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A N T H R O P O L O G Y

Modern human incursion into Neanderthal territories 
54,000 years ago at Mandrin, France
Ludovic Slimak1*†, Clément Zanolli2*†, Tom Higham3,4, Marine Frouin3,5,6, Jean-Luc Schwenninger3, 
Lee J. Arnold7, Martina Demuro7, Katerina Douka4,8, Norbert Mercier9, Gilles Guérin10, 
Hélène Valladas10, Pascale Yvorra11, Yves Giraud11, Andaine Seguin-Orlando12, Ludovic Orlando12, 
Jason E. Lewis6,13, Xavier Muth14, Hubert Camus15, Ségolène Vandevelde10,16, Mike Buckley17, 
Carolina Mallol18‡, Chris Stringer19, Laure Metz11,20

Determining the extent of overlap between modern humans and other hominins in Eurasia, such as Neanderthals 
and Denisovans, is fundamental to understanding the nature of their interactions and what led to the disappear-
ance of archaic hominins. Apart from a possible sporadic pulse recorded in Greece during the Middle Pleistocene, 
the first settlements of modern humans in Europe have been constrained to ~45,000 to 43,000 years ago. Here, we 
report hominin fossils from Grotte Mandrin in France that reveal the earliest known presence of modern humans 
in Europe between 56,800 and 51,700 years ago. This early modern human incursion in the Rhône Valley is asso-
ciated with technologies unknown in any industry of that age outside Africa or the Levant. Mandrin documents 
the first alternating occupation of Neanderthals and modern humans, with a modern human fossil and associated 
Neronian lithic industry found stratigraphically between layers containing Neanderthal remains associated with 
Mousterian industries.

INTRODUCTION
Homo sapiens emerged in Africa over 300 thousand years (ka) ago 
(1, 2), and anatomically modern humans by at least 195 ka ago (3). 
The first pulses of early modern humans outside Africa are found in 
Israel at ~194 ka to 177 ka ago (3) and possibly Greece by ~210 ka ago 
(4). The Levant is traditionally thought to have played a fundamen-
tal role in the dispersal of modern humans, but the Late Pleistocene 
paleoanthropological record from this region is patchy (5, 6). Mod-
ern human remains are documented in East Asia as early as ~80 ka 
ago (7), and from archeological evidence, modern humans reached 
Australia by ~65 ka ago (8). In Europe, however, their appearance 
seems to have occurred much later, perhaps because of ecological 
barriers and/or the occupation of the region by Neanderthals (5). The 
earliest evidence of Late Pleistocene H. sapiens settlement in Europe 
is constrained to ~45 ka to 43 ka ago based on five isolated dental 
remains from three Italian sites [Grotta Cavallo in Southern Apulia, 
Riparo Bombrini in the western Ligurian Alps, and Grotta di Fumane 

in the western Lessini Mountains (9–12)] and Bacho Kiro in Bulgaria 
(13). The latest Neanderthal remains in Europe are dated to 42 ka 
to 40 ka ago (14–16), while their Mousterian technologies ended 
by ~41 ka to 39 ka ago (16). In this period, Mousterian technol-
ogies are commonly stratigraphically replaced by so-called transi-
tional industries (e.g., Uluzzian, Châtelperronian, and Bohunician) 
(5, 9, 11, 12, 16–18), for whom the taxonomic identity of the maker 
remains intensely debated (5, 9–12, 14, 19). These are followed by 
the Protoaurignacian and Early Aurignacian, considered to be the 
archeological signature of modern humans (5, 10, 20, 21). The records 
show that the earliest modern human remains and all transitional 
industries are systematically found stratigraphically above, and so 
after, Middle Paleolithic/Neanderthal levels (5,  9–13,  16,  20–24), 
making it impossible to demonstrate any likely encounter between 
the two populations in any particular region of Europe. Here, we report 
hominin fossils found in Grotte Mandrin, Mediterranean France, that 
reveal the earliest known arrival of modern humans in Europe, between 
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56,800 and 51,700 calibrated years before the present (cal. B.P.). We 
demonstrate successive replacement phases in occupation at the site—
Neanderthals/modern humans/Neanderthals/modern humans—
over the last millennia of Neanderthals’ existence. Last, we identify 
important technical differences in the lithic industries within the 

archeological sequence that we can directly associate with the two dif-
ferent human groups.

Grotte Mandrin, located near the town of Malataverne, overlooks 
the eastern bank of the middle Rhône River Valley at an elevation 
of 225 m (Fig. 1). Since 1990, excavations have revealed a 3-m deep 

Fig. 1. Grotte Mandrin. (A) Geographic location and other sites mentioned in the text. (B) Situation of the rockshelter overlooking the Rhône River Valley. (C) View looking 
out from the back of the shelter. AMH, anatomically modern human; MP, middle paleolithic; UP, upper paleolithic. Photo credit: Ludovic Slimak, CNRS.
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stratigraphic sequence containing 12 archeological layers (layers J to 
B1) ranging from marine isotope stage (MIS) 5 to the very end of the 
Middle Paleolithic, and the emergence of the Upper Paleolithic [fig. 
S1, A and B (20, 25–27)]. These layers are within a sedimentary de-
posit comprising local clay at the base (layers J to G), eolian sand in 
the middle (layers F to D), and coarse roof spall at the top (layers C 
and B). The entire sequence is particularly well preserved as shown by 
geological, spatial, and microstratigraphic analyses (figs. S2 to S4) and 
by a rich corpus of direct ages from all layers that reveal no major 
outliers in the sequence (notes S1 to S4). The site has yielded a rich and 
well-preserved archeological collection, including nearly 60,000 lithic 
objects (Figs. 2 to 4 and figs. S5 and S6) and more than 70,000 faunal 
remains dominated by horse, bison, and deer. In particular, layer E 
contains a remarkable industry characterized by standardized small 
points (see note S3), some measuring only 1 cm in length. These 
points represent a substantial technological difference from all of the 
Mousterian industries in the Mandrin sequence (Fig. 2, table S11, and 
note S3) (20, 25, 27). Because of the distinct features of this assemblage 
and other similar ones from penecontemporaneous levels at nearby 
sites, they were given a unique cultural attribution: the “Neronian” 
[after the Grotte de Néron site; figs. S7 to S10 (20, 25, 26)]. Until now, 
the Neronian industry had not been documented anywhere as early 
as at Mandrin (note S5), and its makers had not been identified.

RESULTS
Hominin remains
Hominin fossils, comprising nine dental specimens, have been found 
in situ in most of Mandrin’s layers (Fig. 5 and fig. S11) representing 

a minimum of seven individuals (Table 1 and note S6). Ancient DNA 
analyses were initially carried out on fossil horse material excavated 
from throughout the stratigraphic sequence to assess the level of DNA 
preservation, and whether destructive attempts to recover DNA 
from the hominin remains to identify the population affiliation of 
these individuals would be warranted (see Materials and Methods 
and table S12). However, the overall poor preservation signal from 
the horse material cautioned against sampling hominin remains at 
this time (note S7).

We therefore investigated the structural morphology of dental 
elements from layers G to C, with special attention paid to the single 
specimen from layer E: a deciduous maxillary second molar crown 
(Udm2; Man12 E 1300). By combining the study of dental metric and 
nonmetric features with shape analyses of the crown outline (for the 
most worn specimens) and the enamel-dentine junction (EDJ; for 
the specimens only moderately affected by occlusal wear), assess-
ment of enamel thickness, and root proportions (note S6 and tables 
S13 to S19), it is possible to distinguish Neanderthals and modern 
humans (10, 11). In the EDJ shape analysis of the permanent lower 
first molar (LM1; Fig. 6), Neanderthals on the one hand and Upper 
Pleistocene and Holocene modern humans on the other tend to be 
discriminated along between-group principal component 1 (bgPC1) 
(representing 60.02% of the total variance). Neanderthal EDJs show 
higher topography and more centrally placed dentine horn tips than 
in modern humans. No allometric signal is detected along this axis 
(P = 0.16; R2 = 0.07). The three dentine horn tip reconstructions 
(see Materials and Methods) of layer F permanent LM1 Man98 F 
811 fall within the Neanderthal range of variation. Similarly, the 
outline analyses of the deciduous upper second molars from layer D 

Fig. 2. Neronian points from Mandrin layer E. Micro- and nanopoints (numbers 1 to 23), pointed micropoint (number 10), and points (numbers 24 to 33).
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(Udm2; Fig. 6) and lower second molar from layer C (Ldm2; Fig. 6), 
respectively, partially and fully separate Neanderthals and Upper 
Pleistocene to Holocene modern humans along bgPC1 (88.70 and 
96.94%, respectively). For the Udm2, bgPC1 is characterized by size- 
independent shape variation (P = 0.09; R2 = 0.07), while for the Ldm2, 
slight allometric influence is noted along the first axis (P < 0.01; 
R2 = 0.26). The Udm2 Man04 D 395 and Man04 D 679 from layer D 
and the Ldm2 Man11 C 204 from layer C plot with the Neanderthals. 
Our results identify all the specimens found in layers D, C, F, and G 

as belonging to Neanderthals (Fig. 6, figs. S12 to S14, tables S15 to 
S22, and note S6). The EDJ analysis of the Udm2 Man12 E 1300 from 
layer E, however, shows a different signal (Fig. 6). bgPC1 (85.53%) 
distinguishes between Neanderthal and Upper Pleistocene to Holo-
cene humans, showing some size-dependent variation in addition 
to shape differences (P < 0.01; R2 = 0.31). The three reconstructions 
of the dentine horn tips (see Materials and Methods and fig. S13) 
cluster together, unambiguously falling with Upper Pleistocene 
modern humans and not with Holocene humans, and are outside 

Fig. 3. Mandrin layer E and layer D lithic industries. (A) Layer D post–Neronian I Mousterian. Pseudo-Levallois points with truncated back in black exotic flints coming 
from ~70 to 90 km northeast of the site. (B) Mandrin layer E Neronian. Blades, bladelets, and bladelets by-products. Numbers 1 to 21, bladelets; number 18, crested 
bladelet; number 22, blade.
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the variation of Neanderthals along bgPC2 (Figs. 6 and 7). Even when 
restricting the geometric morphometric analysis of the Udm2 EDJ to 
the talon portion, both two-dimensional (2D) analysis (that does not 
necessitate any reconstruction) and 3D analysis of the reconstructions 
of Man12 E 1300 fall with Late Pleistocene modern humans and are 
discriminated from Neanderthals (Fig. 7). The cross-validated bgPCA 
results are supported by the canonical variate analysis (CVA) analyses 
in which the teeth from layers F, D, and C are classified as Neanderthals 
and the Man12 E 1300 specimen from layer E is unequivocally classi-
fied as an Upper Pleistocene modern human (tables S20 to S22).

Dating
To constrain the chronology of the site, we obtained high-quality 
accelerator mass spectrometry (AMS) radiocarbon ages from the 
University of Oxford Radiocarbon Accelerator Unit (ORAU) and 
luminescence ages from throughout the sequence at the Univer-
sity of Oxford Luminescence Laboratory, the University of Adelaide 
laboratory, and, for the base of the sequence, at the Laboratoire des 
Sciences du Climat et de l’Environnement (see Materials and Methods). 
We built a Bayesian model integrating all of the ages in combination 

with the geo archeological sequence information (Fig. 8 and table S3). 
We determined that layer E, which contains the modern human fos-
sil, dates to 56.8 ka to 51.7 ka cal. B.P. (95.4% prob.; see Materials 
and Methods; figs. S15 to S20 and tables S1 to S10), suggesting that 
this individual is substantially earlier than any previously documented 
modern human remains or potential transitional archeological as-
semblages in Europe, and penecontemporaneous with, if not older 
than, the Manot 1 calvaria from Israel (6).

Lithics
Neronian industries have been identified in four other sites from the 
middle Rhône Valley: Néron, Figuier, Moula, and Maras (25), and 
were initially termed “evolved Mousterian” (26). Unfortunately, these 
sites were mainly excavated between 1869 and 1950, and their Neronian 
layers provided few lithics, appearing mixed with Mousterian indus-
tries [figs. S7 to S10 and note S3 (20, 25, 26, 28, 29)]. Evidence from 

Fig. 5. The Grotte Mandrin human remains. Plate illustrating the nine dental ele-
ments preserved in layers G to C (see note S5 for a detailed description of the fossil 
human remains). LLdm2, deciduous lower left second molar; LLM1, permanent 
lower left first molar; LRM3, permanent lower right third molar; URdm2, deciduous 
upper right second molar; b, buccal; d, distal; l, lingual; m, mesial; o, occlusal.

Fig. 4. Neronian artifacts from layer E. (A) Top to Bottom: Pointed bone point with 
lateral notches, worked red deer canine, eagle talon with cutmarks, and pebble with 
an engraved line separating the rock in two subequal parts. (B) Details of the bone 
point showing working traces by a flint tool. (C) Red deer canine details showing 
traces of scrapping by a lithic tool. These marks may have been to deliberately ex-
tract the canine or to modify its morphology.
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Table 1. List of the Grotte Mandrin hominin specimens. LLdm2, deciduous lower left second molar; LLM1, permanent lower left first molar; LRM3, permanent 
lower right third molar; URdm2, deciduous upper right second molar. 

Specimens Stratigraphic position Anatomical part Age Individual attribution

Man02 C 983 Layer C LRM3 Adult Individual 1

Man11 C 204 Layer C LLdm2 Juvenile Individual 2

Man04 D 395 Layer D URdm2 Juvenile Individual 3

Man04 D 679 Layer D URdm2 Juvenile Individual 4

Man03 D 2734 Layer D Deciduous or permanent 
lower molar fragment Indet. *

Man12 E 1300 Layer E URdm2 Juvenile Individual 5

Man98 F 811 Layer F LLM1 Adult Individual 6

Man15 G 2851 Layer G LRdm1 Juvenile Individual 7

Man15 G 2852 Layer G Deciduous molar fragment Juvenile *

*The fragmentary state of these specimens makes it difficult to give them a secure metameric position attribution, and it is thus not possible to ascertain if they 
belong to one of the other individuals found in the same stratigraphic layer. For these reasons, we parsimoniously leave these fragmentary specimens 
unattributed to any of the individuals and assess the minimum number of individuals in the assemblage to seven.

Fig. 6. Geometric morphometric analyses of the crown outline and EDJ shape. (A and B) Between-group principal components analyses (bgPCA) based on the 
two-dimensional (2D) landmarks Procrustes-registered shape coordinates of the crown outline of the deciduous lower second molar (Ldm2) Man11 C 204 from layer C (A) 
and of the deciduous upper second molars (Udm2) Man04 D 395 and Man04 D 679 from layer D (B) compared with fossil and extant hominins. (C and D) bgPCA based on 
the 3D landmarks Procrustes-registered shape coordinates of the enamel-dentine junction reconstructions of the Udm2 Man12 E 1300 from layer E (C) and of the perma-
nent lower first molar (LM1) Man98 F 811 from layer F (D) compared with fossil and extant hominins. NEA, Neanderthals; UPMH, Upper Pleistocene modern humans; HH, 
Holocene humans; MAN_geom, geometric-based reconstruction of the Mandrin specimens; MAN_MH, modern human-based reconstruction of the Mandrin specimens; 
MAN_NEA, Neanderthal-based reconstruction of the Mandrin specimens (table S14).

D
ow

nloaded from
 https://w

w
w

.science.org on M
arch 09, 2024



Slimak et al., Sci. Adv. 8, eabj9496 (2022)     9 February 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 16

Mandrin layer E and comparisons with other penecontemporane-
ous assemblages allow a fuller understanding of this cultural system. 
In the Neronian, blades and points are produced from the same tech-
nical system, with two schemas that can be recognized: a blade/point 
and a bladelet/micropoint schema (25). The first phase of flaking 
is then focused on the making of blades or bladelets before the ex-
traction of well-standardized points (Figs. 2 and 3). The production 
sequence is initiated with crested blades/bladelets. Blades and points 
were the exclusive end products of this technology (25). Thin ventral 
convergent retouch transformed some of these tools into a Soyons 
Point, a classic typological category of these industries (25, 26). The 
Neronian industries illustrate a remarkable technical precision in 
their execution (25). They are characterized by a noticeable propor-
tion of standardized micropoints (25) showing a maximum length 
of 3 cm for a third of the end products. Tiny points, called nano-
points, can be less than 10 mm in maximum length. Use-wear anal-
yses show that these microliths were mainly used with no secondary 
modifications (25).

The presence of all production phases, from initiation to the aban-
donment of the products, shows that the full production process 
was carried out in the shelter. The Mandrin E lithics were produced 
from particularly homogeneous raw material blocks of superior qual-
ity as compared to the other units of the sequence. This differential 
selection can in part be attributed to the production systems that 
require employment of rocks of great homogeneity. Raw material 
sourcing analysis indicates that the layer E humans had a large ter-
ritorial influence, since almost half of the rocks (46.6%) come from 

a very large area, where the nearest rocks come from 15 to 35 km 
(Meysse-Rochemaure) and up to 60 to 90 km away (20, 25).

Although Levallois point technologies are rare in the Middle 
Paleolithic of Europe, they are common in the eastern Mediterranean 
area, and it was recently proposed that Mandrin E shared precise tech-
nical features with the Initial Upper Paleolithic (IUP) in the Levantine 
region (notes S3 and S5) (20). Direct technical comparisons with lithic 
artifacts from levels XXV to XX at Ksar Akil, Lebanon (stored at 
Harvard University’s Peabody Museum of Archaeology and Ethnol-
ogy) and dating to >44.6 ka to 41.6 ka ago (30) and ~43 ka to 39 ka ago 
(31) show that the Neronian industry bears notable technical similar-
ities with the IUP there (fig. S21). The technologies used to produce 
the points from both the Ksar Akil IUP and the Neronian are the 
same, and a comparison of the tip cross-sectional area (the ratio of 
width/thickness) of points from both sites shows no statistically sig-
nificant difference (Fig. 9). The beginning of the IUP in the Levant, 
represented in level 1 at Boker Tachtit (32), is slightly younger than 
the Neronian in Mandrin (see Materials and Methods and fig. S20). 
The IUP industries at Ksar Akil are followed by technically close in-
dustries assigned to the Early Upper Paleolithic [EUP; layers XIX to 
XIV (33, 34)], and it has been demonstrated that the EUP is technically 
a direct descendant of the local IUP (20, 30–36). A juvenile modern 
human and a modern human upper jaw were recovered from the EUP 
and IUP layers of Ksar Akil, respectively, and therefore, most schol-
ars accept that both the IUP and EUP there were made by H. sapiens 
(20, 31, 37). The similarities between Mandrin E and Ksar Akil sug-
gest that members of the IUP populations spread very early through 

Fig. 7. Geometric morphometric analyses of the talon of the Udm2 EDJ. (A) PCA based on the 2D landmarks Procrustes-registered shape coordinates of the EDJ talon 
shape of the Udm2 Man12 E 1300 and of the comparative fossil and extant hominin groups. (B and C) bgPCA (B) and cross-validated bgPCA (C) based on the same data. 
(D) PCA based on the 3D landmarks Procrustes-registered shape coordinates of the EDJ talon shape of the three reconstructions of the Udm2 Man12 E 1300 and of the 
comparative fossil and extant hominin groups. (E and F) bgPCA (E) and cross-validated bgPCA (F) based on the same data (table S14).
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the Mediterranean basin, pushing back the earliest appearance of the 
Upper Paleolithic in Western Europe by ~12 ka ago and all of conti-
nental Europe by ~10 ka ago.

DISCUSSION
Previous consensus in paleoanthropology held that settlements of mod-
ern humans in Europe around 45 to 40 ka cal. B.P. coincided with the 

demise of Neanderthals shortly thereafter (5, 9–21). Multiple episodes 
of interbreeding between modern humans and Neanderthals likely oc-
curred in Asia (38–44), and current paleogenetic data show that ancient 
gene flow between these groups may have also, to some degree, oc-
curred in Europe (45), although no genetic traces have been detected so 
far among the last representatives of the Neanderthal population (46).

The archeological and fossil evidence described here from layer E 
at Mandrin documents an incursion of modern humans into Europe 
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Fig. 8. The Grotte Mandrin Bayesian model. The model comprises the radiocarbon likelihoods and optically stimulated luminescence ages fitted within a relative age 
sequence that is based on the succession of archeological levels excavated at the site. A composite stratigraphy is shown at the left illustrating these stratigraphic horizons. 
Key probability distributions from the Bayesian model are shown on the right. These are either Boundary distributions (the top three) representing the start of a Phase, or 
Date ranges (the lower four) that represent the age spans of an archeological phase.
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Fig. 9. Neronian (Mandrin layer E) and Initial Upper Paleolithic points, micropoints and cores (Ksar Akil layers XXV-XX, Lebanon, Peabody Museum collections). 
Drawings L. Metz. These points are precisely obtained through the same technical processes and show identical morphologies. Boxplot in upper right shows that their 
metrics (tip cross-sectional area; ratio width/thickness and statistic comparisons between Mandrin E points and Ksar Akil IUP points; measures at 1-mm precision) are also 
identical (Wilcox test: w = 4156; P = 0.1883, P > 0.01).
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~10 millennia earlier than previously identified, by groups that appear 
to have had major technological advantages over contemporaneous 
Neanderthal groups (27). The rich and well-preserved Neronian in-
dustry in layer E, which we directly link with H. sapiens, had previous-
ly been regarded as a technological anomaly because of its distinctive 
features and intercalation between classic Neanderthal Mousterian 
layers (Figs. 2 to 4, figs. S5, S6, and S22, and note S3) (20, 25). Mandrin 
reveals an unexpectedly complex process of hominin successions in 
the middle Rhône Valley, the most important natural corridor linking 
the Mediterranean Basin with the Northern European steppes. The 
geographical location of the site, overhanging the second most im-
portant river input to the Mediterranean Sea, represents a key for un-
derstanding these hominin successions at the Mediterranean basin 
scale. Modern humans are documented in the Levantine area by 
54.7 ± 5.5 ka (6), but before the current study, there was nearly a 10-ka 
gap before comparable records appear in Europe at Bacho Kiro (13) 
or at Italian sites along the coast or near rivers (9–12). Together, these 
data suggest that the Mediterranean basin, from the Levantine coast 
to the Rhodanian corridor, appears to have played a major role during 
the geographic expansion of modern humans in Western Eurasia.

The results from Grotte Mandrin presented here show that in-
stead of recording a single event of population replacement as often 
argued elsewhere in Europe, a much more complex process of mod-
ern human appearance and Neanderthal disappearance appears to 
have occurred in Western Europe. We document at least four alter-
nating phases of replacement, with Neanderthals occupying the area 
around Mandrin from MIS 5 up to ~54 ka cal. B.P. (Mandrin layers 
J to F), a modern human incursion at around 54 ka cal. B.P. (56.8 to 
51.7 ka cal. B.P.; Mandrin E) followed by Neanderthal reoccupations 
(Mandrin D-C2-C1-B3-B2), and a second modern human phase 
from ~44.1 ka to 41.5 ka cal. B.P. (Mandrin B1) onward. Apart from 
Mandrin, only the archeological sequence at Buran Kaya III in Crimea 
is known to record a stratigraphic replacement of transitional in-
dustries by Middle Paleolithic industries. However, it lacks hominin 
remains in the relevant layers (23).

A high-resolution geochronological approach has shown that the 
duration between the last occupation of Neanderthals from layer F 
from and the first occupation of H. sapiens from layer E was short, 
estimated to be around a year [figs. S23 to S25 and note S8; (47, 48)], 
a scenario compatible with the Bayesian model age estimates for 
layers F and E that overlap and cannot be statistically separated. 
The Mandrin succession represents the first record of plausible 
penecontemporaneity of Neanderthals and modern humans in a 
geographically defined area in Europe. Such a rapid succession 
highlights the remarkable technological divergences existing be-
tween the coeval hominins in this region. This succession also 
represents the first known archeological evidence in Europe for the 
interstratification of a modern human occupation between those 
of Neanderthals (Mandrin E versus Mandrin F and Mandrin D). 
Analyses of the abundant preceding (Mandrin F) and succeeding 
(Mandrin D to B2) lithic industries reveal no obvious processes of 
cultural exchange in terms of technical traditions either between 
the different Neanderthal groups or between modern human and 
Neanderthal populations (20, 25), a situation congruent with a sce-
nario of rapid replacement processes with no major interactions. 
These data illustrate that the replacement of indigenous Neanderthal 
groups was not a straightforward single event but a complex historical 
process during which both populations replaced each other rapidly 
or even abruptly, at least twice, in the same territory.

MATERIALS AND METHODS
Hominin fossil analyses
All the hominin specimens coming from layers F to C at Mandrin 
were scanned using x-ray microtomography (X-CT). The X-CT 
data were processed in Avizo 8.0 (FEI Visualization Sciences Group), 
and 2D and 3D analyses were conducted, including comparisons of 
mesiodistal and buccolingual diameters, 3D lateral crown tissue pro-
portions (i.e., lateral average enamel thickness and lateral relative 
enamel thickness), 3D root proportions (i.e., root stem volume versus 
root branch volume), and both 2D and 3D geometric morphometric 
analyses of the occlusal crown outline and EDJ shape. A combination 
of statistical analyses was used to assign the Mandrin teeth to a taxon 
(Neanderthal versus modern human), including adjusted z scores, 
between-group principal components analyses (normal and cross- 
validated), and canonical variate analyses (normal and cross-validated). 
More details on methodological aspects can be found in the Supple-
mentary Materials and Methods.

Radiocarbon dating
Radiocarbon and chemical pretreatment methods
Radiocarbon samples for this paper were AMS dated at the ORAU, 
University of Oxford, after careful selection of samples at the site and 
postexcavation collections. All of the radiocarbon samples selected 
for dating from the Grotte Mandrin were bones. Only artifacts and 
humanly modified bones were sampled. Several retouchers (retouchoirs) 
were directly dated, particularly from the lower layers of the site. Bone 
from these objects was very carefully sampled to preserve the key ex-
terior marks by drilling using NSK (Nakanishi Inc., Japan) variable speed 
drills and tungsten carbide drill bits with a “keyhole” methodology.

Bone was prepared using established protocols previously outlined 
(49–51). The method involves an ultrafiltration of the gelatinized bone 
collagen. Work at the ORAU suggests that the use of this technique 
for dating Paleolithic bone yields an improved reliability by more 
effective removal of low–molecular weight contaminants. Radio-
carbon ages are given in table S1 as conventional ages B.P. (52), with 
B.P. representing radiocarbon years before present (1950 CE). We 
also provide our results in fM (fraction modern) space, which was 
used for calibration of the results. A bone-specific background cor-
rection was applied on the basis of multiple measurements of be-
yond 14C age bone (53). This correction is used for all samples at the 
ORAU down to ~5 mg of collagen.

A suite of analytical methods was measured to assess the quality of 
the bone collagen extracts. These included C:N atomic ratios, % weight 
collagen, %C on combustion, %N, and stable isotopic values. The re-
sults are shown in table S2 for each bone sample that we dated. The 
samples we dated were acceptably well preserved in terms of collagen. 
Table S3 shows the output of the Bayesian model of all dates.

Luminescence dating
Principle and methods
Luminescence dating relies on the capacity of certain minerals to 
record the amount of natural radiation to which they have been ex-
posed during burial. In the laboratory, the total amount of energy 
stored in the mineral is measured as a dose (Gy). The rate of energy 
absorption (dose rate, Gy/year) is derived from knowledge of the 
natural radioactivity in the sediment. The quotient of these two values 
(dose per dose rate) gives the burial time.

In this study, we have used two luminescence dating methods to 
provide age constraint on different types of mineral samples preserved 
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at Mandrin: optical dating [or optically stimulated luminescence 
(OSL) dating] and thermoluminescence (TL) dating. Optical dating 
is the method of determining the time elapsed since the last exposure 
of minerals to sunlight during transport and deposition. Generally, 
the preferred choice of mineral is quartz because of its common 
occurrence and its reliability as a natural dosimeter during the last 
~150 ka (54). Quartz optical dating has been performed at two sep-
arate research laboratories (University of Oxford, UK, and Univer-
sity of Adelaide, Australia), each using different scales of equivalent 
dose (De) determination, with the aim of independently cross-checking 
the consistency of the resultant OSL chronologies.

TL dating allows determination of the time elapsed since flint ar-
tifacts were heated at elevated temperature (~400°C). This method 
therefore provides a direct age for the use of fires in the production 
or alteration of lithic artifacts. TL dating of burnt flint pieces was 
conducted at a third independent luminescence dating laboratory: 
Université Paris-Saclay, Gif-sur-Yvette, France. Full details of the 
multiple-grain OSL, single-grain OSL, and TL dating methods used in 
this study are provided in the Supplementary Materials and Methods.

Bayesian age modeling
The majority of the produced radiocarbon determinations, as well as 
the suite of OSL and TL ages, were used to construct a Bayesian 
model. The model consists of a sequence of individual radiocarbon 
and luminescence dates grouped within phases and ordered sequen-
tially by depth (see Fig. 8). We used OxCal 4.4 software (55) and the 
INTCAL20 calibration curve (56). Bayesian modeling enables the 
relative stratigraphic information gleaned from the site during the ex-
cavation to be incorporated formally along with the calibrated likelihoods. 
The updated INTCAL20 curve extends back to 55,000 cal. B.P. and 
ensures that dates up to about this age can be calibrated reliably. We 
included radiocarbon dates from the post–Neronian II layers, B2 
and C. In contrast to previous results (e.g., Ly-2755 from level 6, 
which gave a result of 33,300 ± 230 B.P.), all of the determinations 
from layer E and layers below it in the site produced greater than 
ages, indicating that their age was approaching or beyond our mea-
surable limit of 49,900 B.P. (0.002 fM). The radiocarbon determina-
tions from archeological levels below layer D were characterized by 
“greater than” ages, which suggest that the true age lies beyond the 
radiocarbon limit. This means that it is very difficult to calibrate 
them. For this reason, we applied minimum age constraints within 
the models in layers E and D, as outlined in the chronological query 
language (CQL) code for the model shown below. We used a general 
t outlier model (57) to quantify the divergence of certain likelihoods from 
the prior framework in the model. Some determinations were given higher 
outlier probabilities because of uncertainties in terms of context and 
location; these are listed in table S1. Most were given probabilities 
of 0.05; those with higher uncertainties were given 0.25 probability. 
The posterior outlier results suggested results around the same as 
the prior assigned probability, while the same was the case of those 
assigned higher uncertainties. The values are shown along with the 
Bayesian model in Fig. 8. Convergence for the model was high, averaging 
99%, suggesting that the Markov chain Monte Carlo found solutions 
rapidly and, therefore, that the model is robust. The Bayesian model 
CQL code can be found in the Supplementary Materials and Methods.

The Mandrin model and the age estimate for the layer E Neronian 
substantially predate the start boundaries for the Uluzzian and 
Châtelperronian as previously published. When compared against 
the range for the final Mousterian (16), it is clearly earlier as well. It 

also ranges substantially earlier than determinations obtained from 
the Peștera-cu-Oase (58), Fumane, Bombrini, and Cavallo modern 
human and Protoaurignacian sites (10, 11). While Ksar Akil is a fun-
damental archeological sequence for any questions on the beginnings 
of the Upper Paleolithic in western Eurasia, in terms of chronology, 
the case of Ksar Akil is controversial and cannot be resolved easily 
at present without more work and perhaps even new fieldwork and 
excavation. Recent dating studies of the site have produced divergent 
results, and its chronology remains an ongoing discussion (30, 59, 60). 
The reasons for these divergences are themselves part of the contro-
versy. The sequence itself is relatively complex with excavations un-
dertaken in different periods, first in 1937–1938 and a second phase 
10 years later. The archeological collections are also located in sever-
al institutions, including the British Museum, the Peabody Museum 
in Cambridge (MA), and the Naturalis Biodiversity Center in Leiden. 
Because of the divergent radiometric results, no definitive ages or 
firm chronological conclusions can currently be proposed for the 
IUP and EUP parts of this key sequence. To provide a probability 
distribution function for the IUP in the Levant, we have instead fo-
cused on the best available remaining chronological evidence for 
this region, which at present is arguably the Boker Tachtit sequence. 
This sequence is well excavated and has a small number of well- 
provenanced and reliably dated samples analyzed in the Groningen 
facility. This forms the basis for our western Asian IUP start date com-
parison, which shows, in fig. S20, that Mandrin E is earlier than the 
Boker IUP (61). Future work, both at Ksar Akil and other Levantine 
sites, will hopefully improve the chronometric resolution we have for 
the important IUP industries in the Levant. Last, the Neronian age 
also predates the ages published for 11 heated flint samples from the 
IUP of Brno-Bohunice (62) in Central Europe (fig. S20). This suggests 
that the Neronian may be the earliest manifestation we have for this 
type of industry in Eurasia or that more chronometric work using the 
latest techniques is required from more sites so that we can be sure of 
the age relationship between the various facies.

While we cannot rule out the possibility that the IUP settlement 
of Mandrin E may be older than the Levantine ones, we caution here 
on premature conclusions. Obtaining precise chronologies for sites 
older than 50 ka is particularly challenging, and it is likely that this is 
the very high resolution obtained in Grotte Mandrin after 30 years 
of continuous efforts that makes it artificially appear chronologically 
older than the Levantine counterparts. Recent revisions of the Boker 
Tachtit site revealed that the IUP started earlier than previously rec-
ognized in the Levant, likely before 50 ka (63). While the chronolo-
gy of Ksar Akil IUP remains debated [very possibly older than 46 ka 
(30, 59, 60)], the respective chronological position of Boker Tachtit 
and Mandrin level E is of great interest, even if we cannot rule out 
the possibility that the Neronian of Mandrin E is slightly older than 
the oldest IUP found in the Levant.

Molecular analyses
DNA extraction and sequencing
Before deciding whether ancient DNA extraction of rare, precious 
hominin remains could be successful, we assessed the overall DNA 
preservation rate at Mandrin using six equid teeth excavated from 
layers B to G. They were processed in the ancient DNA facilities of 
the CAGT laboratory, University Paul Sabatier, Toulouse, France, 
following the standard procedures described in (64). The surface 
of each sample was abraded using a drill, and a total of 40 to 70 mg 
of tooth root was cut off and powdered manually using a mortar. 
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The tooth powder was then extracted for ancient DNA following 
“method Y” of (65), with slight modifications. This method consists 
of a first digestion within 1 ml of extraction buffer [0.45 M EDTA, 
proteinase K (0.25 mg/ml), and 0.05% Tween 20], carried out for 
1 hour at 37°C. After centrifugation for 2 min at 16,000g, the superna-
tant (referred to as E1) was recovered for further purification, while 
the remaining pellets were fully digested following an overnight diges-
tion at 42°C within 1 ml of fresh extraction buffer. The corresponding 
digestion was recovered after centrifugation for 2 min at 13,000 rpm, 
referred to as supernatant E2. Both E1 and E2 were purified using 
MinElute columns (Qiagen), where the DNA elution consisted of 
two steps: first, 23 l of elution buffer (Qiagen EB + 0.05% Tween 20) 
was incubated on the column for 10 min at 37°C and recovered follow-
ing 1-min centrifugation at 6000 rpm. Second, the eluate was placed 
again on the column for a 10-min incubation at 37°C and centrifuged 
for 2 min at 13,000 rpm. This provided the final DNA extracts.

Each DNA extract was subjected to Uracil-Specific Excision Re-
agent treatment by incubation at 37°C for 3 hours with 7 l of USER 
enzyme (NEB) to limit the impact of nucleotide misincorporations in 
downstream analysis. Illumina sequencing libraries were built fol-
lowing a protocol first described in (66) and adapted in (64), intro-
ducing a unique barcode of 7 nucleotides (nt) within adapter P5 and 
within adapter P7 before their adapter ligation. Libraries were en-
riched and indexed by performing 12 polymerase chain reaction 
(PCR) cycles in 25 l of reactions using 1 U of AccuPrimeTM Pfx 
DNA polymerase, 3 l of DNA library, and with an overall concen-
tration of 0.2 M of each primer, including the InPE1.0 primer and 
one custom PCR primer. The latter includes a 6-nt sequence tag 
index used for sequence demultiplexing. After purification using 
AMPure XP beads (1.4:1 beads:DNA ratio) and elution in 20 l of 
EB + 0.05% Tween 20, library concentration and size were checked on 
a TapeStation 2200 instrument (Agilent technologies). Final libraries 
were pooled with other indexed libraries and Paired-end sequenced 
(80–base pair read length) on a MiniSeq instrument (Illumina).
Read processing and mapping
Illumina reads were processed and aligned against the horse mito-
chondrial reference sequence (GenBank accession no. NC_001640) 
(67) and the horse nuclear reference sequence [EquCab2; (68)] using 
the PALEOMIX version 1.1.1 pipeline (69) with default parameters, 
except that seeding was disabled. Illumina sequencing reads were 
trimmed for adapter sequences using AdapterRemoval2 (70). When 
overlapping for at least 11 nt and with a maximal edit distance of 1, 
paired-end reads were collapsed and further treated as single-end 
reads. Read mapping was carried out with BWA version 0.7.17-r1194- 
dirty, disabling seed, disregarding alignments showing mapping qual-
ities inferior to 25. Summary statistics, including the total number 
of read pairs generated and endogenous DNA content per library 
(especially the fraction of high-quality hits mapping uniquely against 
the reference genomes considered), were directly obtained from 
PALEOMIX (table S12).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj9496
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