ped with a hand-held diamond wheel saw to remove enamel
exposed to alpha radiation. Neutron activation analysis
(NAA) of the thorium and potassium and delayed neutron
counting to determine uranium in the sample’s surrounding
sediment provided the environmental beta-dose rates the sam-
ples received during burial. Gamma-dose rates were measured
in situ within the excavation profile using a Nutmaq-Harwell
Gamma Spectrometer. Cosmic-dose rates were determined us-
ing the estimated overburden depth of the samples plus a cor-
rection for the estimated height of the cliff backing one side of
the site (a major form of shielding against cosmic-ray irradia-
tion at the site). All of these sources of dose accrue a stored
dose in the enamel, which is evaluated in the ESR experiment.

The ratio of accrued dose (assessed as the equivalent dose)
to the total dose rate yields the ESR-model age. For teeth that
have absorbed uranium, two model ages are usually calcu-
lated: (1) early uptake (EU) and (2) linear uptake (LU). These
differ because the dose rate from uranium is assumed to be dif-
ferent in each model. The EU model assumes that all of the
absorbed uranium arrived instantaneously at burial, while the
LU model assumes a gradual, constant uptake of uranium
throughout the burial history. Grün et al. (1988) and Grün
and McDermott (1994) showed that U-series analyses of den-
tal tissues from teeth that had already been studied with ESR
could provide a way to better constrain the uranium-uptake
history in a tooth. Commonly referred to as coupled or com-
bined ESR/U-series dating, this methodology uses relevant
isotopic ratios of Th and U from the U-series analysis in com-
bination with the ESR equivalent-dose and dose-rate data. To-
gether, these yield an age that is consistent with all of the dose
rates and attributes a specific applicable uptake function char-
acterized by a p-value. A p-value of 0 equates to a constant or
linear uranium uptake, while a p-value of �1 represents early
uptake; intermediate values represent behaviors between early
and linear uptake. Very large values of p (>>1) represent up-
take occurring late in the burial, called recent or late uptake.
The resulting ESR-model ages can then be coupled with
a closed-system uranium-series age from the dentine of the
corresponding tooth.

Twelve of the sixteen mammalian-tooth samples that were
dated by ESR techniques and are reported here were originally
excavated during Bordes’s 1970e1971 field season. Ten of the
teeth are of unspecified cervid affinities, three are unspecified
bovid, two are wild goat, and one is from a wild ass (taxo-
nomic determination by D. Armand, personal communication;
Table 1). Of the 16 teeth, four were subsampled for a total of
20 ESR ages. The previously excavated tooth samples had re-
mained at the Institut de Préhistoire et de Géologie du Qua-
ternaire at the University of Bordeaux unwashed, unlabeled,
and classified by square rather than by layer. In 1999, the en-
tire excavation collection (w15,000 pieces) was curated and
entered into a database. Sediments from unwashed tooth sam-
ples were collected and analyzed for beta-dose-rate approxi-
mations. Two of us (WJR and MS) collected four additional
teeth and their surrounding sediment in the exposed profile
while conducting gamma-dosimetry measurements. Teeth
from the archive were selected for their proximity to the
remaining profile for gamma dosimetry and for presence of at-
tached sediment, which is used for beta-dose-rate calculations.
Precise locations of the teeth from layers 5e7 were transcribed
from Bordes’s field notes. Because Pech I is a ‘‘lumpy,’’ or a sed-
imentologically heterogeneous, site (see section drawing in
Fig. 4), several gamma-dose rates were measured for each layer
and then averaged to compensate for heterogeneity of each
layer (Schwarcz, 1994; Brennan et al., 1997; Table 2). A total
of eight gamma-radioactivity measurements were taken using
a Nutmaq-Harwell Gamma Spectrometer; the locations are
listed in Table 2 and shown in Fig. 4. All ESR-dated teeth
were originally located within 2e3 m of the in situ gamma do-
simetry, with the exception of ESR 12 (Fig. 4A). It should be
noted that dosimetry-location selection was directly limited
by the position of the relict cross-sectional profile that remains
at the site and should be a source of concern and caution when
working at a historical excavation site.

Sediment-moisture-content samples were taken from the
rear of the horizontal gamma holes (w30 cm deep) and ranged
from 3 to 10% dry weight. A conservative value of 10� 10%
moisture content was assumed for the entire burial history of
the samples. For further details of ESR- and U-series-sample
preparation and analysis, see Jones et al. (2004). The ESR-
model ages (EU and LU) were calculated using ESR-dating
software Rosy v.2, which uses ‘‘one-group’’ transport
calculations for beta dosimetry (Brennan et al., 1997, 1999).
The coupled ESR/U-series ages were calculated using the soft-
ware DATA-WJR.exe courtesy of R. Grün (Australian
National University, Canberra, Australia) and are based on
Monte Carlo calculations of the beta-dose rates (Marsh
et al., 2002).

ESR/uranium-series results

The uranium concentrations in the enamel samples were
very low. Twelve of sixteen samples had uranium concentra-
tions that were below the detectable limit (0.1 ppm) of delayed
neutron activation analysis (DNAA), and none of the enamels
had uranium concentrations of greater than 0.6 ppm. The
uranium concentrations in the dentine samples generally de-
creased with depth and ranged from w1 to 15 ppm (Table 1).
The locations of the external-gamma-dosimetry measurements
and resulting average dose rates are given in Table 2 and plot-
ted in Fig. 5. Both the variability of gamma doses as a result of
the ‘‘lumpiness’’ (sensu Schwarcz, 1994) of the site and the
gamma dosimetry being performed 30 years after the excava-
tion leads to larger uncertainty in the age. An uncertainty of
�20% was applied to the layer-averaged gamma doses. This
uncertainty envelops the variation for the layer-averaged



Table 1

Analytical data for teet

Mac field # Tax d3 K Sed3

(Wt%)

Enamel

thicknessx(mm)

Rem 1xx

(mm)

Rem 2xx

(mm)

ESR 0A Wild 0.52 881� 108 47� 24 24� 12

ESR 1A Bovi 0.71 1086� 72 52� 26 41� 21

ESR18A Cerv 0.42 962� 88 34� 17 52� 26

ESR19A Cerv 0.48 879� 95 56� 28 69� 35

ESR20A Cerv 0.50 990� 122 66� 33 37� 19

ESR21A Cerv 0.47 1134� 185 39� 20 99� 50

ESR21B Cerv 0.47 1091� 67 56� 28 57� 29

ESR 2A Bovi 0.42 839� 58 47� 24 58� 29

ESR 3A Cerv 0.43 998� 78 90� 45 65� 33

ESR 3B Cerv 0.43 1041� 108 114� 57 20� 10

ESR 4A Cerv 0.48 874� 46 44� 22 60� 30

ESR 5A Wild 0.52 660� 49 53� 27 41� 21

ESR 5B Wild 0.52 779� 96 53� 27 35� 18

ESR 7A Cerv 0.44 1003� 70 42� 21 33� 17

ESR 8A Wild 0.40 1036� 102 82� 41 41� 20

ESR 8B Wild 0.40 1013� 46 65� 33 45� 23

ESR 9A Cerv 0.50 936� 56 32� 16 64� 32

ESR10A Cerv 0.56 1071� 60 65� 33 30� 15

ESR12A Bovi 0.53 1365� 65 26� 13 98� 49

ESR13A Cerv 0.47 884� 54 39� 20 50� 25

* Equivalent dose (DE
** Uranium in enamel th a detection limit of 0.1 ppm.

3 Thorium (Th) and p vation analysis. Uncertainty levels were insignificant to calculations of

annual doses.
x Each sample measu 1s.
xx Amount of enamel he uncertainty was estimated to be 50% of the removed portion.
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h from Pech-de-l’Azé I

on Square Layer DE* (Gy) U En**

(ppm)

U Den**

(ppm)

U Sed**

(ppm)

Th Se

(ppm)

goat F10 7 middle 24.39� 0.44 0.21 5.22 1.81 5.17

d F10 7 middle 19.24� 1.95 <0.1 6.05 6.05 6.41

id I8 7 base 25.39� 1.67 <0.1 5.86 1.79 5.06

id I8 7 base 24.92� 4.75 <0.1 6.72 1.29 4.51

id I8 7 base 20.91� 1.35 0.45 8.16 1.34 4.46

id I8 7 base 19.84� 1.15 <0.1 7.82 1.38 6.28

id I8 7 base 21.02� 1.26 <0.1 8.13 1.38 6.28

d F10 7 base 18.90� 2.10 0.59 5.01 2.19 3.10

id F10 7 base 22.12� 0.98 0.21 13.78 1.18 3.10

id F10 7 base 21.57� 1.26 <0.1 14.04 1.18 3.10

id F10 7 base 22.08� 1.49 <0.1 15.34 1.33 6.20

goat F10 7 base 19.22� 1.41 0.46 11.04 1.14 4.84

goat F10 7 base 21.57� 3.14 <0.1 10.28 1.14 4.84

id F10 7 base 18.48� 1.03 0.50 10.02 1.74 4.99

ass F10 6 22.94� 0.87 <0.1 4.98 1.90 4.65

ass F10 6 21.65� 1.27 0.26 2.99 1.90 4.65

id F7 6 base 22.32� 1.45 0.09 9.44 2.08 5.70

id G10 5 20.76� 0.68 <0.1 1.58 1.09 5.57

d E13 5 20.01� 0.84 <0.1 4.33 1.54 4.09

id G9 5 base 28.67� 1.14 <0.1 3.52 1.48 6.49

) in Grays (Gy).

(En), dentine (Den), and sediment (Sed) is determined by delayed neutron counting in parts per million (ppm) wi

otassium (K) concentrations in parts per million (ppm) and weight percent (Wt%) were determined by neutron acti

red in 40e100 positions using a micrometer indicator with a precision of �2 mm; the reported uncertainties are �
stripped from the external side (Rem 1) and the internal side (Rem 2) to remove damage due to alpha radiation. T



461M. Soressi et al. / Journal of Human Evolution 52 (2007) 455e466
Fig. 4. Location of the dated teeth and the dosimetry measurements: (A) plan

view; (B) cross-sectional view looking northeast (inset: schematic drawing of

the section without data points).
gamma-dose rates for layers 6 and 7, but not layer 5. It is pos-
tulated that the low gamma-dose rate for GAM 3 in layer 5 is
due to its proximity to a large limestone block.

All dose rates associated with the ESR-model ages (EU and
LU) are tabulated in Table 3. The relatively high U concentra-
tions in the dentine of teeth from layers 6 and 7 required that
uranium-series analyses of dentine be performed in order to
refine the ESR-model ages using uranium-series analysis
(Grün et al., 1988) of some of those teeth. The U-series results
are given in Table 4. The closed-system uranium-series ages
on each of two dentine samples do not provide the burial
age of the tooth containing the dentine because the dentine
behaved as an open system (see below), with uranium being
absorbed throughout different portions of the burial history
and at different rates. The closed-system 230Th/234U disequi-
librium ages (U-series ages) that are reported in Table 4 are
provided here only because it is useful to compare them to
the ESR-model ages.

The individual ESR-model ages for each sample, mean
ESR-model ages for each layer, and two coupled ESR/U-series
ages are listed in Table 5 and Fig. 6. Uranium-series analyses
of two dentine-tissue samples, ESR 4A and ESR 9A, respec-
tively, from layers 7 and 6, were needed to calculate coupled
ESR/U-series results for these two teeth. For tooth ESR 4
from layer 7, the EU ESR date is 39� 4 ka, while its dentine
had a much later closed-system U-series date of 22.9� 0.1 ka.
These results indicate that the dentine had gradually accumu-
lated its uranium in nearly linear fashion. The coupled ESR/
U-series age of tooth ESR 4 is 51 (þ7, �9), and its p-value
is 0.12� 0.31, confirming a nearly linear uptake (for LU,
p¼ 0).

For tooth ESR 9 from layer 6, the date from the ESR EU
model is 38� 5 ka, while its dentine has a closed-system U-
series date of 34.8� 0.4 ka; the close match indicates early
uptake. The coupled ESR/U-series date for this tooth is 43
Table 2

In situ dosimetry field locations and measurements at Pech-de-l’Azé I

Designation Layer Square X (m) Y (m) Z* (m) Gamma spectrometer

dose rate (mGy/a)**

Corresponding teeth

GR GAM 2 7 middle H7 1008.708 1093.069 �1.9 192 ESR 0, 1, 2, 3, 4, 5, 7,

18, 19, 20, 21GAM 5 7 base H8 1008.714 1092.831 �3.081 217

GAM 4 7 base H8 1008.982 1092.444 �3.148 214

Layer 7 Mean 208ø

GAM 8 6 H8 1008.909 1092.21 �3.613 261 ESR 8, 9

GAM 1 6 H8 1008.794 1092.458 �3.627 292

Layer 6 Mean 277ø

GAM 3 5 I10 1009.788 1090.001 �3.893 215 ESR 10, 12, 13

GR GAM 1 5 I9 1008.909 1092.21 �3.613 292

GAM 2 5 I9 1009.262 1091.693 �4.219 336

Layer 5 Mean 281ø

* Elevation (Z) in meters below datum.
** MicroGrays per year.
Ø Average of gamma measurements for each layer, which was used in the age calculations for corresponding teeth; an uncertainty of �20% was used on this

value in the age calculations to incorporate (1) unknown variations in moisture history and (2) unknown variation in dose rate among in situ sample locations due to

potential heterogeneity of the actual gamma-dose rate near teeth.
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Fig. 5. A plot of gamma-dose rates versus depth in the profile. The variability in gamma-dose rate in a given archaeological layer clearly increases with its depth

interval. The greatest dispersion of measured gamma-dose rates is seen in layer 5.
(þ8, �6) ka, and its p-value is �0.8� 0.18, confirming rela-
tively early uptake of U (for EU, p¼�1.0).

The coupled-ESR/U-series-age estimates are considered
the best ESR-based ages for each of these layers, but we
also note that they are concordant in each case with the
mean model ages (EU and LU) for each of these layers.
The mean ESR-model ages (EU and LU) reported here
fall within OIS 3 according to the orbitally tuned oxygen-
isotope chronology established by Martinson et al. (1987)
(Fig. 6).
Table 3

Analytical data for ESR dating at Pech-de-l’Azé I

Mac field # Z (m below

datum)

g-dose

rate

Sed b-

dose rate

EU En

a-dose rate

EU En

b-dose rate

EU Den

b-dose rate

EU total

dose rate*

LU En

a-dose rate

LU En

b-dose rate

LU Den

b-dose rate

LU total

dose rate

Layer 7

ESR 0A �2.206 208 110 39 11 69 507 17 5 33 447

ESR 1A �3.046 208 97 0 0 66 441 0 0 31 406

ESR18A �3.148 208 97 0 0 71 446 0 0 34 408

ESR19A �3.148 208 95 0 0 86 459 0 0 41 414

ESR20A �3.148 208 84 75 23 95 555 35 11 46 454

ESR21A �3.148 208 87 0 0 74 439 0 0 36 401

ESR21B �3.148 208 84 0 0 87 449 0 0 41 403

ESR 2A �3.256 208 107 94 27 62 568 43 12 30 471

ESR 3A �3.266 208 71 36 11 157 553 17 5 76 447

ESR 3B �3.266 208 62 0 0 172 512 0 0 83 423

ESR 4A �3.296 208 105 0 0 186 569 0 0 90 473

ESR 5A �3.296 208 100 70 18 160 j 651 33 9 78 510

ESR 5B �3.296 208 105 0 0 143 526 0 0 69 452

ESR 7A �3.456 208 91 78 24 111 582 36 12 54 471

Layer 6

ESR 8A �3.646 277 4 0 0 57 j 543 0 0 28 442

ESR 8B �3.646 277 56 45 13 33 j 536 20 6 16 463

ESR 9A �3.796 277 107 15 4 118 591 7 2 51 525

Layer 5

ESR10A �4.086 281 82 0 0 18 451 0 0 9 438

ESR12A �4.236 281 76 0 0 35 462 0 0 17 440

ESR13A �4.396 281 108 0 0 45 504 0 0 21 476

Notes: a¼ alpha; b¼ beta; g¼ gamma; En¼ enamel; Den¼ dentine; Sed¼ sediment; units for all columns are mGy/a; j¼ includes a contribution from cemen-

tum that is not listed in this table.
* Total dose rates include the cosmic doses calculated according to sample depth and overburden equal to 70 mGy/a (microGrays per year).
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Table 4

Analytical U-series data for Pech-de-l’Azé I

Dentine sample¢ 238U concentration

ppm (�2s error)

230Th/234U* 234U/238U* 230Th/232Th* 230Th/234U closed-system

age (ka) (�2s error)

ESR 4A 14.43� 0.0206 0.1900� 0.0009 1.0386� 0.0031 1068� 5 22.9� 0.1

ESR 9A 8.92� 0.0119 0.2756� 0.0028 1.1067� 0.0026 204� 2 34.8� 0.4

¢ Th/U analyses were performed on dentine tissues adjacent to ESR-dated enamel by MC-ICP-MS at GEOTOP Laboratory, University of Quebec at Montreal.
* Activity ratios.
AMS 14C results

A conventional 14C age was obtained in the early 1970s by W.
Mook on two kilograms of burnt bone collected in layer 4. The
age was 42.23� 1.34 ka (GrN 6784) (D. de Sonneville-Bordes
archives). This conventional 14C age is certainly a minimum for
layer 4, as it was done on several kilograms of burnt bone and
before the use of ultrafiltration techniques (Bronk et al., 2004).

Table 5

ESR and U-series dating results for teeth from Pech-de-l’Azé I

Mac field # EU ESR

age (ka)*

LU ESR

age (ka)*

Coupled ESR/230Th

/234U agez (ka)

p-value

Layer 7

ESR 0A 48� 5 55� 6

ESR 1A 44� 6 47� 7

ESR 18A 57� 8 62� 8

ESR 19A 54� 12 60� 13

ESR 20A 37� 4 46� 6

ESR 21A 45� 6 50� 7

ESR 21B 47� 6 52� 7

ESR 2A 33� 4 40� 6

ESR 3A 40� 4 49� 5

ESR 3B 43� 5 52� 6

ESR 4A 39� 4 47� 6 51 þ7/�9 0.12� 0.31

ESR 5A 29� 3 38� 4

ESR 5B 41� 7 48� 9

ESR 7A 32� 3 39� 4

Layer 7** mean 42� 8 49� 7

Layer 6
ESR 8A 42� 5 52� 7

ESR 8B 40� 5 47� 6

ESR 9A 38� 5 43� 6 43 þ8/�6 �0.8� 0.18

Layer 6** mean 40� 2 47� 5

Layer 5

ESR 10A 46� 7 47� 7

ESR 12A 44� 6 45� 6

ESR 13A 57� 8 60� 8

Layer 5** mean 49� 6 51� 7

All ages were calculated assuming 10� 10% moisture.
* Errors reported for EU and LU ESR ages are �1s.

** Mean age for each layer reported with �1s values (population standard

deviation of the mean).
z Coupled ESR/230Th/234U ages (referred to as ESR/U-series ages in the

text) were calculated assuming a concentration of 0.01 ppm uranium in the

enamel (actual values of U in the enamels were measured by delayed neutron

counting to be less than 0.1 ppm). These ages were also calculated assuming
234U/238U and 230Th/234U activity ratios for the enamel to be the same as that

found in the dentine of the same tooth.
We recently obtained two AMS 14C ages for the top of
layer 6 from two unburnt specimens of cortical bone. These
ages were reported by J. van der Plicht from Centrum voor
Isotopen Onderzoek in Groningen and are listed in Table 6.

There is no consensus on the radiocarbon calibration for
ages prior to 26 ka. According to the Fairbanks0805 calibra-
tion (Fairbanks et al., 2005), the calendar ages would be
42.9� 0.5 ka cal BP and 42.0� 0.3 ka cal BP. Applying
the CalPal2005_SFCP calibration (Weninger et al., 2005),
the calendar ages would be 43.1� 0.5 ka cal BP and
42.2� 0.3 ka cal BP. Using the extreme values of both calen-
dar-age conversions, the overall age lies between 41.7 and
43.6 ka cal BP.

Summary of geochronology

Table 7 provides a comparison among the dating results ob-
tained in this study (layers 5, 6, and 7), along with an earlier
unpublished 14C-age determination by Mook in the late
1970s for layer 4. The italicized results provide the best esti-
mates of burial ages for teeth in each of the three layers dated
with ESR.

The low concentration of uranium in the teeth from layer 5
allow us to use the age of the mean EU and LU ages (plus/
minus their one-sigma errors) to constrain its age between 43
and 58 ka. Layer 6 is dated by both AMS 14C and a coupled-
ESR/U-series-age estimate. The calibrated 14C estimates
yield a range of 41.7 to 43.6 ka cal BP, which agrees well
with the coupled ESR/U-series age of 43 (þ8, �6) ka on
tooth ESR 9.

The uppermost layer, layer 7, only has ESR-model ages and
a coupled ESR/U-series age on tooth ESR 4 of 51 (þ7, �9) ka.
This age yields a range of 42 to 58 ka, which is concordant
with the mean EU ESR age of 42� 8 ka (68% confidence)
and the mean LU ESR age of 49� 7 ka (68% confidence).

Finally, where we did not have two independent methods of
dating available, we used the principle of superposition to con-
strain the ages of the uppermost and lowermost units at the
site. The age of the lowermost layer, layer 4, is constrained
to be greater than 43 ka (34% confidence level) by the over-
lying layer 5’s minimum mean EU ESR age. This agrees
well with the uncalibrated 14C age on burnt bone of
42.23� 1.34 ka BP from layer 4 itself, which is considered
a minimum age. The uppermost layer, layer 7, must be youn-
ger than 43.6 ka cal BP when using 14C as the constraining age
in the underlying unit, and it must be younger than 51 ka when
using coupled ESR/U-series.
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Fig. 6. Diagram of radiometric ages obtained for Pech-de-l’Azé I layers 5e7 (OIS boundaries after Martinson et al., 1987).
Comparison with other southwestern France
MTA (B) sites

There are only three sites at which MTA (B) layers have
been dated by absolute dating methods: Barbas III, La Roch-
ette, and Le Moustier. The MTA (B) layer at Barbas III (C.4)
was dated by 14C to 38.3� 5 ka BP and 43.5� 2.2 ka BP
(Boëda et al., 1996), which would correspond to about
42.8� 0.4 and 47.0� 0.2 ka cal BP, respectively, according
to Fairbanks et al. (2005) and to 42.4� 5 and 47.1� 2.0 ka
cal BP, respectively, according to the CalPal2005_SFCP curve
(Weninger et al., 2005). La Rochette’s layer 7 was recently
dated to 42.6� 1.6 ka and 52.5� 3.4 ka by the AMS radiocar-
bon method (Valladas, unpublished in Soressi, 2002: 36e37);
the first age would correspond to 46.3� 1.6 ka cal BP age ac-
cording to the CalPal2005_SFCP curve (Weninger et al., 2005)
[Fairbanks et al. (2005) did not provide a conversion for a radio-
carbon age equal to 42.6� 1.6 ka, and there are no available
calibration curves for radiocarbon ages older than 50 ka]. Le
Moustier’s layer H was dated by TL and ESR methods, produc-
ing results that are quite consistent with one another. Twenty-
four burnt flints yielded average ages of 42.5� 2 ka and
46.3� 3 ka for layers H2eH9 and layer H1, respectively, for
an overall averaged age of 44 ka (Valladas et al., 1986; Mercier
et al., 1995). The mean ESR EU and LU ages (n¼ 19) for the
MTA (B) industry are 39.7� 2.4 ka and 41� 2.6 ka, respec-
tively (Mellars and Grün, 1991). The absolute ages of the
MTA (B) from these three sites, as well as the ones from
Pech-de-l’Azé I, fall within OIS 3.
Our results agree well with the ages of MTA (B) at these
other sites. The MTA (B) of layer 5 is dated to 43e58 ka
when using the combined mean ESR EU and LU age range.
The MTA (B) of layer 6 is dated by AMS 14C to about
41.7e43.6 cal BP and by coupled ESR/U-series to 37e
51 ka. The MTA (B) of layer 7 is dated to 41e58 ka by cou-
pled ESR U-series, but to less than 51 ka by superposition
above layer 6 (see Table 7 footnotes).

Conclusions

Our analysis of the unpublished archives of Peyrony,
Bordes, and others shows that the Pech-de-l’Azé I Neandertal
child was discovered at the bottom of layer 6, attributed to the
MTA type B. Consequently, this fossil child cannot be older
than the formation of layer 6 and cannot be younger than
the formation of layer 7, which closes the sequence at Pech-
de-l’Azé I and is also attributed to the MTA type B. These
skull and mandible are the first diagnostic human remains
(aside from an isolated tooth) recovered in a MTA type B con-
text. Consequently, Neandertals must be considered the
makers of this Mousterian industry, which shows an unusual
high frequency of Upper Paleolithic type tools, elongated
blanks, and blades (Bordes, 1984: 142e149 ; Soressi, 2002:
218e238). Based on coupled ESR/U-series ages, the Neander-
tal child cannot be older than 51 ka or younger than 41 ka.
This estimate is consistent with the calibrated AMS 14C dates
of about 41.7e43.6 ka cal BP, calibrated using the Fair-
banks0805 (Fairbanks et al., 2005) or the CalPal2005_SFCP
Table 6

AMS 14C ages obtained for the base of layer 7 and the top of layer 6 (the 3D coordinates of each sample at the site are also indicated)

Groningen ref. Bone square-ID Layer X (m) Y (m) Z (m) Age (years BP)

GrA-25632 PAI F10 412 6-top 1006.35 1090.64 �3.456 38430 þ560/�470

GrA-25633 PAI F10 432 6-top 1006.61 1090.68 �3.476 37060 þ490/�420
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Table 7

Summary of geochronology at Pech-de-l’Azé I

Layer 14C age Coupled ESR/

U-series age (ka)

Coupled ESR/

U-series or ESR

age range (ka)

Mean ESR Superpos. age

(ka cal BP, or ka)
Uncal

(ka BP)

Cal

(ka cal BP)

Cal age range

(ka cal BP)

EU age (ka) LU age (ka)

7 51 þ7/�9 41e58* 42� 8 (n¼ 14) 49� 7 (n¼ 14) <43.6x

<51xx

6 37.06 þ0.49/�0.42 42.9y 41.7e43.6 43 þ8/�6 37e51* 40� 2 (n¼ 3) 47� 5 (n¼ 3)

42.0z

38.43 þ0.56/�0.47 43.1y

42.2z

5 43e58** 49� 6 (n¼ 3) 51� 7 (n¼ 3)

4 42.23� 1.43! >43xxx

Notes: EU¼ early uptake; LU¼ linear uptake; uncertainty in mean is one sigma; Uncalib¼ uncalibrated; Cal¼ calibrated; Superpos.¼ principle of superposition.

Italicized values are considered the best age estimates for formation of the layers obtained by ESR or coupled ESR/U-series dating.
! Considered a minimum age obtained on several kg of burned bone by W. Mook in the early 1970s (GrN 6784) (D. de Sonneville-Bordes archives).
y Based on calibration of Fairbanks et al. (2005).
z Based on calibration of Weninger et al. (2005).
* Range based on minimum and maximum value of coupled ESR/U-series age on an individual tooth and its uncertainty.

** Range based on minimum EU ESR age and maximum LU ESR age at only 34% confidence level.
x Obtained by comparison with calibrated 14C age in underlying layer 6.
xx Obtained by comparison with coupled ESR/U-series age plus its uncertainty in underlying layer 6.
xxx Obtained by comparison with mean EU ESR age minus its uncertainty in overlying layer 5.
(Weninger et al., 2005) calibrations. In addition, the ESR ages
of the MTA industries at Pech-de-l’Azé I are in good agree-
ment with estimates of the same industry from around the lo-
cal region. The age of layer 4, at the base of the sequence, is
constrained to >43 ka (34% confidence level) by the minimum
mean ESR EU age in the overlying layer, which is in good
agreement with expectation from Mook’s layer 4 uncalibrated
14C age for burned bone of 42.2� 1.3 ka BP, which we con-
sider to be a minimum age.

Considering the age of layers 6 and 7 at Pech-de-l’Azé I,
and considering that: the MTA type B has always been recov-
ered underneath the MTA type A (Bordes, 1984: 149; Mellars,
1996: 189), and that the same method of manufacturing stone-
tools appear to have been used in both MTA type A and B
(Soressi, 2004), it is safe to assume that the MTA type A
was also produced by Neandertals, as was the MTA type B.
As the oldest Aurignacian industry in the local region is youn-
ger than 41 ka cal BP (Mellars, 2006), the MTA type A and B
from layer 4 to 6 (and may be layer 7) had been manufactured
by Neandertals immediately before the arrival of modern hu-
man in this region. Yet, recent technological analyses of the
MTA have shown that some behaviors previously thought to
be characteristics of more recent behaviors associated with an-
atomically modern humans had already been developed by
Neandertals, within the MTA (Soressi, 2005). Moreover,
some of these specific behaviors (such as the scheduling of
lithic tool production within the territory) had been probably
abandoned within the MTA type B, while others (the use of
a volumetric method of producing blanks) were continued.
The use of a volumetric method of producing blanks and the
interest for backed tools were consistently maintained by
Neandertals, in the same region, from the MTA type A, trough
the MTA type B, till the Chatelperronian (Soressi, 2004;
2005). The contextualization and the dating of Pech-de-l’Azé
I Neandertal show indeed that the evolutionary trajectory of
the last Neandertals in south-western Europe might have
been punctuated by a series of behavioral changes. Addition-
ally, the precise radiometric dating of the layer that contained
the Pech-de-l’Azé I individual allows us to include it within
the sample of the most recent southwestern European Nean-
dertals. Ontogenetic variation between Pech-de-l’Azé I and
other children of the same age class from the same region,
such as the Roc de Marsal 1 individual, has been described
(Tillier, 1996), and thus, this study is a new step toward differ-
entiating temporal from individual variation in late Neander-
tals in this region. A geographical approach to the biological
and cultural changes of late Pleistocene European hominids
is clearly needed.
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Boëda, E., Fontugne, M., Valladas, H., Ortega, I., 1996. Barbas III. Industries
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du Pech-de-l’Azé (Dordogne). Comptes rendus de l’Académie des Sci-

ences de Paris 268-D, 1485e1488.

Ferembach, D., Legoux, P., Fenart, R., Empereur-Buisson, R., Vlcek, E.,
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(Dordogne). L’Anthropologie 43, 425e427.

Verna, Ch., 2006. Les restes humains moustériens de la Station Amont de La

Quina e (Charente, France). Thèse de l’Université Bordeaux I.
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