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The Baume (cave) Moula-Guercy, in southeast France, contains an important sedimentary sequence, which in-
cludes the remains of a cannibalised group of Neanderthals. The chronology of the upper layers of the cave is cur-
rently constrained by a thermoluminescence date of 72 ± 12 ka, obtained from a tephra deposit (layer VI). The
middle and lower layers of the cave have been constrained by biostratigraphy, pointing towards the end ofMIS 5
for the Neanderthal bearing layer XV. In order to refine the chronology of the site, we applied radiocarbon,
40Ar/39Ar, U-series and ESR dating analyses. Radiocarbon dates on bone samples from layer IV showed ages
older than 50 ka. 40Ar/39Ar dating on sanidines from tephra of layer VI revealed, that these volcanic minerals de-
rived probably from the Hercynian basement, and thus provided no tangible chronological constrain. Combined
CSUS/ESR results on faunal teeth place layer IV at the end of MIS 3 to MIS 4, in agreement with the radiocarbon
dates and in stratigraphic orderwith the thermoluminescence age for layer VI. Layer VIII, with only one sample, is
tentatively placed to the end of MIS 4. The age estimates for layer XIV are not conclusive, preventing an age es-
timation for this layer. The younger age result for layer XIV does not agree with the stratigraphy and biostratig-
raphy of the site andmore direct dating of material from this layer is needed to resolve this discrepancy. Located
just below, the crucial Neanderthal bearing layer XV is placed to the end of MIS 5 and younger than MIS 6, in
agreement with the climatological and chronological deductions from the stratigraphy and biostratigraphy of
the site. Direct U-series analyses on two Neanderthal teeth agree with an age for layer XV corresponding to at
least MIS 5 sensu lato. The U-series results on the Neanderthal tooth 3525 show that U-mobilisation even into
small teeth is highly complex, but nevertheless give an indication that this sample corresponds to MIS 5e. This
is in agreement with the CSUS/ESR results from faunal teeth as well as the stratigraphy and biostratigraphy of
the cave. The refined chronology corroborates the existing stratigraphic and biostratigraphic framework.
Moula-Guercy layer XV, with its many human remains showing cannibalism, now stands as a reference site for
this particular aspect of human behaviour.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. The site of Moula-Guercy

The Baume (cave) Moula-Guercy is located 80 m above the west
bank of the Rhône River near the city of Valence, southeastern France,
in the parish of Soyons, Ardèche (Fig. 1). The site was discovered
in 1970 and excavated between 1975 and 1982 by P. Payen
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Fig. 1. Geographical location of the Moula-Guercy Cave. Elevation data from worldclim.org (Hijmans et al., 2005).
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(Crégut-Bonnoure and Guérin, 1986; Defleur, 1989; Payen et al., 1990).
After a 1 m2 test pit was dug in 1991, systematic excavations were car-
ried out between 1993 and 1999 by A.R. Defleur. The earlier excavation
from 1975 to 1982 removed about 100 m3 of Mousterian sediments,
destroying much of the upper section of the sequence, and reached
down to the mid of layer XIV (Fig. 2). This campaign yielded two Nean-
derthal teeth that cannot be attributed with certainty to any layer. The
1991 test pit, starting at the base of the previous excavation, N5 m
below the surface, yielded 13 Neanderthal remains, some of which
showed cut marks and evidence of fractures of fresh bones (Defleur
et al., 1993). The follow-up excavations yielded 119 human remains
from layer XV representing at least six individuals: two adults - a large
older male individual and a smaller one, possibly a female, two adoles-
cents most likely female and two children aged between four and seven
years (Defleur, 1999).

Anatomical studies on the crania andmandibles, teeth (Hlusko et al.,
2013) and postcranial remains (Mersey et al., 2013a, 2013b), identified
characteristic Neanderthal traits, while no evidence for the presence of
any of other hominid taxa was found. Detailed forensic examinations
on the human remains showed that all individuals, including a 4-year-
old child, had been cannibalised. This assessment is based on the similar
processing observed for human and red deer remains at the site. The
skulls had been skinned and the pericranium removed before fractur-
ing. Allmuscles from the crania,mandibles, limbswere removed. Shoul-
ders, elbows, feet and hands were disarticulated and all bones with
marrow were systematically fragmented, while those without marrow
were not (Defleur, 1999; Defleur et al., 2014). DNA analyses of the
material did not yield any results due to the difficulty in extracting
any organic material from the examined fossils (pers. comm. S. Pääbo
to A.R. Defleur, 15 August 2013). Human remains were only found in
Layer XV, apart from Neolithic graves dug into upper layers, and the
two Neanderthal teeth uncovered during the initial excavation.

Moula-Guercy is situated on the west side of the Rhône valley,
Ardèche, among numerous Palaeolithic sites associated with Neander-
thal occupation. Extensive studies on the Middle Palaeolithic
assemblages of the Ardèche region have shown a great diversity of
Neanderthal subsistence and occupation patterns, ranging from long-
term residential camps to short-term hunting and stopover camps
(Daujeard and Moncel, 2010). A detailed taphonomic analysis of the
largermammals fromMoula-Guercy LayerXV (Valensi et al., 2012) con-
cluded thatmany animal remainswere brought to the site for consump-
tion. Based on the relatively small amount of lithic material (Defleur,
2015) and based on the animal remains found at Moula-Guercy this
site is considered to have been used as specialized, short-term hunting
camp (Daujeard and Moncel, 2010; Saos et al., 2014; Valensi et al.,
2012).

The aim of this study is to corroborate the existing chronological
framework of the whole sedimentary sequence, in particular the crucial
layer XV, using a range of dating techniques. Direct dating of these
layerswill allowus to understandMoula-Guercy in the regional chrono-
logic context (Daujeard and Moncel, 2010; Defleur et al., 2001; Michel
et al., 2013; Richard et al., 2015) and contribute to the investigation
into the changes of subsistence and occupation patters with time. The
following sections first outline the already established chronology, and
then provide the results of the new radiocarbon, 40Ar/39Ar, U-Series,
and ESR dating analyses.
1.2. Stratigraphy

The stratigraphy of Moula-Guercy has been investigated in detail by
Saos et al. (2014) and an overview is shown in Fig. 2. All depths refer to
below datum and the bedrock has not been reached during the excava-
tions. The description of the excavated sections and the sedimentologi-
cal analysis of the cave infilling (Saos, 2003; Saos et al., 2014) allow the
distinction of three major depositional complexes, which are further
subdivided into layers, some of which include archaeological layers.
The lower stratigraphic complex comprises layers XX to XVI from the
base to 610 cm below datum, and is only exposed in the pit near the
west wall (see inset in Fig. 2). The sediments are mainly sandy with
limestone blocks. The middle stratigraphic complex (from 610 cm to
about 400 cm) begins with layer XV, which yielded numerous human
remains, and ends with layer XI. All layers are sloped (up to 30°) to-
wards the north. The upper stratigraphic complex (from 400 cm to
0 cm) includes layers X – III. It is only exposed at the entrance of the
cave, since it was strongly affected by the early excavations.
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Fig. 2. Stratigraphy of Moula-Guercy and locations of the cross sections (modified from Saos et al., 2014).
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The sedimentological sequence can be interpreted as follows: the
lower complex represents an active karst system with alluvial deposits
from sands to small limestone pebbles. The sediments indicate a cold
climate (Saos et al., 2014). With the onset of the deposition of the
middle stratigraphic complex, the cave opened to the outside. During
this time the cave dried out and the infill is characterised by cave wall
fragments and the matrix is dominated by windblown sediments.
Importantly, the cave becomes inhabited by animals and men. The
sediments indicate a warmer climatic phase. Finally, the upper sedi-
mentological complex shows solifluction in a periglacial environment
(Saos et al., 2014).

1.3. Lithics

The more recent excavations yielded a total of 2595 lithic artefacts
from 11 layers, 1294 of which were larger than 25 mm (Defleur,
2015). The vast majority of the lithics, 92.3%, were found in four layers
(IV, VIII, XIV and XV). The lithics of layers IV and VIII are technologically
and typologically distinct from those of XIV and XV. 225 chips larger
than 25 mm and 57 retouched tools were found in layer XV. The
débitage belongs to the same family of Levallois/discoidal technology
(Bordes, 1961). Over 30% of the lithic materials have been identified to
come from ~40 kmsouth of the Rhône River between themunicipalities
of Meysse and Rochemaure, which contains high quality flint (Defleur,
2015). Due to the significant distance of these sources and the use of
small flint pebbles and siliceous limestone from the alluvium of the
Rhône river, Levallois débitage is low, but of good quality. The retouched
tools are very abundant, representing N27%of the total débitage. Almost
all of the Levalloisflakeswere processed into retouched tools or possibly
were introduced into the cavity in the form of retouched tools. Levallois
core aremainly in imported flint, while discoid nuclei aremostly of ma-
terials from the Rhône alluvium. The 57 tools are dominated by simple,
transverse and convergent scrapers (Defleur, 2015). At the regional
scale lithic assemblages from layer XIV and XV have both typological
and technological analogies with Jiboui site in the Vercors dated to
MIS 3 (Tillet et al., 2004).

1.4. Biostratigraphy

The climatic phases of the stratigraphic layers can be further investi-
gated using the detailed paleontological studies of macrofauna, micro-
fauna, reptiles and amphibians (Crégut-Bonnoure et al., 2010; Defleur
et al., 2001, 2014; Desclaux and Defleur, 1997; Manzano, 2015).

The lower stratigraphic complex does not contain any macrofauna,
but a large number of micromammal remains (Dicrostonyx torquatus,
Microtus gregalis, Sicista betulina), indicating cold, steppe environmental
conditions.

The middle stratigraphic complex is a thick homogenous deposit
and contains diverse faunal remains. Layers XIV and XV contain cultural
remains including a lithic assemblage,fireplaces, charcoal and abundant
fauna such as red deer (Cervus elaphus), alpine ibex (Capra ibex), fallow
deer (Dama sp.), straight-tusked elephant (Palaeoloxodon antiquus), rhi-
noceros (Dicerorhinus hemitoechus) and many carnivores. Layers XIV to
XII contain wolf (Canis lupus) remains that are intermediate between
Late and Middle Pleistocene. Furthermore, the bear lineage deningeri-
spelaeus is dominated by the more primitive character of Ursus
deningeri, the presence of Ursus thibetanus in association with brown
bear (Ursus arctos), badger (Meles meles) and wildcat (Felis silvestris) is
similar to other interglacial sites (Crégut-Bonnoure et al., 2010).

The upper stratigraphic complex contains woolly mammoth
(Mammuthus primigenius), reindeer (Rangifer tarandus), lemming
(Dicrostonyx torquatus), and vole (Microtus (Stenocranius) gregalis),
which also indicates a cold phase. In addition, these layers contain
wolf remains whose evolutionary stage is typical for the Upper Pleisto-
cene, aswell as bear, hyena and reddeer (Cervus elaphus) species typical
for Upper Pleistocene sites in the southeast of France.
1.5. Chronology

Thermoluminescence dating on quartz from layer VI provided an age
of 72 ± 12 ka (Sanzelle et al., 2000). This was used to correlate this
tephra layer with two other volcanos in the Ardèche: le Ray-Pic with
TL dating on plagioclases: 77 ± 10 ka and/or le Pic de l'Etoile with TL
dating on plagioclases: 83 ± 9 ka (Guérin and Gillot, 2007; Guérin,
1983). The first one is characterised by abundant occurrence of base-
ment olivines and shows a strong mineralogical similarity with those
found at Moula-Guercy (Debard and Pastre, 2008). Based on the envi-
ronmental deductions from the sedimentology and biostratigraphy
the remaining layers can be placed into the general biochronology of
Europe (Crégut-Bonnoure et al., 2010; Defleur et al., 2001; Desclaux
et al., 2000). This preliminary assignment broadly places the lower
stratigraphic complex to MIS 6, the middle stratigraphic complex MIS
5 and the upper stratigraphic complex to MIS 4. The Neanderthal re-
mains are associatedwith layer XV in themiddle stratigraphic complex.
The fauna of layer XV shows the first occurrence of fallow deer and its
other faunal elements, such as Hermann's tortoise (Testudo hermanni),
may be correlated to MIS 5e interglacial sites in the Mediterranean
area. The presence of Hystrix cf. vinogradovi, in association with three
species typical of the Middle Pleistocene (Allocricetus bursae, Pliomys
lenki and Microtus (Iberomys) brecciensis) not encountered in associa-
tion with any late Pleistocene layers in Mediterranean Europe so far,
further points towards MIS 5e. A recent study on amphibians and rep-
tiles provides additional support to this chronological attribution
(Manzano, 2015). Furthermore, the marked persistence of taxa charac-
teristics of a continental climate and an open environment, such as
Marmota marmota, Microtus (Stenocranius) gregalis and Spermophilus
citellus, suggests that this layer is contemporary of the start of the late
Pleistocene temperate climatic oscillation.

2. Materials and methods

2.1. Radiocarbon analysis

Accelerator Mass Spectrometry (AMS) radiocarbon dating of five
faunal bone samples [M93-C4-IV 21, 22, 26, 32 and M93-C3-IV 28]
from layer IV was carried out at the Oxford Radiocarbon Accelerator
Unit (ORAU), University of Oxford (Table 1). Prior to dating, thematerial
was subjected to %N testing as a way of assessing the preservation of
protein in the bone (Brock et al., 2010b). Two of the Moula-Guercy
bones (21 and 28) failed to provide N above the cut-off limit of the
ORAU and were not treated further. Three samples were dated using
the latest preparation protocol for bone collagen, which includes an ul-
trafiltration step (Brock et al., 2010a; Higham et al., 2006). About
600 mg of bone powder was drilled from each sample, and collagen
was extracted using a series of chemical steps. These steps included im-
mersion in HCl and NaOH for the demineralization and removal of
humic acids, respectively, interspersedwith cleaning in ultrapureMilliQ
water. The extracted collagen was gelatinised and underwent ultrafil-
tration, after which ~1 ml of N30 kD gelatine was lyophilised. About
5 mg of dried collagen was combusted using a GC–MS system and the
CO2 generated via this process was purified, graphitised, and pressed
into target holders prior to its introduction to the AMS system for 14C
measurement.

2.2. 40Ar/39Ar dating

A sample from the tephra, layer VI, was collected for 40Ar/39Ar dat-
ing. The 40Ar/39Ar dating for sanidine grains followed the protocol of
Michel et al. (2013). The largest possible well-preserved sanidine grains
(500 μm)were extracted using standard heavy liquidmethods and then
hand-picked under a binocular microscope. Grains were treated with
HNO3 and HF for 10 min, followed by deionised water for 10 min in
an ultrasonic bath. Their chemical composition was estimated using



Table 1
Radiocarbon results from layer IV.

Sample Material OxA 14C age BP Chemistry parameters of dated samples

Used bone (mg) Collagen Yield (mg) Collagen yield, % δ13C δ15N C:N

M93 C4 IV 21 bone Failed
M93 C4 IV 22 bone 28,093 N47,000 610 29.69 4.9 -21.2 2.35 3.38
M93 C4 IV 26 bone 28,094 N48,500 600 16.8 2.8 -20.0 5.91 3.38
M93 C4 IV 26 bone 28,095 N48,000 600 17.93 3.0 -20.0 5.78 3.34
M93 C4 IV 32 bone 28,096 N49,400 600 19.99 3.3 -20.6 1.72 3.32
M93 C3 IV 28 bone Failed
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scanning electronmicroscopywith Energy Dispersive X-ray Spectrosco-
py (EDS) in order to check the homogeneous presence of potassium
(Ecole des Mines, Sophia Antipolis, Valbonne, France). The samples
were irradiated for one hour with Cd shielding in 5C position at
McMaster University Reactor (Hamilton, Canada). The sanidine grains
were subsequently loaded onto a copper plate by sets of about 50–100
grains per hole for multigrain aliquot analyses. Gas was extracted with
an infrared continuous laser and purified in stainless and glass extrac-
tion line using two Al\\Zr getters and a N2 cold trap. System blanks
were run for every two or three analysed samples. The mass spectrom-
eter is a VG3600 with a Daly detector. Mass discrimination was moni-
tored by regularly analysing one air pipette volume. The ultimate
accuracy of the 40Ar/39Ar method depends on well-dated homogeneous
standards (Nomade et al., 2005).
2.3. Tooth samples

Teeth were selected from the collection in theMusée Archéologique
de Soyons. All samples were originally collected in situ and were
completely cleaned. Combined U-series/ESR dating was carried out on
14 faunal teeth (Fig. 3) and their sample layers are given in Tables 2
and 3. U-series dating was carried out on Neanderthal teeth from
layer XV. Tooth 3524 (M-D1–230), Fig. 4A, was intact, while sample
3525 (M-H3–73), Fig. 5A, was a tooth fragment. In addition, we
analysed one intact tooth (3526) of a Neolithic individual from a grave
dug into the uppermost layer, Fig. 6A.
Fig. 3. U-series results of the faunal teeth. Errors are 2σ, plot created using Isoplo
2.4. U-series analysis

The laser ablation U-series analysis was carried out at the Research
School of Earth Sciences (RSES), using a custom-built laser ablation
sampling system (ANU HelEx) interfaced between an ArF Excimer
laser (193 nm; Lambda Physik Compex 110) and a Neptune MC-ICP-
MS. Details of the laser ablation system including detailed description
of the equipment, sampling strategies, and data reduction, has been
given by Grün et al. (2014). U-series analysis on the Neanderthal
tooth 3524 and of the Neolithic tooth utilised laser drilling (Benson
et al., 2013). Neanderthal tooth 3525 was already broken and analyses
were carried out on cross section through the dentine. The faunal sam-
pleswere cut and analysed along cross sections using laser spot analysis
(e.g., Storm et al., 2013). The U concentrations in enamel were too low
for U-series isotopic analysis.
2.5. ESR analysis

In order to obtain external dose rate data, in situ gamma spectromet-
ric measurements were carried out at the site and representative sedi-
ment samples were collected and analysed for U, Th, and K by solution
ICP-MS/OES (Genalysis, Perth).

The dating procedures followed those routinely applied in the ANU
ESR dating laboratory (Grün et al., 2008). From each faunal tooth, an
enamel fragment was removed and powdered. The sample was then
successively irradiated in 9 steps to 810 Gy using an X-ray source,
t (Ludwig, 2003). Solid purple lines highlight the different 234U/238U ratios.



Table 2
U-series results on the faunal teeth from Moula-Guercy. EN stands for enamel and DE for dentine.

Lab number Field Number Layer U(EN) (ppm) U(DE) (ppm) U(CE) (ppm) 234U/238U (DE) 230Th/234U (DE) Apparent age (ka)

3043 M93-F4-29 IV 0.05 33.0 1.0517 ± 0.0022 0.0561 ± 0.0012 6.3 ± 0.1
3044 M93-F5-17 IV 0.15 21.5 1.0544 ± 0.0028 0.0553 ± 0.0015 6.2 ± 0.2
3045 M93-C3-M1 IV 0.09 58.1 1.0607 ± 0.0018 0.0802 ± 0.0010 9.1 ± 0.1
3046 M94-D4-23 VIII 0.75 41.9 1.0576 ± 0.0025 0.0394 ± 0.0009 4.4 ± 0.1
3046 70.0 1.0719 ± 0.0018 0.1265 ± 0.0011 14.7 ± 0.1
3047 M94-C3-222 VIII 0.10 55.1 1.0628 ± 0.0023 0.0977 ± 0.0013 11.2 ± 0.2
3034 M95-D2-154 XIV 0.10 13.8 1.0990 ± 0.0040 0.4712 ± 0.0060 68.8 ± 1.3
3035 M95-D2-287 XIV 0.05 6.1 1.0915 ± 0.0062 0.3742 ± 0.0080 50.8 ± 1.5
3036 M95-G2-46 XIV 0.05 8.6 1.0461 ± 0.0060 0.2681 ± 0.0069 34.0 ± 0.9
3037 M95-G2-83 XIV 0.07 2.2 1.0775 ± 0.0094 0.1184 ± 0.0071 13.7 ± 0.9
3038 M95-F3-217 XV 0.03 7.6 1.0647 ± 0.0051 0.0774 ± 0.0036 8.8 ± 0.4
3039 M97-784 XV 0.14 22.5 1.0721 ± 0.0030 0.2638 ± 0.0037 33.3 ± 0.6
3040 M95-F2 XV 0.18 25.3 1.1327 ± 0.0023 0.6227 ± 0.0042 103.7 ± 1.4
3041 M97-F1-398 XV 0.30 57.2 0.9662 ± 0.0310 0.1060 ± 0.0015 12.2 ± 0.2
3042 M06-96-E1-177 XV 0.01 9.6 1.0732 ± 0.0044 0.4444 ± 0.0059 63.7 ± 1.1
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whichwas calibrated using secondary standards (samples that had pre-
viously been irradiated with a calibrated gamma source).

For the calculation of the internal dose rate values we used beta at-
tenuation values of Marsh (1999) and an alpha efficiency of 0.13 ±
0.02 (Grün and Katzenberger-Apel, 1994). Dose rates were calculated
with the conversion factors of Guérin et al. (2011). For the estimation
of the cosmic dose rate (Prescott and Hutton, 1988) a mean depth of
10 ± 5 m was assumed, to account for the changes in overlaying sedi-
ment thicknesses through time, resulting in consistent cosmic dose
rates as reported in Sanzelle et al. (2000). For layer XV, gamma dose
rate measurements were carried out by thermoluminescent dosimeters
(TLDs) by Helene Valladas in 1993. Due to the low thickness of layer XV
and high occurrence of lithic artefacts TLDs could only be inserted in
limited places, and to better reflect the overall gamma dose rate, all
six measurements were averaged. A time averaged water content of
10 ± 5%was assumed for the sediments and dentine. The U concentra-
tions in enamel were too low for U-series isotopic analysis. For the cal-
culation of the enamel dose rates the dentineU-series valueswere used.
Age calculations were carried out with the ESR-DATA program (Grün,
2009) for combined U-series/ESR (Grün et al., 1988) and the closed sys-
tem U-series (CSUS) ESR system (Grün, 2000).

3. Results and discussion

3.1. Radiocarbon dating

The dating results are summarised in Table 1. One bone sample (26)
was dated twice (OxA-28,094 and OxA-28,095) as a routine internal
laboratory check. Both results were infinite - greater than background
ages, as were the two further determinations (OxA-28,093 and OxA-
28,096). These ages provide a minimum age for the formation of layer
IV, which predates 50 ka BP.

3.2. 40Ar/39Ar dating

Each laser step-heating experiment of the multigrain aliquots
from the tephra of layer VI provided an extremely high 40Ar signal
Table 3
Sediment data for ESR dating.

Layer U (ppm) Th (ppm) K (ppm)

IV 3.53 ± 0.18 9.80 ± 0.49 8904 ± 1000
VIII 3.46 ± 0.17 9.13 ± 0.46 11,800 ± 1000
XIV 3.68 ± 0.18 10.70 ± 0.54 14,800 ± 1000
XV 4.55 ± 0.22 9.39 ± 0.47 16,700 ± 1000
(N6 V)whereas the 39Ar signal was very low (under 15mV), suggest-
ing that these sanidines are not of Quaternary age. The estimated
ages are older than 200 Ma. Thus, the new 40Ar/39Ar dating results
unfortunately did not provide any tangible chronological informa-
tion and are excluded from the further discussion on the chronology
of Moula-Guercy.
3.3. U-series on faunal teeth

For the interpretation of the U-series data one has to keep in mind
that the U-series ages are indications of when uranium migrated into
the skeletal tissue. Firstly, there can be a long delay between the depo-
sition of a bone or tooth and the U-uptake. Secondly, there may be
several consecutive overprinting uptake phases in the skeletal tissue
(see e.g., Grün et al. (2014), and sample 3525, below). Thus, apparent
U-series ages have generally to be regarded as minimum age estimates.
However, U migration processes can be highly complex and U-leaching
can also occur, leading to older apparent ages. Leaching is usually asso-
ciated with lower U-concentrations in the effected domains compared
to their surroundings.

The U-series results on the faunal teeth are given in Table 2 and
shown in Fig. 3. For layer IV, all apparent U-series determinations are
of Holocene age, whereas for layer VIII, of late Pleistocene to early Holo-
cene age. The results from layer XIV vary between around 14 and 70 ka
and those of layer XV between 9 and 104 ka. Since the sedimentological
and biochronological data of this cave indicate that these layers are in
stratigraphic order (Defleur et al., 2014; Saos et al., 2014) we attribute
the huge spread in U-series age results from the faunal teeth to be
caused by complex U-migration on small scales. In an intact sample
the 234U/238U ratios change little within a tooth and are an indication
of the U source. As it can be seen, layer IV has very similar 234U/238U ra-
tios, butwith the increase in age spread in the lower layers the spread in
234U/238U ratios also increase. That is a sign that the U sources for the
different teeth were different, most probably by the position within a
given layer. Samples 3040 and 3041 have distinct 234U/238U ratios
from all other samples. It is important to note that in spite of having
very different U-series isotopic compositions, none of the samples
External Gamma dose rate (μGy/a) Cosmic dose rate (μGy/a)

581 ± 25 63 ± 23
546 ± 25 63 ± 23
709 ± 41 63 ± 23
642 ± 98 63 ± 23



Fig. 4. U-series results of Neanderthal tooth 3524. (A) Photo and location of the sampling spots from LA-MC-ICP-MS and TIMS (Benson et al., 2013). (B) U-series isotope ratios along the
300 s drill holes. (C) Binned data of B. (D) Apparent U-series ages for closed system (single stage uptake) and continuous diffusion from B. (E) Isotopemeasurements along the 1500 s drill
hole. (F) Binned isotope ratios. (G) Apparent U-series ages for closed system (single stage uptake) and continuous diffusion from E.
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show any indication of U-leaching. The U-series results on faunal
materials from various layers demonstrate a greatly delayed U-up-
take yielding results which are significantly younger than the
expected ages from biostratigraphy. The data on the faunal teeth
show that U-series on bones and teeth alone can lead to considerable
age underestimations.



Fig. 5. U-series results of Neanderthal tooth 3525. (A) Photo and location of the transects. (B) Isotope ratios and apparent U-series age estimates along transect I. (C) Isotope ratios and
apparent U-series age estimates along transect II. (D) Isotope ratios, U-concentrations and apparent U-series age estimates along transect III.
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3.4. U-series on human teeth

Neanderthal tooth 3524 (Fig. 4) was analysed using laser ablation
scans of 14 holes (Fig. 4B) and a 1500s hole (Fig. 4E). The results of
the 14 holes (Fig. 4D) yield mean age of 91.8 ± 0.9 ka, each age estima-
tion has a mean error of 0.55 ka. This shows that there is some inhomo-
geneity in the U-series composition within the range of the 14 holes.
The 1500s scan was binned into 30 sections with a length of 40 cycles.
It is clearly visible that the errors in the isotope ratios (Fig. 4F) and con-
sequently the calculated ages (Fig. 4G) increase as the isotope intensi-
ties decrease (Fig. 4E). Nevertheless, the mean of the 30 age
calculations along the depth probing 92.8 ± 6.3 ka is indistinguishable
from the previous measurements. The mean errors increased nearly
tenfold to 4.9 ka. Using the continuous diffusion model for uranium ac-
quisition of Sambridge et al. (2012), the ages become slightly older, but
only by about 1.8 ka (see Fig. 4D,G).

The results of sample 3525 show the full complexity of U-migration
into teeth (Fig. 5). As it was a broken specimen, we could measure sev-
eral transects through various dentine sections. The results of all three
sections are different. Transect I (Fig. 5B) yielded ages between 90 and
120 ka, and it is possible to calculate an age using the diffusion-adsorp-
tion-decay (DAD) model of Sambridge et al. (2012), yielding an age of
118 ± 15 ka (2σ). The first two spots of transect II (Fig. 5C) yielded
younger ages of around 70 ka while the rest yielded ages of around
86 ka. Transect III (Fig. 5D) starts with ages of around 95 ka, increasing
to around 130 ka (spots 5 to 7) then decreasing back to around 82 ka to-
wards the outside of the tooth. This shows that even small teethmay ex-
perience complex U-uptake histories. Contrary to expectations, the high
age values in transect III are associated with higher U-concentrations,
i.e. it is unlikely that the older ages were the result of U-leaching. It
seems that there is an earlier U-uptake phase from the base of the
tooth, perhaps around 120 to 130 ka migrating from the lower end
into the dentine as well as from the left side (as in the photo) followed
by diffusion from the right side and somewhat later overprinted near
the pulp cavity. The U-series analyses of the two Neanderthal teeth
demonstrate that layer XV at least corresponds to MIS 5 sensu lato. As
all results still have to be regarded as minimum age estimates, any
older age cannot be excluded: the results of the faunal teeth of layer
IV indicate a delay in U-uptake of at least 45 ka.

The tooth of the Neolithic individual yielded only one analysis that
could be evaluated (Fig. 6). Cycles 1 to 20 and 21 to 40 yield ages of
4.8 ± 1.4 ka and 3.6 ± 1.6 ka, respectively. However, the mean 230Th
is generally only 1.1 and 0.6 counts above background, which was 1.4
counts per cycle, i.e., any age results are critically dependent on the ac-
curate assessment of the background levels. The very low U-concentra-
tions in this tooth may be taken as indication that U-accumulation was
delayed in the other human teeth as well.

The U-uptake into skeletal elements recovered from the sediments
of Moula-Guercy involves complex processes, and even small human
teeth are subject to complicated U-migration histories.
3.5. ESR dating on faunal teeth

For ESR dating of teeth an assessment of the dose rates of the sur-
rounding sediments is critical. All samples had been cleaned long before
themeasurement of the dose rates of the sediment layers. The U, Th and
K contents, gamma dose rates and cosmic dose are listed in Table 3. The
external gamma dose rates in layer XV, where six independent mea-
surements were carried out, vary between 500 μGy/a, and 733 μGy/a.
This implies that the actual external dose rate (beta and gamma) at a
given place within a layer could vary by as much 20–40%.



Fig. 6. U-series results of the Neolithic tooth (3526). (A) Photo and location of the laser
ablation drill holes. (B) Isotope measurements of the first 100 cycles of hole one.

Table 4
ESR results, EN stands for enamel and DE for dentine. Samples in parentheses were not used fo

Lab number Layer De (Gy) TT (μm) EN + DE DR (μGy/a) Beta SED (μG

3043 IV 44.7 ± 0.8 900 31 ± 5 180 ± 25
3044 IV 50.9 ± 0.8 1050 16 ± 2 157 ± 21
3045 IV 60.3 ± 1.1 1000 58 ± 10 164 ± 22
3046 VIII 36.0 ± 0.6 32 ± 3
3047 VIII 56.4 ± 1.0 1100 68 ± 11 170 ± 22
3034 XIV n/a
3035 XIV 98.1 ± 2.1 1100 35 ± 6 201 ± 36
3036 XIV 73.9 ± 1.4 950 42 ± 9 230 ± 46
3037 XIV 33.7 ± 0.8 1350 9 ± 2 165 ± 24
3038 XV 34.7 ± 0.6 1200 13 ± 3 226 ± 40
3039 XV 109.8 ± 2.5 1050 72 ± 14 236 ± 30
3040 XV 109.1 ± 2.1 1000 no US/ESR calculation
3041 XV 120.8 ± 3.0 950 52 ± 11 259 ± 34
3042 XV 101.2 ± 2.1 900 71 ± 14 272 ± 37
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The results of the ESR measurements and age calculation in Table 4.
Since all teeth were analysed for U-series, we present only combined
US/ESR (Grün et al., 1988) and CSUS/ESR (Grün, 2000) age calculations.
The difference between the models is that the former assumes a
continuous U uptake while the latter assumes a single short phase
uptake at a time that corresponds to the closed system U-series age.
The two models encompass all possible U-uptake scenarios (except
for leaching). As it can be seen in Table 4, there is only one sample
(3039)where the CSUS/ESRmodel yielded an 11 ka older age, however,
still within overlapping errors. All other results are indistinguishable. All
p-values indicate a continuous uranium accumulation excepted for the
tooth 3040. This sample is suspected to have undergone uranium
leaching and consequently is discarded from further analysis.

We note that three teeth (3046, 3037 and 3038), from layer VIII, XIV
and XV respectively, returned significantly younger ages than were ex-
pected based on the stratigraphy and biostratigraphy of the site and as
the other samples from the same layers. Incorporation of these samples
from higher layers in the cave is unlikely based on the known intact
stratigraphy of the site (Defleur et al., 2014; Saos et al., 2014). All of
these younger aged samples have closely similar dose values between
33.7 and 36 Gy, none of the other samples have such low dose values.
This indicates that they were located in low dose rate environments
(surrounded by large limestone blocks), which is also supported by
the field data. These three samples were thus removed from the age
interpretation of their corresponding layer.

Detailed studies on the composition of the ESR signals in teeth show
that gamma irradiation induced large amounts of unstable components
(Joannes-Boyau and Grün, 2011). A sample from Broken Hill in Zambia
yielded a 30% higher dose value once the dose response curve was
corrected for these unstable components. However, the teeth from
Moula-Guercywere irradiatedwith anX-ray source, which induced sig-
nificantly less unstable signals, in the range of 6%, of the natural signal
(Grün et al., 2012b). In contrast to the U-series results, it is not possible
to assume that the oldest ESR results come closest to the age of deposi-
tion. The scatter in the ESR ages is in the first instance caused by our in-
ability to accurately reconstruct the external dose rate for a given tooth.
It seems that ESR, in spite of all its conceived failings, is essential for
reconstructing chronologies for complex sites, such as Moula-Guercy.
The newly developed dating procedures using laser ablation drilling
will help to tighten the ages of human fossils, however, additional anal-
yses seem essential to move from minimum U-series age estimates to
more constrained age assessments. It has to be noted that nearly non-
destructive ESR analysis, which also allows the quantification of
thermally unstable components, is a highly work intensive process
(Joannes-Boyau and Grün, 2011, and references therein). Furthermore,
the tendency of palaeoanthropologists to CT scan everything that
comes out of excavations will make direct ESR dating of human teeth
virtually impossible (Grün et al., 2012a).
r the age interpretation for that layer.

y/a) Total DR (μGy/a) p-value (DE) US/ESR Age (ka) CSUS/ESR Age (ka)

856 ± 41 6.08 ± 0.45 52 ± 2 52 ± 2
817 ± 39 7.77 ± 0.58 62 ± 3 62 ± 3
867 ± 40 5.36 ± 0.41 69 ± 4 69 ± 3
787 ± 43 8.22 ± 0.70 45 ± 3 (46 ± 2)
847 ± 41 3.70 ± 0.32 66 ± 4 66 ± 4

1008 ± 59 0.23 ± 0.11 97 ± 7 97 ± 6
1045 ± 64 0.04 ± 0.13 70 ± 5 70 ± 4
946 ± 52 0.51 ± 0.21 35 ± 2 (35 ± 2)
944 ± 107 2.07 ± 0.55 36 ± 5 (36 ± 4)
1013 ± 105 0.98 ± 0.35 108 + 15/−11 119 ± 13
Possible U-series too old
1016 ± 106 7.26 ± 1.14 118 + 16/−12 119 ± 13
1049 ± 110 0.58 ± 0.015 96 + 13/−9 97 ± 10



Fig. 7. Summary of the refined chronology of Moula-Guercy. δ18O data for the last 200 ka is the LR04 stack of marine benthic foraminiferal of Lisiecki and Raymo (2005). Marine isotope
stage boundaries and sub-stage peaks (Lisiecki and Raymo, 2005; Shackleton, 1969) are shown,with blue colours indicating cold climatic conditions. Grey, hollow circles are sampleswith
unusually low dose rates, excluded from age estimation for their corresponding layer. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb
version of this article.)
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3.6. Chronology of Moula-Guercy

This study provides the first comprehensive chronology of Moula-
Guercy (Fig. 7). The radiocarbon dating results on bone samples show
that layer IV is older than 50 ka. Combined CSUS/ESR results on three
faunal teeth (3043, 3044, 3045) from the same layer yielded age esti-
mates, ranging from 52 ± 2 ka to 69 ± 3 ka, consistent with the radio-
carbon results. This places layer IV at the end ofMIS 3 toMIS 4 (Fig. 7), in
agreement with the age of the TL dating on layer VI, located just below,
with an age of 72 ± 12 ka (Sanzelle et al., 2000). For layer VIII only two
faunal teeth (3046, 3047) were analysed and one sample (3046) was
excluded because it was located in a low dose rate environment (see
discussion 3.5). With only one sample we tentatively place this layer
at 66 ± 4 ka, corresponding to the end of MIS 4. The CSUS/ESR ages
for layer XIV (n = 2) are not conclusive, with one age estimate at
70 ± 4 ka and another at 97 ± 6 ka. The younger age estimation for
layer XIV does not agree with the stratigraphy and biostratigraphy of
the site and more direct dating of material from this layer is needed to
resolve this discrepancy. The age estimates of the Neanderthal fossil
bearing layer XV are based on 3 faunal teeth (3039, 3041, 3042), yield-
ing consistent ESR age estimates ranging between 97 ± 10 ka and
119 ± 13 ka. This layer corresponds to the later stages of MIS 5, and is
younger than MIS 6 (Fig. 7), in agreement with the climatological and
chronological deductions from the stratigraphy and biostratigraphy of
the site. The difference in age estimates for the younger age of layer
XIV and the age range of XV are unexpected, since these layers are
only distinguished by the presence of human remains. Micro and
macro fauna, as well as lithics in these layers are similar (Defleur,
2015). Direct U-series analyses on two Neanderthal teeth agree with
an age for layer XV corresponding to at least MIS 5 sensu lato. The U-se-
ries results on the Neanderthal tooth 3525 show that U-mobilisation
even into small teeth is highly complex, but nevertheless give an indica-
tion that this sample corresponds to MIS 5e. If layer XV was accumulat-
ed within a reasonably short time range, as proposed in Saos et al.
(2014), its minimum age would be given by the U-series results from
3524 and the upper age range from transect III in 3525, i.e. around
120–130 ka. However, it would be difficult to assess a maximum age,
because U-series results on bone and tooth material are considered a
minimum age. This is best illustrated by the Neolithic tooth, where
large domains did not experience any U-uptake.

The chronology established in this study corroborates the existing
stratigraphic and biostratigraphic framework. Moula-Guercy now
stands as a reference site for the understanding of this particular aspect
of human behaviour.
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