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ABSTRACT
The Paleolithic site of La Ferrassie (SW France) has been extensively studied since its discovery during the 19th
century. In addition to a large sequence including Middle and Upper Paleolithic layers, the site has yielded two
very complete adult Neanderthal skeletons, five partial immature Neanderthal skeletons as well as a few isolated
human remains. Currently, much of the site sequence has been dated by radiocarbon and OSL but the dating of
the human skeletal remains is still a matter of debate. Here, we present the OSL dating of a still consolidated sedi-
ment sample associated with the Neanderthal skeleton La Ferrassie 1 (LF1), unearthed by Peyrony and Capitan in
1909 and preserved at the Musée de I'Homme (Paris, France). This block of sediment is crucial as it constitutes the
first possibility to date a sample in close association with the specimen. This sample is included in a chronological
model at the scale of the site, with the aim to estimate the ages of three Neanderthal individuals: La Ferrassie 1,
2, and 8 (LF1, LF2 and LF8). Two chronological modelling tools (OxCal and BayLum/ArchaeoPhases) are first ap-
plied to previously published radiocarbon ages and compared. Chronological inferences show that the BayLum/
ArchaeoPhases model provides posterior probability densities, or statistical inferences, that are more consistent
with the measured data. When including OSL ages in the BayLum model, we can conclude that all three studied
individuals date from the late Middle Paleolithic (<52 ka at the 95% credibility level) and could have been contem-

poraries some time 44.9 and 44.1 ka ago.

INTRODUCTION

he site of La Ferrassie (Savignac-de-Miremont, SW

France) is famous for a long sequence of Middle and
Upper Paleolithic archaeological layers (Capitan and Pey-
rony, 1912a; Peyrony, 1934; Delporte et Tuffreau, 1973;
Delporte and Delibrias, 1984). In addition, Peyrony and
Capitan unearthed several isolated human remains as well
as parts of six Neanderthal individuals in the early XXth
century (LF1-6 (Capitan and Peyrony, 1909, 1912b), while
Delporte revealed a seventh in 1970 and 1973 (La Ferrassie
8, LF8). These seven individuals represent different ages at
death, from one foetus to at least two middle age adults
(Heim, 1976, 1982a, 1982b). In 2010, an international team
undertook new excavations of the site to re-evaluate the ar-
chaeological remains of the different layers, establish a nu-
merical chronology for the sequence and provide as much
contextual information as possible on the human remains.
Figure 1 shows an overview of the site, its different sectors,
and the approximate location of the three skeletons inves-
tigated in this work: La Ferrassie 1, 2, and 8 (LF1, LF2 and
LEF8).

Thus far, the main sequence has been dated (Guérin et
al., 2015; Talamo et al., 2020) by a combination of Optically
Stimulated Luminescence (Huntley et al., 1985; Murray et
al., 2021) and radiocarbon (Hajdas et al., 2021) methods.
By examining sediment still attached to the foot of LF2, we
could correlate it with—most likely —our Layer 5, although
our Layer 4 could not be excluded (the reader is referred to
Guérin et al. [2015], for the correspondence between Pey-
rony’s layers and ours). As a consequence, by dating Layer
5 Guérin et al. (2015) proposed an age of ~43-45 ka for this
individual, with an upper limit of no more than 54+4 ka.

New human fossil remains were found in 2013 among
indeterminate fragments from the sector where LF 8 was
found (Gémez-Olivencia et al., 2015). These findings led to
new excavations in the La Ferrassie 8 sector. A dating cam-
paign involving radiocarbon and OSL provided a number
of radiocarbon ages for samples associated with this young

infant (Balzeau et al., 2020). One Neanderthal bone, identi-
fied by mitochondrial DNA, was dated among the radio-
carbon samples. It is currently not demonstrated that this
bone belongs to LF 8 in absence of direct anatomical corre-
spondence, as this particular sample is an undefined bone
fragment; however, all the elements that were anatomically
identifiable in this area share a developmental stage and
represent anatomical parts that are fully compatible with
the presence of a unique individual. Nevertheless, consid-
ering the discrepancy between radiocarbon and adjacent
OSL ages, together with a taphonomic study of the archae-
ological remains in this area, Balzeau et al. (2020) claimed
that the LF 8 Neanderthal possibly had been buried.

Here, we present new data regarding the age of a third
individual: LF 1. This skeleton was unearthed by Peyrony
and Capitan in 1909 (Capitan and Peyrony, 1909) and re-
moved within a block of sediment for transportation in the
Musée de I'Homme. There, it was excavated by paleontolo-
gist J. Piveteau. According to Peyrony and Capitan, LF 1
was found very close to, and within the same stratigraphic
unit as, LF2 (but the excavation standards at the time pre-
clude us from determining this conclusively). The area
where the specimen was discovered was completely dug
out. It is therefore no longer possible to analyse the sedi-
mentary context of the fossil directly in the site. However,
D. Peyrony and M. Boule observed small packets of yellow
sand from the lower level mixed with the Mousterian sedi-
ments associated with both LF1 and LF2 (Maureille and
Van Peer, 1998). This is something that was not observed
in the rest of the Mousterian levels and was interpreted as
the effect of intentional funerary pits. These pits removed
sediment from the underlying level and mixed this sedi-
ment with that which later filled the pit (Maureille and Van
Peer, 1998). Moreover, according to a taphonomic analy-
sis, no surface alteration is present in the LF1 skeleton and
the breakage pattern is that of bone that has lost collagen,
which would be consistent with the intentional burial of
this individual (Gomez-Olivencia et al., 2018).
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La Ferrassie 1 and 2 -

La Ferrassie 8

Figure 1. View of the different sectors of La Ferrassie. The Western section is referred to as the main section in the text. The circular
feature inside the red square corresponds to the pit dug by excavators in the early 1900s to remove La Ferrassie 2 with a block of sedi-
ment. La Ferrassie 1 was found close to it. Finally, La Ferrassie 8 was found by Delporte in the early 1970s, close to the wall of the

Grand Abri.

Knowledge of the chronology of the human remains
found at the site is very limited and mostly based on rare
evidence and general considerations. For example, Heim
(1982a, b) concluded that all the human remains are evi-
dently contemporaneous. Moreover, this scholar then con-
sidered that they would be dated from the end of the Mous-
terian, around 35 000 years ago, according to attempts of
14C dating. However, the published age (Delibrias, 1984) for
the Mousterian layer is >35 000 years ago. A more recent
analysis of a bone coming from an Aurignacian layer of the
site (excavated by Delporte in 1972 and originally dated
by Mellars et al., 1987) provided an uncalibrated radiocar-
bon age of 33,610 BP (Higham et al., 2006), but the latter
estimate was still believed to underestimate the true age.
The two tibias of LF 1 were later sampled for direct dating
(Higham et al., 2014), but once again the authors concluded
that contamination makes the obtained ages erroneous.
An age around 70,000 ya for the human remains is often
mentioned (e.g., Mellars, 1996, who placed Ferrassie Mous-

terian before Quina Mousterian, and thus around 70 ka),
even if the scientific evidence on which this age is based is
not very clear. In fact, the chronological context of most of
the Neanderthal fossils from La Ferrassie is not yet based
on direct and robust evidence.

Luckily, by exploring the collections of the Musée de
I'Homme, we found some sediment associated with LF
1; part of this sediment was still consolidated by calcite
cementation. In this work, we present the OSL dating of
this new sediment sample attached to LF1, then Bayesian
modelling of the chronology established for LF1, LF2 and
LEF8. For this purpose, we use the open-source, specifically-
designed software BayLum (Combes et al., 2015; Combes
and Philippe, 2017; Philippe et al., 2019; Christophe et al.,
2020; Guérin et al., 2021; 2022), which allows age calcula-
tions by combining radiocarbon and OSL measurements,
while including stratigraphic constraints and shared errors
affecting the OSL measurements.



A Third Neanderthal Individual from La Ferrassie * 101

MATERIALS AND METHODS

PREVIOUSLY PUBLISHED AGES

Many data used in this study have already been published

in Guérin et al. (2015), Talamo et al. (2020), and Balzeau et

al. (2020). In particular, we consider that LF2 is dated by

the most likely association with Layer 5 or possibly Layer 4

(Guérin et al., 2015) and that LF8 is bracketed by the radio-

carbon ages obtained on organic material associated to this

skeleton (Balzeau et al., 2020). Another possibility for LF8
would be that its age corresponds to that determined by
radiocarbon on the Neanderthal remain dated by Balzeau

et al. (2020).

Not all OSL and radiocarbon ages obtained from La
Ferrassie are included in this study, because not all dated
samples are relevant. Indeed, we excluded the following
samples from the present study:

e OSL sample FER 2, coming from Layer 6 in the main
excavation sector, was omitted from the present study
because it was shown by Guérin et al. (2015) to be poor-
ly-bleached. The modelling software BayLum, used in
the following, does not include minimum age model-
ling. However, it should be noted here that this sample
is not crucial for our analyses, since many radiocarbon
samples are available for this layer, and since both OSL
and radiocarbon samples are available directly above
and below Layer 6;

® The four OSL samples taken adjacent to the find loca-
tion of LF8 are also omitted, because they were shown
by Balzeau et al. (2020) to be much older than LF8 it-
self. The apparent disagreement between OSL and ra-
diocarbon led Balzeau et al. (2020) to suggest that this
child was buried in a pit, since more recent archaeolog-
ical material was found at the same elevation as LF8. In
other words, the OSL ages from this area are unrelated
to the age of LF8. Hence, because the present study is
focused on the age of the skeletons, the four OSL sam-
ples from this area are irrelevant in this context;

e All radiocarbon samples identified as outliers by Ta-
lamo et al. (2020: Figure 3) were also excluded; in par-
ticular, all radiocarbon samples from Layer 4, identi-
fied as outliers in this article, were removed as well for
the present study;

e Finally, all radiocarbon samples from Layer 3 were
excluded because they are too old; indeed, this layer
is dated beyond the range of IntCal20 (Reimer et al.,
2020).

On the other hand, we include all OSL samples from
the main excavation area (except poorly bleached sample
FER2) in our chronological modelling. While Layers 1 and
2 are significantly older than Layers 4 and 5 where LF2 was
found, we decided to include the corresponding samples
because we derive the site’s chronology using stratigraphic
constraints and our knowledge of systematic errors affect-
ing the OSL age measurements. Although of secondary
importance for the present study, based on post Infra-Red
Infra-Red Stimulated Luminescence (pIRIR), Frouin et al.
(2017) suggested that the OSL ages of Guérin et al. (2015)

might underestimate the true deposition ages for Layers 1
and 2, due to early saturation of the OSL signal for these
two layers. Including the OSL samples from these layers
might help solve this issue, since BayLum appears to be
less sensitive to saturation effects than conventional analy-
ses (e.g., Heydari and Guérin, 2018).

For an overview of the sample list, Table 1 contains
all already published ages that are relevant to the present
study, i.e. 13 OSL and 33 radiocarbon samples.

NEW OSL SAMPLE

The only additional sample compared to previous studies
comes from a block of naturally consolidated sediment as-
sociated with LF1 and preserved at the Musée de ' Homme
(Figure 2) in boxes, with the label corresponding to La Fer-
rassie 1 in the entries of the collections catalogue. The hom-
inin material was taken from the site of La Ferrassie in the
form of three large blocks consolidated with plaster and
containing the different parts of the skeleton. The detailed
excavation of those blocks was performed in the Museum
national d’Histoire naturelle. Some faunal remains, lithic
elements, and some pieces of sediment that were associ-
ated with the human remains in the blocks have been pre-
served in the collection. That is why we could gain access
to the chunk of sediment that has been preserved as a block
during the preparation of the skeleton. We have no infor-
mation allowing us to know in which block of plaster this
piece of sediment was. Nevertheless, we know, thanks to
the famous photograph showing the skeleton in place at
the site, that all the sediment that covered it had been re-
moved. The plaster blocks bordered the human remains on
the sides, so that their size was minimal in relation to the
surface on which the bones were exposed. In this context,
we know that the block of sediment was near the skeleton,
no more than 20 to 30 centimeters away from the human
bones and possibly in contact with them (see Supplemen-
tary Material).

During sampling, one of us (PG), who worked on the
sediment of La Ferrassie, examined the sediment sample
with a hand lens and concluded that it looks just like that
from our Layer 5—compact yellowish red brown silty sand
with abundant cm-sized fragments of lithics and bone (it
should be noted here that no other layer presents these
features: see Table 1 of Guérin et al., 2015). Given the po-
tentially interesting information contained in this block, we
only sampled a small part of it. First, we consolidated the
targeted part of the block with plaster bands, to prevent the
sediment from disaggregating. In subdued orange lighting,
we removed the targeted sub-block from the main body of
sediment. Our sample was then placed in an opaque bag
and transported to the Archeosciences Laboratory in Bor-
deaux, where the sediment was carefully extracted from
the consolidated block. Special care was taken not to in-
clude grains from the edge (~1cm from the surface) to avoid
sampling grains that would have been exposed to light in
the Museum or during original sampling of LF in the early
XXth century.
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Layer Sample* Age (ka)
Main sequence

9 MAMS-25529 (4C) | 27.1+0.2

MAMS-25530 (*C) | 25.1+0.1

8 MAMS-25527 (#C) | 26.3+0.1

MAMS-25528 (4C) | 27.2+0.2

FER1 (OSL) 39.9£2.5

MAMS-16376 (#C) | 39.1+0.2

MAMS-25520 (#C) | 33.1+0.3

7 MAMS-25521 (#C) | 32.5+0.2

MAMS-16374 (*C) | 32.6+0.2

MAMS-16377 (#C) | 33.0£0.2

MAMS-25525 (4C) | 32.8+0.3

MAMS-16373 (*C) | 37.4+0.4

MAMS-25522 (#C) | 36.6+0.4

6 MAMS-25523 (#C) | 39.0+0.5

MAMS-25524 (*C) | 40.8+0.7

MAMS-21206 (#C) | 40.9+0.5

FER3 (OSL) 42.5+3.1

FER4 (OSL) 46.0+3.7

FER14-MG (OSL) 44.8+2.7

MAMS-17580 (4C) | 41.7+0.3

5 MAMS-17582 (#C) | 43.5+0.4

MAMS-17581 (*C) | 42.4+0.3

MAMS-16372 (#C) | 42.4+0.7

MAMS-16371 (#C) | 42.1+0.7

MAMS-16381 (4C) | 43.4+0.3

MAMS-17583 (#C) | 42.0+0.3

4 FER5-MG (OSL) 46.2+2.7

FER6-MG (OSL) 56.5+3.5

FER8-MG (OSL) 54.3£2.9

3 FER13-MG (OSL) 46.1£2.6

FER7 (OSL) 63.2+4.0

5 FER9 (OSL) 74.245.3

FER10-MG (OSL) 64.9+4.0

1 FER11-MG (OSL) 90.1+7.4

FER12-MG (OSL) 95.1+9.0

EXPERIMENTS, MISSING INFORMATION
AND DATA ANALYSIS

The LF1 sample was measured using the single-grain OSL
measurement protocols employed by Guérin et al. (2015)
for their La Ferrassie samples. The single-grain OSL sig-
nals were measured using an automated Rise TL/OSL
DA 20 reader by individual stimulation with a green laser
beam (Duller, 1999; Batter-Jensen et al., 2000) and detected

through a UV filter set. Environmental beta dose rates were
determined by high-resolution gamma spectrometry of the
outer part of the block of sediment. All factors used to ac-
count for water absorption in sediment, grain size attenua-
tion of beta dose rates, internal dose rate, etc., are the same
as in Guérin et al. (2015). Only the laboratory dose rates
were changed —because the dose delivered to the Risg cali-
bration quartz was re-estimated, changing from 4.81 to 5
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TABLE 1. OSL AND UNCALIBRATED RADIOCARBON AGES RELEVANT FOR THIS STUDY AND
PUBLISHED BY GUERIN ET AL. (2015), TALAMO ET AL. (2020), AND BALZEAU ET AL. (2021)

(continued).
Layer Sample* Age (ka)
Main sequence
MAMS-27340 (1C) 40.7+0.3
MAMS-29545 (1*C) 41.8+0.3
MAMS-29546 (1*C) 37.7+0.3
MAMS-27341 (“C) 41.3x0.4
MAMS-27342 (14C) 34.8+0.2
LF8 area MAMS-29547 (1*C) 39.2+0.2
MAMS-29548 (14C) 42.4+0.3
ETH-99102 (*C) 36.2+0.2
ETH-99103 (1“C) 35.4+0.2
ETH-99104 (C) 37.7+0.3
ETH-99105 (*C) 40.6+0.4

*Samples whose names start with ‘MAMS’ or ‘ETH’ are
radiocarbon samples; all others are OSL samples, measured

either as single-grains or as multi-grains (in the latter case, the
sample name ends with ‘MG’). Note: all OSL ages are 4% older
than in Guérin et al. (2015) because of a re-estimation of the
dose to calibration quartz (see text for details).

Gy (Hansen et al., 2015; Richter et al., 2020; Murray, pers.
comm. to Guérin).

However, the sediment surrounding the sample dur-
ing burial at the gamma dose rate scale (30-50cm: Guérin
and Mercier, 2011) was excavated in the early XXth century,
so it was impossible to measure in situ gamma dose rates.
Whereas such measurements are not necessarily required
when working in homogeneous contexts, gamma dose
rates are highly variable at La Ferrassie —not only when ap-
proaching the bedrock walls but also from one layer to the
other. As a result, we had to estimate the appropriate gam-
ma dose rate that the LF1 sediment sample was exposed to,
based on independent information. To this end, we used
the following sentence from Capitan and Peyrony (1912a)
describing the relative position of the skeletons: ‘Quant au
second squelette, il fut découvert en septembre 1910. 1l gisait en
plein milieu de la couche moustérienne et plutot méme dans sa
moitié inférieure, a 1 m. 50 de la paroi rocheuse et a 0 m. 50 seule-
ment du précédent’ (‘Regarding the second skeleton, it was
found in September, 1910. It was lying in the middle of the
Mousterian layer, more precisely in its lower half, 1.50m
away from the cave wall and only 0.50m away from the
previous one’). Based on sedimentological observations,
Guérin et al. (2015) attribute the latter to most likely Layer
5, and so we decided to use the average of the gamma + cos-
mic dose rates measured for this layer as our best estimate
of that experienced by the LF1 sediment sample. For the
corresponding uncertainty, we used the standard deviation
of all dose rate measurements from Layer 5 (rather than the
standard error of the mean, since the single value relevant

for LF1 could lie in the entire range of all measured values).
As a result, the gamma dose rate for LF1 is estimated to be
0.39+0.17 Gy .ka; the large uncertainty (44%) reflects our
poor knowledge of the sample’s burial environment. How-
ever, with this cautious approach we can be confident that
the true gamma dose rate lies within two standard errors of
the central value, since the corresponding interval includes
all gamma dose rate values measured at the site and in par-
ticular the dose rate estimated for our samples from Layer
4 (0.49+0.07 Gy ka™).

Figure 3 displays single-grain OSL data in the form of
the natural test dose response (which measures the sensi-
tivity of a grain) as a function of the equivalent dose, for all
selected grains. The effect of various grain selection crite-
ria was extensively studied for the La Ferrassie samples by
Guérin et al. (2015); as a consequence, we kept all grains for
which the uncertainty on the test dose signal was smaller
than 15%. For comparison with the study of Guérin et al.
(2015), we first analyzed the single-grain OSL data using
the Analyst software (Duller, 2015). The dose response
curves were fitted with functions of the form:

L
7= a-ep(p))

where £ is the sensitivity-normalized OSL signal, a is the
asymptotic limit, D is the radiation dose and D _ is the cur-
vature parameter. For consistency with Guérin et al. (2015),
we first estimated D, values for only the grains whose cur-
vature parameter (D_in the equation above, D in Guérin
et al., 2015) value is greater than 100 Gy, as suggested by
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Figure 2. Block of sediment associated with La Ferrassie 1 and still consolidated. Top: the dashed line indicates where we cut the block
in two. Bottom: the part behind the bone sticking out was covered with plaster and used for OSL dating.

Thomsen et al. (2016) and Singh et al. (2017). The effect
of such a selection criterion is to avoid biasing the distri-
butions towards lower D, values. In Figure 3, only those
grains for which D >100 Gy are shown.

To estimate the variability in D, values, we used the
central dose model (CDM, Galbraith et al., 1999). For a first
age estimate, instead of using the average of individual D,
values as in Guérin et al. (2015), we applied the Average

Dose Model (ADM, Guérin et al., 2017). The main advan-
tage of the ADM is that it appears to provide more accu-
rate burial dose estimates than the CDM (which systemati-
cally underestimates). In addition, its burial dose estimates
should be rather close to dose estimates calculated by
Guérin et al. (2015) using an unweighted arithmetic aver-
age of D_ values.
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Figure 3. Test dose responses as a function of equivalent doses for the sample associated with La Ferrassie 1. For this plot, only the
grains for which the curvature parameter (D) of the dose response curve were selected, among the grains that gave an uncertainty on

the first test dose response smaller than 15%.

BAYESIAN MODELLING USING BAYLUM
AND ARCHAEOPHASES
Generally, luminescence ages are calculated one at a time,
sequentially through a series of calculations of equivalent
doses for each measured aliquot, then of the central dose
(or minimum dose) of these values, and of the average dose
rate relevant to each sample. In this multi-step process, in-
formation is lost (see Combes et al., 2015), especially for
samples where the natural OSL signal interpolates on the
non-linear part of OSL dose response curve, close to satura-
tion (e.g., Singh et al., 2017). In contrast, it is common prac-
tice that radiocarbon ages are calibrated and included in
Bayesian models including stratigraphic constraints, with
the aim to establish chronologies for stratigraphic sequenc-
es (Ramsey, 2009). In doing so, one makes use of available
information on the ordering of ages to achieve better chron-
ological resolution. While OxCal was specifically designed
for modelling of radiocarbon ages, it is becoming increas-
ingly common to also incorporate ages obtained using OSL
and other methods (Douka et al., 2014; Frouin et al., 2017).
However, an OSL age can only be included in OxCal in the
form of a gaussian probability distribution, where all the
uncertainty is treated as random. This mathematical de-
scription is quite problematic for OSL on several accounts,
but in particular because a large fraction —typically most—
of the errors affecting OSL ages come from systematic
sources of errors (see, e.g., Murray et al., 2021). As a result,
we decided not to model OSL ages using OxCal.

An alternative to OxCal modelling is provided by
the open-source R package BayLum (Philippe et al., 2019;

Christophe et al.,, 2020), specifically designed for OSL-
based chronologies. BayLum uses raw OSL measurements
to model dose distributions for series of OSL samples, but
also allows modelling of the covariance in ages measured
with the same equipment calibrated with the same stan-
dards (Guérin et al., 2021). Stratigraphic constraints may
also be included, as well as radiocarbon ages—which are
calibrated using IntCal20 (Reimer et al., 2020). By design,
BayLum avoids the stepped data processing described in
the previous paragraph; thus, the statistical inference us-
ing this tool is more consistent with the measured data. In
addition, BayLum has already been shown in the literature
to provide more accurate and precise ages based on labora-
tory experiments (Heydari and Guérin, 2018) as well as on
dating studies of archaeological sites (Chevrier et al., 2020;
Heydari et al., 2020; 2021; Guérin et al., 2022).

In the present study, three sets of samples from La
Ferrassie are considered without established stratigraphic
relationships between these sets: (i) the main sequence, al-
ready dated by Guérin et al. (2015) and Talamo et al. (2020)
using OSL and radiocarbon (it is from Layer 5 of this main
sequence that LF2 most likely comes); (ii) the area where
LF8 was found (Balzeau et al., 2020, and references therein);
and, (iii) the isolated sediment sample associated with LF1
dated here. While the samples from the latter two areas are
chronologically unconstrained from a stratigraphic point
of view, the main sequence comprises nine archaeological
layers, which we used to impose stratigraphic constraints.
That being said, the covariance of all OSL ages in the age
calculations using BayLum, together with the stratigraphic
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constraints and the independent, more precise ages such as
those obtained with radiocarbon, are expected to increase
the precision of the modelled chronology.

The input of BayLum consists of OSL measurements
and dose rates to sedimentary grains, uncalibrated radio-
carbon ages, stratigraphic constraints, and a matrix to ac-
count for systematic sources of errors. The matrix specifies
not only individual uncertainties arising from unknown
errors on laboratory beta dose rates, environmental beta,
gamma and internal dose rates (0.06+0.03 Gy.ka' follow-
ing Mejdahl, personal communication to Murray, based
on Mejdahl, 1987), but also the part of the variance that is
shared across samples measured with the same equipment
(Guérin et al., 2021). Ages and their probability densities
are estimated jointly in BayLum through Markov Chain
Monte Carlo (MCMC) calculations, which means that if
the OSL age of one sample is constrained by independent
ages—here radiocarbon ages—then all other OSL ages
will also be constrained by the shared errors across OSL
samples. In the present study, the errors that we consider
systematic are those affecting: (i) the laboratory beta source
calibration, (ii) the concentrations in K, U, and Th used as
standards for the calibration of the gamma spectrometer,
(iii) the in situ gamma dose rate measurements, and (iv) the
internal dose rate to quartz grains.

To estimate phases—their start, end, duration, time
range, etc. —we used the open-source R package Archaeo-
Phases (Philippe and Vibet, 2020). This package contains a
number of statistical tools to estimate parameters related
to sequences of ages known though a Monte Carlo Markov
Chains (MCMC) sample from their joint posterior distribu-
tion, thus representing probability density distributions of
ages. Such samples may be provided by different chron-
ological models, as for instance Baylum, Chronomodel
(Lanos and Philippe, 2017; 2018) or Oxcal. ArchaeoPhases
then performs post-treatment of the calculated ages; for
example, one can specify a number of samples belonging
to an archaeological layer and then estimate when the cor-
responding phase started, ended, how long it lasted, etc.
Indeed, we have no direct dating for any of the skeletons
included in the present study; for most of the studied skel-
etons, we have a set of ages from the layer where each skel-
eton was found. For LF1, we only have one OSL sample.
Therefore, our aim is to compare the OSL age of this sample
with the time ranges obtained for the layers of LF2 and LF8.

RADIOCARBON CALIBRATION:
FROM INTCAL13TO INTCAL20
Since Talamo et al. (2020) published their radiocarbon-
based chronology for the main sequence using IntCall3
as the calibration curve, a new calibration curve was pub-
lished —IntCal20 (Reimer et al., 2020). As a result, we have
recalculated all radiocarbon ages using model 2 of Talamo
et al. (2020), i.e., keeping the same modelling assumptions,
stratigraphic constraints, etc.

In particular, for comparison with previously pub-
lished data and interpretation, we kept the same model-
ling choices as those made by Talamo et al. (2020) when

it comes to separating phases or archaeological layers. Be-
tween two successive layers (for example, when a gap be-
tween two successive layers was identified based on field
observations), Talamo et al. (2020) sometimes used an extra
boundary to distinguish the end of the lower layer from
the start of the upper one (between Layers 6 and 7, and be-
tween Layers 7 and 8). In other places, where gaps between
successive layers could not be identified, they merged
these two events in one unique transitional boundary, i.e.,
a ‘transition layer’, defining both the end of the lower layer
and the start of the upper layer.

Figures 4 and 5 show the updated radiocarbon chro-
nology for the main archaeological sequence and for the
remains associated with the LF8 individual.

RESULTS

FIRST AGE ESTIMATIONS FOR

LA FERRASSIE 1

For the OSL sample associated with LF1, the radioelement
concentrations are as follows: 0.90+0.02% of K, 2.8+0.2 ppm
of U and 8.3+0.4 ppm of Th; all these values are in the range
of concentrations measured for the previously studied
samples from La Ferrassie (Guérin et al., 2015; Balzeau et
al., 2020). The total dose rate to quartz grains is equal to
1.6£0.2 Gy ka™.

The burial dose was determined using single-grain
OSL measurements. A total of 3,500 grains were measured
of which 252 gave a natural test dose uncertainty smaller
than 15%; of these, 21 grains (8%) gave unbounded dose
estimates using the Analyst software (Duller, 2015). 117 out
of the 252 initially selected grains have a D_ value greater
than 100 Gy and none of these 117 grains is close to satura-
tion. For age calculation, we used these 117 grains for which
the natural test dose uncertainty is smaller than 15% and
D>100 Gy. The overdispersion (OD) value calculated for
this population with the CDM is 36+3%. This value falls in
the range of previously observed values for well-bleached
samples from the site (which lie between 29% and 39%)
and is significantly smaller than the OD value observed
for poorly-bleached sample FER 2 (51+5%), which comes
from the same area as the sample associated with LF1. The
Average Dose Model (ADM: Guérin et al.,, 2017) gives a
burial dose equal to 62+3 Gy and an age of 3945 ka. Given
the association with a Neanderthal skeleton, this age most
likely corresponds to the end of the Middle Paleolithic and
relates to Marine Isotope Stage (MIS) 3; it is statistically in-
distinguishable from the ages obtained for LF2, which most
likely lies between 47 ka and 40+2 according to Guérin et
al. (2015)—or between 54+4 and 40+2 ka if we include the
possibility that LF2 was found in Layer 4—and between
49 and 44 ka (95% C.I.) according to Talamo et al. (2020).
To compare this age with that determined for LF8, we are
faced with an alternative —we may consider that the Nean-
derthal fragment, identified by aDNA among the remains
associated to LF8 and which was dated to between 41.7 and
40.8 ka cal BP (95%), (i) belongs to LF8 and (ii) was not af-
fected by contamination (see, e.g., Deviese et al., 2021). An
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Figure 4. Oxcal modelling of the main archaeological sequence using IntCal20 (Reimer et al., 2020).
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Figure 5. Oxcal modelling of the radiocarbon-based chronology for the remains associated with the La Ferrassie 8 individual.
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Figure 6. Ages calculated with BayLum with stratigraphic constraints and the © matrix to account for systematic errors. The layer
numbers correspond to the stratigraphy of the main sequence (Guérin et al., 2015). It should be noted here that one cannot exclude
that the La Ferrassie 2 individual belonged to Layer 4. In any case, the ages obtained for each skeleton overlap at ~45 ka.

alternative possibility is to consider the age range obtained
with radiocarbon on all the finds associated with LF8 as a
more cautious time range (between 49.1-43.3 and 44.2-42.5
ka cal BP at 95% credibility level: Balzeau et al., 2020). In
both cases, the LF1 age is compatible with that of LFS8.

BAYESIAN INFERENCE USING BAYLUM

Figure 6 presents all ages calculated with BayLum, us-
ing stratigraphic constraints and a 0 matrix to account for
systematic errors. In the present case, systematic errors
include components for calibration of the laboratory beta
source dose rate, K, U, and Th concentrations of the stan-
dards used for calibration of the high-resolution gamma
spectrometer, calibration of Al,O,:C dosimeters for in situ
gamma dose rate measurements and the internal dose rate
to quartz. It should be noted here that, since BayLum is in-
sensitive to grain selection based on the curvature param-
eter (D) of the dose response curve (Heydari and Guérin,
2018), we included all grains from the LF1 sample for
which the test dose uncertainty is smaller than 15% (n=252
grains). For our BayLum model, we specified a Gaussian
dose distribution. 4.75 million iterations were required
(counting adaptation, burn-in, and sampling) of the Monte
Carlo Markov Chain procedure to reach convergence, as
determined using the Gelman and Rubin’s diagnostic (up-
per credible interval <1.05).

DISCUSSION

BAYESIAN MODELS: COMPARISON BETWEEN
OXCAL AND BAYLUM/ARCHAEOPHASES

Prior to discussing the results, it is important to realise
the different practices with respect to expressing ages and
chronologies. While calibrated radiocarbon ages are given

in thousand years Before Present (ka BP, before 1950), OSL
ages are generally reported in ka before sampling time (in
our case, 2011-15). As a result, since BayLum was devel-
oped specifically for OSL dating, we use the latter conven-
tion.

Turning to the main archaeological sequence of La
Ferrassie, two chronological models are now available—
one based on radiocarbon only, produced with the OxCal
software; and, one obtained with BayLum, including both
OSL and radiocarbon measurements. Before exploring the
discrepancies between the two chronological inferences,
one should first carefully examine the differences in the
mathematical models, but only after careful definition of
our objectives. Let us first examine the target events we
are aiming at, discuss the link between these aims and our
chronological data, and finally assess the adequacy of exist-
ing modelling tools to answer our questions.

Research Objectives and Modelling Tools

Our main research objective is to calculate the age of three
of the Neanderthal skeletons found at La Ferrassie and, in
particular, determine if they might have been contempo-
raries. Contemporaneity could, for instance, be discussed
by DNA analyses, as in the case of the identification of the
genome of the offspring of a Neanderthal mother and a
Denisovan father (Slon et al., 2018) or of a Neanderthal fa-
ther and daughter (Skov et al., 2022). Since such data are
not available here, direct radiocarbon dating of the skel-
etons themselves appears to be the second-best option,
but data are not at hand (unless the Neanderthal remain
dated by Balzeau et al. (2020) belongs to LF8). The situa-
tion is made even less ideal by the fact that these skeletons
were unearthed more than 50 years ago, and we are instead
left with a number of OSL and radiocarbon ages associated
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with the skeletons. Therefore, we need to make the follow-

ing assumptions:

e the OSL age of the sediment associated with LF1 is rep-
resentative of the age of the skeleton (no associated ra-
diocarbon age exists for this skeleton);

e the ages of LF2 and LF8 can be determined using ages
from the contexts (i.e., the respective archaeological
layers) in which they were found. For LF2, this is most
likely Layer 5, although one cannot confidently ex-
clude Layer 4 (Guérin et al., 2015). For LFS8, this phase
is defined by all the finds labelled ‘associated with the
child” by its discoverer, H. Delporte. The underlying
assumption is that we have enough data to character-
ize the chronological range of these archaeological as-
semblages, or, to put it differently, that the age of each
skeleton does not lie outside our age sets. Having ob-
tained 10 ages for Layer 5 and 11 for the LF8 area, we
consider that this assumption is reasonable. In practice,
we will consider that each of these two skeletons is an
undated sample within its layer of provenance (note:
an alternative for LF8 is to simply consider the dated
Neanderthal remain from Balzeau et al., 2020).

As a result, we are interested in the chronological ranges of

Layer 5 (or of Layers 4 and 5) inside the main sequence and

of the assemblage associated with LF8, in comparison with

the OSL age of the sediment associated with LF1.

In light of these considerations, OxCal allows the esti-
mation of the beginning and end of phases (Ramsey, 2009).
Using the function Date inside a phase set between two
boundaries, Talamo et al. (2020) calculated the probable age
of an undated sample inside this phase. Mathematically,
this function starts with a prior uniform density distribu-
tion, within the interval defined by the phase boundaries,
i.e., one assumes that the age of the undated sample (in our
case, that of a skeleton) has equal probabilities of having an
age anywhere inside the interval. As a result, the function
Date exactly corresponds to our aim for the LF2 and LF8
individuals.

In comparison, the ArchaeoPhases package also al-
lows estimation of the beginning and end of a phase. Like-
wise, it is possible (using the function undated_sample of
ArchaeoPhases, version 1.8 and later: Philippe and Vibet
[2020]) to estimate the age of a sample that would belong
to a given phase (it is equivalent to the function Date of
OxCal). The latter approach was already implemented on
BayLum age calculations by Guérin et al. (2021). Here also,
this latter function provides a result as close as possible to
our target age within a layer. In addition, ArchaeoPhases
includes the function PhaseTimeRange, which calculates,
for a given credibility level, the interval inside which all
ages of a phase are comprised.

In the following, we will compare, for each layer: (i) the
estimates obtained by Oxcal and BayLum/ArchaeoPhases
for the beginning and end of phases when only using radio-
carbon ages; (ii) the outcome of the functions Date of Ox-
cal and undated_sample of ArchaeoPhases on the output
of BayLum, still when using only radiocarbon ages; and,
finally, (iii) the effect of including OSL data in the BayLum

model before post-treatment with ArchaeoPhases.

But prior to these comparisons, we should first discuss
the fundamental differences in modelling approaches, in
order to understand and interpret potential differences.

Theoretical Considerations

First, we should discuss why OSL ages are not included in
the OxCal model. In principle, it is possible to include OSL
ages in OxCal models; however, then OSL ages are treated
as gaussian distributions independent of each other. In
particular, all the uncertainty assigned to each OSL age
is treated as random. This is problematic because a large
fraction of the OSL age uncertainties comes from the cali-
bration of the equipment used in OSL dating. Calibration
quartz (Hansen et al., 2015) used for laboratory beta source
calibrations comes with an uncertainty corresponding to a
systematic error affecting all doses delivered with the OSL
readers calibrated with this reference quartz. Similarly, the
calibration standards used for high-resolution gamma spec-
trometry measurements are only known to approximately
+2%. In total, a relative uncertainty of ~4-5% on each OSL
age comes from such systematic errors. In favorable cases
(i.e., when counting and other sources of random errors are
minimal), most of the uncertainty on an OSL age actually
comes from such systematic errors. Therefore, treating all
uncertainty as random—as is done with OxCal—is unsat-
isfactory for OSL ages from first principles. In addition, in-
cluding OSL ages in OxCal would require that these ages
have been derived using a dose model such as the ADM
after several steps of analysis during which information is
increasingly lost. Thus, in our opinion modelling OSL ages
with OxCal is not desirable.

When it comes to calibrating radiocarbon ages, Bay-
Lum uses a similar algorithm to that implemented in Ox-
Cal. Actually, comparisons of individual age calibration
have led to indistinguishable calibrated ages (Guérin et al.,
2022).

Besides those data that may or may not be satisfactorily
included in OxCal and BayLum models, the main differ-
ence between these models lies in the definition and im-
plementation of phases. OxCal, in general and at least as
it was implemented by Talamo et al. (2020), uses the strati-
graphic phasing as input of the model; it means that the
defined phases influence the modelled ages. Conversely,
in BayLum the phase definitions are not included in the
age calculation and can thus not influence it. It is only after
age calculation that ArchaeoPhases is used to estimate of
phase parameters—just like the un_dated function of Oxcal
comes after age calculation. Mathematically, in OxCal the
posterior density of a set of r ages deﬁnling a phase with a
start o and end B is proportional to ——= (Ramsey, 2009).
As a consequence, the OxCal model of a phase tends to fa-
vor shorter durations, since the posterior probability den-
sity becomes larger when the interval between a and {3 de-
creases, leading to a ‘concentration effect’ as demonstrated
by Lanos and Philippe (2018). This being said, in OxCal by
definition the phase boundaries may extend outside the in-
terval defined by the youngest and oldest individual ages
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inside the phase (NB: here one excludes from the discus-
sion cases where outliers are detected), because for every r
then a<a <B, where a, is the age of sample r. By contrast, in
ArchaeoPhases the beginning of a phase corresponds to the
oldest age from this phase and its end to the youngest age.

From first principles, it is very difficult to decide which
modelling approach is most appropriate. To complicate
things further, it seems difficult to empirically test which
model better characterizes known phases, because such
phases are generally unknown. While assessing the valid-
ity of a dating method generally relies on comparing ob-
tained ages with independent, well-established methods
(e.g., Murray and Olley, 2002; Buylaert et al., 2009; 2012),
then the phase duration is generally not testable using oth-
er methods. As a result, we cannot easily decide which of
the two modelling approaches is most appropriate. In the
absence of reference data, a solution to discuss the valid-
ity of statistical models is to compare the inferences drawn
from the data with the data themselves. A priori, we can
say that the combination of BayLum and ArchaeoPhases
appears to stick more to the measured data than OxCal,
which (i) includes the phases definition in age calculation,
and (ii) calculates phase boundaries («,3) outside the calcu-
lated age range. In the following, we discuss the different
phase estimates obtained from the two modelling solutions
in the light of measured (and, in the case of radiocarbon,
calibrated) ages, in an attempt to identify which math-
ematical tool—if any—gives chronological inferences that
fit the experimental observations better. In other words, we
define the consistency of each model by comparison of its
inferences with calibrated ages; if the extent of a modelled
phase differs from the individual ages measured inside this
phase, then we consider that this inference is not supported
by data.

As a final note, in both the OxCal and BayLum/Ar-
chaeophases approaches, modelling relies on the quantity
and quality of the input data and we can reasonably as-
sume that, if sampling is well suited to the chronological
questions at stake, both solutions will converge towards
the same scenario. Nevertheless, we should keep the fun-
damental modelling differences in mind when discussing
the chronological inferences.

Comparison of Modelled Chronologies:

OxCal vs BayLum/ArchaeoPhases

Table 2 lists, for each layer from 1 to 9 in the main excava-
tion area, and for samples associated with LF8, the 95% C.1.
for the start and end and of the corresponding phases using
either (i) only radiocarbon ages modelled with OxCal, (ii)
only radiocarbon ages modelled with BayLum/Archaeo-
Phases, or (iii) radiocarbon and OSL ages modelled with
BayLum/ArchaeoPhases. This table also gives the time
range of each phase, i.e., the interval comprising all ages of
the phase at the 95% credibility level. A first observation is
that for each layer, the phase time range almost exactly cor-
responds to the interval defined by the upper limit (older
age value) of the oldest age within the phase and the lower
limit (younger age value) of the youngest age within the

phase. In other words, the phase time range function of the
ArchaeoPhases package is quite transparent and provides
intuitive results; the end (respectively, the beginning) of a
phase is defined by the youngest (respectively, oldest) sam-
ple inside this phase. As we will see below, OxCal some-
times provides very different results.

Since OxCal is a reference software while the open-
source BayLum and ArchaeoPhases packages are still rel-
atively new, in the following we compare the results ob-
tained with the two approaches in detail, especially when
only radiocarbon is used for building chronologies. Nev-
ertheless, to give a quick overview of the situation, in Fig-
ure 7 we show individual radiocarbon ages (95% C.1.), as
measured and calibrated independently of the sequence at
stake, together with the phase boundaries (95% C.1.) esti-
mated using these data by OxCal on the one hand and Bay-
Lum/ArchaeoPhases on the other. In Figure 8, individual
radiocarbon ages are also plotted, but this time together
with the 95% C.I. obtained for an undated sample inside
each phase. From these figures, we observe that BayLum/
ArchaeoPhases give estimates of the start, the end, and one
undated sample for each phase that appear to be closer to
the measured data than OxCal. This conclusion is exam-
ined in more detail for each layer below.

Layer 9. Only two radiocarbon (and no OSL) samples
were dated from Layer 9, giving the two following 95%
C.I. after calibration using OxCal and IntCal20: [29.9; 29.2]
and [31.5; 31.0] ka. It should be noted that here and in the
following discussion, unless explicitly mentioned other-
wise, we report the calibrated ages as calculated without
the chronological model of the sequence, i.e., they corre-
spond to the measured ages after calibration. When using
only radiocarbon for the chronological models, BayLum/
ArchaeoPhases give, for the start of this period, the inter-
val [31.3; 30.0] ka, while OxCal gives [31.5; 29.3]. As far as
the end of the layer is concerned, BayLum/ArchaeoPhase
gives [29.8; 29.1] ka, compared to [29.9; 26.9] ka (OxCal).
It seems clear that OxCal extends the phase boundaries
quite far away from the measured (and calibrated) radio-
carbon ages; this observation is especially true for the end
of the phase, which may extend to 26.9 according to OxCal,
whereas no individual age extends further than 29.2 ka at
the 95% credibility level. In other words, the chronologi-
cal model implemented in OxCal considers it quite likely
that the phase corresponding to layer 9 did extend in time
more than 2,000 years after the most recent dated sample.
Unsurprisingly, the inclusion of OSL ages in the BayLum/
ArchaeoPhases model barely affects the age estimates for
the start and end of the period.

Finally, the 95% C.I. for the age of an undated sample
from Layer 9 differs quite significantly between OxCal and
BayLum/ArchaeoPhases giving [30.2; 28.2] and [31.2; 29.4]
ka, respectively.

Layer 8. From Layer 8, only two samples were dated
(both radiocarbon samples). When calibrated independent-
ly of the sequence, they gave the following 95% C.I.: [31.6;
31.1] ka and [31.0; 30.2] ka, respectively. When using only
radiocarbon as input, BayLum/ArchaeoPhases gives, for
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Figure 7. Comparison between OxCal and BayLum/ArchaeoPhases models, when using only radiocarbon as input data: phase starts
and ends. All intervals correspond to the 95% credibility level: individual radiocarbon ages calibrated independently (thin black bars);

phase starts (orange thick bars) and ends (red thick bars) estimated with BayLum/ArchaeoPhases; phase starts (blue thick bars) and
ends (cyan thick bars) estimated with OxCal.
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Figure 8. Comparison between OxCal and BayLum/ArchaeoPhases models, when using only radiocarbon as input data: undated
sample within each phase. All intervals correspond to the 95% credibility level: individual radiocarbon ages calibrated independently
(thin black bars); undated samples estimated with BayLum/ArchaeoPhases (red thick bars); and, with OxCal (blue thick bars).
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the start of this period, the interval [31.6; 31.1] ka, while Ox-
cal gives [36.0; 31.1] ka. It is here very clear that BayLum/
ArchaeoPhases takes the oldest sample as the marker of the
end of the phase, while OxCal extends the start of the phase
up to 36.0 ka, which is several thousand years earlier than
the youngest dated sample from Layer 8. As stated above,
we have no way of knowing when this phase started, so we
cannot prove any given model to be in error; all we can say
is that BayLum/ArchaeoPhases, contrary to Oxcal, does not
extrapolate the phase beyond measured ages.

Regarding now the end of Layer 8, BayLum/Archaeo-
Phases gives the interval [30.9; 30.4] ka, while Oxcal gives
[31.5; 29.3]. Here again, the lower end of the interval given
by BayLum/ArchaeoPhases (30.2 ka) matches the lower
end of the youngest calibrated age 95% C.I. (30.2 ka), con-
trary to that given by Oxcal (29.3 ka). The latter is actually
very close to the older end of the youngest calibrated age
from Layer 9 above (29.2 ka), which is somewhat surpris-
ing. Here again, as for the start of this phase, BayLum/Ar-
chaeoPhases appears to give estimates closer to the mea-
sured data.

As expected for this layer, the inclusion of OSL ages in
BayLum/ArchaeoPhases only marginally affects the statis-
tical inference. Finally, the age of an undated sample from
Layer 8 very strongly depends on the modelling choice be-
tween OxCal: [34.1; 29.6] ka and BayLum/ArchaeoPhases:
[31.4; 30.4] ka. Not only is the latter much more precise but
it also fits more closely with the observed ages.

Layer 7. For this layer, six radiocarbon and one OSL
(39.9+2.5 ka) ages are available. Putting the OSL sample
aside for a moment, the 95% C.I. phase time range for this
layer is [39.1; 36.3] ka, which means that all six radiocarbon
ages retained for this study are clustered inside this inter-
val. According to BayLum/ArchaeoPhases, the start of this
layer lies somewhere in the interval [39.1; 37.4] ka and it
ends in the interval [37.1; 36.2] ka. OxCal gives very similar
ranges, i.e. [39.4; 37.2] ka for the start and [37.6; 36.1] ka
for the end. The age of an undated sample from Layer 7
determined with BayLum/ArchaeoPhases is [38.5; 36.5] ka
and is very similar to that determined with OxCal—[38.6;
36.5] ka.

For this layer, the most notable difference in chrono-
logical inference comes when including the OSL sample
FER1—while the C.I. for the end ([37.1; 36.3] ka) is essen-
tially unchanged, the C.Ls for the start and the age of an
undated sample move towards older ages: [41.7; 38.2] and
[40.7; 36.5] ka, respectively. This is not surprising because
this OSL sample appears to be, in the BayLum/Archaeo-
Phases model, the oldest sample from this layer (see Figure
5).

But then how can we interpret this change in the esti-
mation of the start and range of this layer? A first observa-
tion in passing is that, if we were to include all radiocarbon
ages measured by Talamo et al. (2020) and thus include
three samples considered as outliers from this layer (Layer
7), the phase time range determined with BayLum/Ar-
chaeoPhases with only radiocarbon (n=9) would become
[40.9; 36.2] ka. This is actually very close to the phase time

range determined with only six radiocarbon samples and
the OSL one. In other words, this observation might sug-
gest that the three radiocarbon samples considered to be
outliers could actually reflect a rather long duration of the
occupations from Layer 7 (note: Sample MAMS-17584, field
code L5-204, is incorrectly attributed to Layer 7 in Figure
3A of Talamo et al. [2020] and in their subsequent analysis.
Its correct attribution is Layer 6. However, the results re-
main unchanged as this sample was disregarded because
of its context next to the cave wall where movement and
contamination was possible. Excluding this sample from
Layer 7 here gives a time range equal to [39.5; 36.2] ka,
which remains significantly shorter than the interval deter-
mined when including the OSL age for this layer.)

More generally, the next question is the time lapse rep-
resented by the archaeological layers—in particular, here
Layer 7—in comparison with the resolution of the imple-
mented dating methods. This question is all the more com-
plex because the resolution of radiocarbon and OSL are
quite different—radiocarbon being more precise than OSL.
Unfortunately, it is very difficult, with the present state of
the methods, to know how much time an archaeological
layer represents, so we are forced to make guesses.

In a first scenario, let us assume that the archaeological
record corresponds to a period much shorter than all age
uncertainties. One would then expect all ages to be consis-
tent with at least one precise age—and one should remove
too imprecise estimates, such as OSL ages. Indeed, the OSL
age from this layer only contributes the information that
the layer could have started earlier than predicted by ra-
diocarbon.

In a second scenario, let us assume that the archaeo-
logical record corresponds to a period much longer than
all age uncertainties. One would then expect data much
more dispersed than the uncertainties; in the case of Layer
7, where nine samples were radiocarbon dated, this obser-
vation only holds true if we include samples believed to
be outliers according to Talamo et al. (2020). In addition,
the area of provenance of the radiocarbon samples is rather
limited —especially since outliers were removed because
they were supposedly affected by the wall effect. As a re-
sult, perhaps we are looking at a small fraction of the time
of Layer 7 simply because we are looking at a small fraction
of its extent, due to the limited size of the excavation area.
In this second scenario, it may be that OSL rightfully rep-
resents an earlier part of the layer that was not captured by
the radiocarbon sampling. In such a case, then it becomes
useful to incorporate OSL in the chronological models.

We admittedly cannot test these assumptions—and the
data do not really seem to us to clearly favor one assump-
tion over the other. Therefore, for the following layers, we
will keep the more cautious approach consisting of using
both OSL and radiocarbon ages, at the risk of losing preci-
sion.

Layer 6. Only one OSL sample was measured from this
layer and it turned out to be insufficiently bleached, i.e.,
it required minimum age modelling in order to derive an
accurate burial age. However, since such a specific model-
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ling tool is not available in BayLum, we exclude this OSL
sample from our analysis. Thus, for this layer only five ra-
diocarbon ages are available. Layer 6 is interesting because
some individual age intervals from Layer 5 and 6 overlap,
so the start of Layer 6 not only depends on the ages derived
for Layer 6, but also on Layer 5 ages.

In this context, BayLum and ArchaeoPhases give [44.7;
43.5] ka for the start, [42.0; 41.0] for the end and [44.5; 41.0]
for the range of this Chatelperronian layer (note: including
all OSL ages in the sequence model does not make a sig-
nificant difference with respect to Layer 6 estimates under
study). According to OxCal, these intervals are [45.0; 43.7]
ka and [42.1; 38.5] ka for the start and end, respectively. The
main difference between the model outputs lies in the esti-
mation of the end of the phase, which is not constrained by
overlying ages. As already observed in particular for Layer
9, the end of the phase as estimated with OxCal extends
to much younger times than individual ages suggest (the
youngest dated sample from Layer 6 is [42.0; 40.5] ka at
95% credibility, so there are no data to suggest that Layer 6
could have lasted until 38.5 ka). We conclude that the statis-
tical inference drawn by BayLum/ArchaeoPhases is more
consistent with the measurements. Conversely, the start of
Layer 6 is constrained by underlying ages from Layer 5: as
a result, the estimates for the start of the phase depend very
little on which model is used.

Layer 5. Layer 5 is the last layer for which radiocarbon
ages are reliable, since all samples from Layer 4 appear to
be outliers (Talamo et al., 2020) and one sample from Layer
3 gives an unbounded age interval because it is too close to
the limit of the IntCal20 curve. As a result, in the present
study we did not include radiocarbon ages below Layer 5.

Three OSL and seven radiocarbon samples were dated
from Layer 5, which makes it the most extensively studied
phase of the site (it is also the most likely provenance of LF2
and, by extension, LF1).

Leaving aside the OSL ages for a moment, BayLum and
ArchaeoPhases give [46.8; 45.4] ka for the start, [44.8; 44.1]
ka for the end and [46.8; 44.0] ka for the range of Layer 5. In
comparison, with OxCal we obtain [46.7; 45.0] ka and [45.0;
43.7] ka for the start and end of Layer 5, respectively. For
this layer, both modelling approaches give similar results
for the start and end of the period; for the end, this is prob-
ably because the end of this layer is constrained by the be-
ginning of Layer 6 above, just like the latter is constrained
by Layer 5 ages (as discussed in the previous sub-section).
For the start of the phase, however, one might have expect-
ed that OxCal would extend the 95% C.I. to older ages, as it
extends beyond the range of the ages for Layers 9, 8, and 6
(only regarding the end of Layer 6; see Figure 7). A possible
explanation is that enough ages are available for OxCal to
estimate the start of the corresponding phase; this explana-
tion would confirm our expectation that the more data are
available, the less the chronological inference depends on
the choice of modelling tool. In other words, for Layer 5
data—rather than modelling —drive our estimates.

If one includes OSL in the modelling, the estimate of
the end of Layer 5 is essentially unchanged. However, the

start of the phase extends to older ages, i.e., to [51.6;45.7] ka
at 95% credibility. This change is similar to that observed
for Layer 7 when including OSL. Because of the larger age
uncertainties attributed to OSL compared to radiocarbon,
BayLum/ArchaeoPhases extends the possible duration of
the phase. Whether this extension reflects a true longer
duration of the phase or is the sole result of poor resolu-
tion of OSL dating compared to the time lapse under study
remains, like for Layer 7, an open question at this stage.
Cautiously, we retain the less precise interval —at least un-
til one can demonstrate that occupations from Layer 5 did
not last longer than several centuries.

As a result, using the function undated_sample of Ar-
chaeoPhases applied to the BayLum model including all
OSL and radiocarbon data for the sequence, we estimate
an age of 49.6 to 44.1 ka for the LF 2 individual (95% cred-
ibility) if we assume it was found in Layer 5.

Bottom Part of the Main Sequence (Layers 4 to 1)

Since radiocarbon is more precise than OSL, it clearly has a
dominant effect on the chronological inferences for Layers
9 to 5. However, from Layer 4 downwards, only OSL ages
are available. As a result, we only modelled the bottom lay-
ers using BayLum/ArchaeoPhases and including OSL in
the model.

Layer 4 clearly was deposited during MIS 3 and is very
close in time, at least at the scale of the OSL resolution, to
Layer 5. The corresponding phase time range is only shift-
ed ~2,500-3,000 years (see Table 2); since we cannot exclude
Layer 4 as the provenance of LF2 (and so LF1, by associa-
tion), this is rather fortunate because the effect of this un-
certainty on the age of the skeleton is rather limited. Using
the function undated_sample of ArchaeoPhases on Layer
4, we can claim that LF2 cannot be older than 54.1 ka (with
95% credibility).

For Layers 1-3, our results remain very similar to those
already reported by Guérin et al. (2015) and Frouin et al.
(2017). If Layer 3 ended during MIS 3 (between 55.1 and
47.9 ka), we cannot state whether it started during MIS 4 or
during the early MIS 3. The sediment from this layer does
not show cold features such as ice lensing, but as Pederzani
et al. (2021) showed at la Ferrassie, one should be cautious
when relying on environmental proxies to determine the
isotopic stage one is looking at.

Conversely, based on its age, Layer 2 most likely cor-
responds to MIS 4, which appears to be consistent with mi-
cromorphological features such as ice lenses observed in
thin sections.

Finally, Layer 1 was deposited, at least in part, during
MIS 5—most likely in totality.

La Ferrassie 8 Area

To estimate the chronology of LF8, only radiocarbon ages
(n=11) are available and their individual ages (95% C.I.) all
lie between 45.6 and 39.6 ka (note: these interval boundaries
are within 0.1 ka of the phase time range given by Archaeo-
Phases). As could be expected, regardless of whether OSL
isincluded, the BayLum model does not change the statisti-
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Figure 9. Ninety-five % credible intervals of our best estimates for the ages of the three skeletons La Ferrassie 1, 2, and 8 (see text for

details). The three intervals overlap in the range [44.9; 44.1] ka.

cal inference. When comparing models, BayLum/Archaeo-
Phases gives [45.5; 44.5] ka for the start compared to [46.6;
44.6] according to OxCal; clearly, BayLum/ArchaeoPhases
is more consistent with the measured data. Similarly, for
the end of the phase the interval given by OxCal ([40.6;
38.4] ka) extends outside the individual 95% C.Ls, contrary
to BayLum/ArchaeoPhases ([40.4; 39.5] ka).

Assuming a priori that the age of LF8 can lie anywhere
with equal probability inside the phase defined by all finds
associated with it, the function undated_sample of Ar-
chaeoPhases gives an age of [44.9; 39.9] ka (95% C.L). Al-
ternatively, LF8 is directly dated by the Neanderthal bone
from Balzeau et al. (2020) and its age is between 41.7 and
40.8 ka (95% C.L).

Overview of Modelling Approaches

Based on our systematic comparison of statistical inferences

obtained with OxCal on the one hand and with BayLum/

ArchaeoPhases on the other, we reach two conclusions:

e BayLum/ArchaeoPhases always gives more precise es-
timates of phase than OxCal; and

* the statistical inferences drawn with BayLum/Archaeo-
Phases are always more consistent with the measure-
ments than those drawn with OxCal.

Consequently, in the following we base our discussion of

the results obtained with BayLum and ArchaeoPhases.

PALEOANTHROPOLOGICAL IMPLICATIONS:
THE NEANDERTHALS FROM LA FERRASSIE

The best age estimates for all three individuals (i.e., LF1:
[32.1; 51.8] ka, LF2: most likely [49.6; 44.1] ka, but [53.5;
46.9] ka cannot be excluded, and LF8: [44.9; 39.9] ka with

certainty, possibly [41.7; 40.8] ka) place them in the middle
of MIS 3. Figure 9 shows these 95% credibility time intervals
for the three skeletons (assuming for LF2 that it belongs to
Layer 5 rather than to Layer 4). The three intervals overlap
in the range [44.9; 44.1] ka, which means that these three
Neanderthal individuals could have been at least broadly
contemporary.

This statement leads us to make a few additional re-
marks. First, the current resolution of our dating methods
prevents us from being more specific. It seems that only
genetic analyses might answer the question of contempora-
neity of the skeletons. Direct dating of the human remains
from these three skeletons using radiocarbon would cer-
tainly give more precise age estimates (e.g., Talamo et al.,
2016; Balzeau et al. 2020; Hublin et al., 2020), but would not
answer the question of contemporaneity because of uncer-
tainties that would be too large.

Second, one should also comment on the apparent
dispersion in radiocarbon ages from the LF8 sector. In the
light of the burial hypothesis formulated by Balzeau et al.
(2020), if LF8 was indeed buried, then logically the age of
the skeleton would be the youngest dated sample from this
area ([40.5; 39.6] ka at the 95% credibility level), because
once it was buried no younger elements could have come
in association with the skeleton. One may note here that
the human remain dated by Balzeau et al. (2020) is not the
most recent radiocarbon age in the series. While outliers
appear rather frequently in the radiocarbon literature, the
fact that stratigraphy is poorly constrained for the LF8 re-
mains might explain why no outlier was identified. It may
also be that all radiocarbon ages from this sample set are
both precise and accurate.
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As frustrating as these remarks may be, they must be
born in mind when discussing the age of the skeletons.

CONCLUSION
This study builds upon 46 ages (33 radiocarbon and 13
OSL) combined in a Bayesian chronological model using
a relatively new tool—the open-source software package
BayLum. When considering radiocarbon only, the combi-
nation of BayLum and ArchaeoPhases is shown to provide
chronological inferences that are more precise and more
consistent with the measured data than the widely-used
OxCal software. In addition, BayLum allows the inclusion
of OSL ages in a manner that reflects the specificities of OSL
dating, in particular systematic errors.

Based on these measurements, modelling and contex-
tual information, at least three of the seven Neanderthal
skeletons found at La Ferrassie date from the end of the
Middle Paleolithic (LF1, LF2, and LF8) and are all younger
than 52 ka, at the 95% credibility level. In particular, the
age estimated for LF1 lies between 32 and 52 ka (95% C.1.).
These three individuals might even have been contempo-
raries, in which case their age would be constrained be-
tween 44.9 and 44.1 ka based on our measurements and a
set of hypotheses regarding their original context. Howev-
er, if the Neanderthal remain directly dated by radiocarbon
in Balzeau et al. (2020) actually belongs to LES, then this in-
dividual is more recent than LF2. In such a case, LF1 might
have been contemporary with either LF2 or LFS8.

As a final note, one may hope that direct dating of hu-
man remains from La Ferrassie will someday improve our
knowledge of the chronology of these individuals. In any
case, these ages place LF1, LF2, and LF8 among the latest
Neanderthals in Europe and open important perspectives
for the discussion on the disappearance of this humanity.
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Fig. S1. Block of sediment sampled for OSL dating (left). The label reads ‘Fragments de la gangue de
LA FERRASSIE 1’ (Fragments of the matrix of LA FERRASSIE 1). Observations conducted by one of us
(PG) with a hand-lens tend to confirm the hypothesis that this block of sediment originates from
Layer 5.



Fig. S2. Reproduction of Figures 28 and 29 of Capitan and Peyrony (1912). Their caption can be
translated as: Fig. 28 (left) — small squares indicate layer separation; 1, position of the first skeleton;
2, emplacement of the second skeleton. Fig. 29 (right). Members of the second skeleton found in the
Mousterian layer [...].

Based on Figure 28, on may see that the skeletons were found close to the layer lying just above (our
layer 6) and that, since LF can most likely be attributed to Layer 5 based on sedimentological
observations (Guérin et al., 2015), it is tempting to also attributed LF1 to Layer 5. That being said,
Capitan and Peyrony did not distinguish between our Layers 4 and 5, so one has to remain cautious.
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