N
N

N

HAL

open science

Establishment of occupation chronicles in Grotte
Mandrin using sooted concretions: Rethinking the
Middle to Upper Paleolithic transition

Ségoléne Vandevelde, Jacques Elie Brochier, Christophe Petit, Ludovic Slimak

» To cite this version:

Ségolene Vandevelde, Jacques Elie Brochier, Christophe Petit, Ludovic Slimak. Establishment of oc-
cupation chronicles in Grotte Mandrin using sooted concretions: Rethinking the Middle to Upper Pa-
leolithic transition. Journal of Human Evolution, 2017, 112, pp.70-78. 10.1016/j.jhevol.2017.07.016 .
halshs-01610057

HAL Id: halshs-01610057
https://shs.hal.science/halshs-01610057
Submitted on 15 Aug 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://shs.hal.science/halshs-01610057
https://hal.archives-ouvertes.fr

Journal of Human Evolution 112 (2017) 70—78

Journal of Human Evolution

http://dx.doi.org/10.1016/j.jhevol.2017.07.016

Establishment of occupation chronicles in Grotte Mandrin using
sooted concretions: Rethinking the Middle to Upper Paleolithic

transition

Ségolene Vandevelde ", Jacques Elie Brochier °, Christophe Petit ?, Ludovic Slimak ¢

2 Université Paris 1 — Panthéon-Sorbonne, UMR 7041, ArScAn Equipe Archéologies environnementales, Maison Archéologie & Ethnologie (MAE),
René-Ginouves, 21, allée de I'Université, 92 023 Paris, Nanterre Cedex, France
b Aix Marseille Univ, UMR 7269, LAMPEA, Maison méditerranéenne des sciences de I'homme, 5, rue du Chateau de I'Horloge, B.P. 647,

13 094 Aix-en-Provence Cedex 2, France

€ Université Toulouse — Jean Jaures, UMR 5608, Laboratoire TRACES, Maison de la Recherche Bat 26, 5, allée Antonio Machado, 31 058 Toulouse Cedex,

France

ARTICLE INFO

Article history:
Received 18 April 2016
Accepted 22 July 2017

Keywords:

Micro-chronology

Parietal carbonated crust

Soot deposit

Middle/Upper Paleolithic transition
Grotte Mandrin

ABSTRACT

Soot marks, witnesses of past human activities, can sometimes be noticed in concretions (speleothem,
travertine, carbonated crust, etc.) formed in cavities. We demonstrate here that these deposits, generally
ignored in archaeological studies, turned out to be a perfectly suitable material for micro-chronological
study of hominin activities in a site. At the Grotte Mandrin (Mediterranean France), thousands of clastic
fragments from the rock walls were found in every archaeological level of the shelter. Calcareous crusts
containing soot deposits are recorded on some of their surfaces. They appear in thin section as thin black
laminae. Microscopic observation of these crusts revealed that they kept track of many occupations. We
show that is possible to link them with the archaeological units identified during the excavation. Min-
imum Number of Occupations (MNO) can be built out of these sooted crusts. MNO are usually high and
attest to the cumulative nature of each archaeological unit. They are witnesses of each occupation of
hominin groups in each archaeological level of the cave. This study also shows that, in Grotte Mandrin, a
very short time separates the first Middle/Upper Paleolithic transitional groups' occupations from those
of the last Mousterians. The research perspectives on soot deposits are diversified and raise the possi-
bility of studying multiple aspects of past human life, and in this case, to rethink the Middle/Upper
Paleolithic transition, with an unmatched temporal resolution. Sooted concretion analysis provides high
temporal resolution archaeology. There is a real possibility of extending this study with chronological
implications to cavities of all ages and areas.

1. Introduction

Soot deposits trapped in carbonated concretions (speleothem,
parietal crust, travertine, etc.) are the witnesses of human occu-

What would prehistoric archaeology look like if a high temporal
resolution could be obtained, just like dendrochronology provides
to more recent periods? What if the minimum number of occu-
pations (MNO) in an archaeological unit could be precisely evalu-
ated? What if we could provide evidence of the coexistence of the
first Upper Paleolithic groups with the last Mousterians on a
regional scale? What would be the global consequences on our
conception of the Middle to Upper Paleolithic transition?

* Corresponding author.
E-mail address: segolene.vandevelde@univ-paris1.fr (S. Vandevelde).

http://dx.doi.org/10.1016/j.jhevol.2017.07.016

pation in the cavities, for all areas and all periods. Thus, the analysis
of this geological object offers insight into the behavior of past
societies. Few studies have investigated such material (see for
example Benington et al., 1962; Genty et al., 1997b, 1998; Delannoy
et al.,, 2009) and the issues of the micro-chronology of site occu-
pation (Genty et al., 1997b; Verheyden et al., 2006), and the link
between archaeological deposits and speleothems (Petranek and
Pouba, 1951; Gradziéski et al.,, 2001; Gradzinski et al., 2007;
Martinez-Pillado et al., 2010, 2014), though sometimes discussed,
are never considered together. Previous investigations have sug-
gested that soot deposits are a very good marker of human presence
(Gradzioski et al., 2001; Gradzinski et al., 2003; Martinez-Pillado
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et al., 2010, 2014) and may be directly dated to identify periods of
attendance at a site (Petranek and Pouba, 1951; Benington et al.,
1962; Gradzioski et al., 2001; Gradzinski et al., 2003, 2007),
though none have investigated the utility of these markers as a tool
for micro-chronological studies of site occupation and linked the
occupation sequences reconstructed with the associated archaeo-
logical level.

The study conducted at the Balma de la Margineda (Andorra) is
the first to have made the connection between soot deposits in
concretions found in several levels of a rock-shelter, the chronicle of
site occupations, and the archaeological layers associated with the
occupations. In this case, the formation of parietal carbonated
crusts trapping more than 30 soot films proved to be contemporary
with a single archaeological Azilian layer, showing its cumulative
nature. The position of soot films, always the same within repeating
annual doublets, points to seasonality of occupation of the Azilian
hunters during the Capra ibex mating season (Brochier, 1997, 1999,
2002, 2007, 2008).

The present research was conducted at the Grotte Mandrin
(Drome, Mediterranean France). In 2006, L. Slimak, the archaeolo-
gist in charge of research, identified apparent soot deposits on a
quantity of clastic fragments coming from every archaeological
level of the rock shelter. During the last 10 years, these fragments
have been systematically sampled during each annual field season
in every layer of the rock shelter. The present study focuses on
series of these samples from which we obtained the MNO. We
obtained an unexpectedly high temporal resolution, having pro-
found implications for the questions about the transition from
Middle to Upper Paleolithic. Indeed, we were able to reconstruct
level-by-level micro-chronological chronicles of human site occu-
pation in connection with the formation of archaeological deposits.
This raises the possibility of investigating the micro-chronology of
the Middle to Upper Paleolithic transition, by addressing the
question of whether long (millennium, century) or short (years,
seasons) periods of time separated Mousterian from Neronian or
from Protoaurignacian occupations in Mediterranean France.

The goal of this paper is to demonstrate how and why parietal
soot traces trapped in concretions offer a micro-chronological tool
to understand human occupation of caves and rock shelters. We
describe first the material studied (sooted concretions), then the
method developed to analyze it, and finally the archaeological re-
sults obtained on the Middle to Upper Paleolithic transition at the
Grotte Mandrin. Grotte Mandrin preserves roughly the last 10 ky of
the Middle Paleolithic and records all the cultural phases of the end
of the Middle Paleolithic, as well as the first appearance of the
Upper Paleolithic in Mediterranean France. It thus represents the
most complete sequence from Middle to Upper Paleolithic of the
Mediterranean area, from Italy to Spain, in regard to both the cul-
tural phases (Slimak, 2004, 2008) and the chronological framework
of the last Neanderthal societies built in Mediterranean France
(from ~42 to 50—55 ka cal. BP; Higham et al., 2014).

2. Material and methods

The Grotte Mandrin is a rock shelter explored since 1990,
located in the middle Rhone Valley, on the left bank of the River
(Fig. 1). The deposits are divided into 10 stratigraphic units that are
further subdivided into 13 archaeological levels (Fig. 2). The lower
part of the sequence (layers ] to G) is attributed to classic Mous-
terian occupations, while the upper part of the sequence docu-
ments late Middle Paleolithic occupations (levels F to B2) and Early
Upper Paleolithic occupations (level B1). At the very top lays a
Neolithic level (layer A), recording multiple human cremation
events (Slimak, 2006, 2007, 2008; Higham et al., 2014). Hearth
structures and charcoal concentrations have been identified in

Figure 1. Location of the Grotte Mandrin (Drome, France). The rock shelter is opened
to the North, facing the Mistral wind. It is located in the middle Rhone Valley, on the
left bank of the River.

levels E, D, C, B, and A. In levels E, C, and at the base of layer B (level
B3), principal hearth structures have been recognized in the same
location in the exact middle of the opening of the porch. This re-
petitive use of the same location is probably for ventilating smoke.
Cremation events in layer A were mainly localized under the vault
of the rock shelter. Note that layers F through ] have only been
excavated in two test-pits, SD91 and SD98 (Fig. 2), and F is only
partially excavated in the central zone. This probably explains why
there are no formally identified hearth structures for these units.
Nevertheless, burned elements (flint, bone, wood) can be found in
every layer.

2.1. Material studied: laminated carbonated crusts trapping black
films

We examined soot deposits cemented into parietal carbonated
crusts that were recovered from clastic fragments from the crum-
bling of the rock shelter walls. The clastic fragments were sys-
tematically collected in the various sedimentary units of the rock-
shelter's stratigraphy throughout the entire site.

The size of the clastic fragments ranges between 1 and 25 cm,
with a majority between 3 and 8 cm. These limestone clasts are in
the form of platelets that have flaked off the cave wall. Most of the
time, one side is smooth and covered by the parietal carbonated
crust, while the other side is a fresh fracture from the rock of the
cave wall. Both sides can be smooth where carbonate deposition
occurred inside the crack separating the clast from the wall before it
completely separated and fell. The parietal carbonated crust may
have a flat or a budding structure. When the crust is flat, the
external appearance of the clast is smooth. When the crust is
budding, the external appearance of the clast is very rough, with a
stromatolitic structure. When both sides are encrusted, the crust
may be thicker on one side rather than on the other. The different
sides may also bear either type of crusting. Sometimes post-
positional events may be visible with, for example, a sparitic
crust, formed on the ground, covering the parietal crust
(Supplementary Online Material [SOM] Fig. S10a). Dissolution of a
few micrometers of the external part of the parietal crust can also
sometimes be seen in thin sections (SOM Fig. S10g, h).
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Figure 2. Grotte Mandrin stratigraphy. The focus is on the upper part of the stratigraphy (F to B1, ~52—42 ky cal. BP), with the two critical periods of replacement of the Mousterian
groups by other culturally different groups. Definition of each material culture is based on lithic technologies. Note that the square is a close-up of the upper part of the stratigraphy,
with layers A, B, C, D, E, and F. The studied clasts bearing sooted concretions were systematically collected upon sight in all the excavated areas, since the 2006 excavation campaign,

without focusing on or excluding any particular study area.

The same type of crust is still precipitating in the rock shelter.
The crusting takes place throughout the shelter, on the vault and
the walls. In some places, the wall is “fresh” because of the recent
fall of an encrusted clast. The presence of epilithic and endolithic
microorganisms (for example: fungi, lichens, algae) on the walls
and vault can color the rock gray or green in some areas. Some of
the concretions can also look pinkish due to iron oxides. Unlike the
green organic formations, black soot deposits resulting from com-
bustion events are preserved in the carbonates. Experimentation
shows that when a fire is made, the soot is covered in a few months
by a thin veil of carbonates.

Microscopic observation of the archaeological samples shows
that what might appear as a single black lamina at low magnifi-
cation usually resolves into numerous black films a few microme-
ters thick (Fig. 3). The black deposits are identified as soot and
cannot be confused with metallic oxides (Cf. SEM image, EDS
spectrum, Raman spectrum, and detailed explanations in SOM
Fig. S3—6).

The carbonated crusts trapping soot are present on clasts found
throughout the stratigraphy in the various sedimentary units of the
site. These concretions generally have a budding stromatolitic
structure showing their biochemical genesis (Fig. 4). The formation
of the concretions depends on rainfall, and more particularly
moisture, which affect the activity of algae, lichens, and bacteria
living on the cave wall. Bio-mineralization is induced when the
organic activity modifies the physicochemical conditions of the
environment in a way that favors the precipitation of minerals. The
growth of concretions is a chemical process of dissolution and
precipitation of carbonates, and microorganisms can take part in
this process by the absorption of CO,. Cyanobacteria, fungi, and
bacteria all contribute to the precipitation of carbonates. Their
involvement in carbonate crystallogenesis of the Grotte Mandrin's
parietal crusts is attested by direct actualistic observation, by the
presence of mycelial hyphae on some of the archaeological samples

indicating organic activity on the walls and vault of the rock shelter
in the past (SOM Fig. S10b), and by the budding structure of the
crust that is similar to the parietal stromatolites observed in the
Balma de la Margineda, where Brochier (2008) notes the major role
played by endolithic living organisms in the genesis of concretions.

The formation process of these sooted carbonated crusts is
simple and follows a repeating cycle (Fig. 5) whereby calcium car-
bonates, mainly calcite, precipitate on the walls and vault in the
form of flat or budding laminae, humans occupy the cave and make
fire that deposits soot on the walls and vault, and the soot layer is
then trapped by further deposition of carbonate. In other words,
the smoke is deposited on the vault and walls of caves and rock
shelters as soot films, which are preserved in the carbonated crusts
under favorable circumstances. This means that each soot deposit
has to be covered by a carbonate veil quickly enough to be pre-
served. The result is the formation, on the walls and vault of the
cavity, of a crust in the form of a “layer cake” with soot films within
the calcite laminae. The next stage is the flaking of the encrusted
walls and vault of the rock shelter, producing encrusted limestone
chips that are later recovered in the various sedimentary units
during the excavation. Because peeling does not occur everywhere
at the same pace, each clast would bear a specific sooted coat
recording a specific sequence of soot films. The length of these
individual sequences varies.

The parietal carbonated crusts of Mandrin cave are laminated.
The kind of lamination depends on seasonal hydrological varia-
tions, which lead to the formation of growth laminae, with alter-
nating micritic (WPL = white porous laminae) and micro-sparitic
(DCL = dark compact laminae) laminae. These are generally
annual for speleothems (Genty et al., 1995, 1997a; Baker et al.,,
2008) and can be easily observed on thin sections with trans-
mitted light. In concretions with annual lamination, the positions of
soot films within DCL/WPL doublets can also give information
about season of occupation of the site, and thus about the dynamics
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Figure 3. Microscopic observation of what might appear as a single black lamina at low magnification shows a multitude of black films a few micrometers thick. These soot deposits
are traces of many recurrent human occupations in the rock shelter. In the barcode diagram, a full line corresponds to a soot film and a dashed line indicates an uncertain soot film.

Polished section, x100, RL.

Figure 4. Budding stromatolitic structure of a parietal sooted crust (layer C). Soot is
preferentially trapped at the top of the buds. Note the bioclastic limestone chip under
the coating and the sandy residues from the sedimentary unit, in which the clast was
buried. The parietal stromatolitic crust is here presented in its growing position on the
rock vault (downward). Thin section, x50, combination of XPL + RL enhances the
discrimination of micrite and sparite.

of occupation of the cavity by past societies. It is important to note
that the annual nature of DCL/WPL doublets identified in the pa-
rietal carbonated crust of the Grotte Mandrin, though consistent
with the common annual formation of such doublets in speleo-
thems, is not proven yet. However, it is clear that the chronological
resolution is not secular, and in the worst case is decennial.
Therefore, our analysis is based on the assumption that Grotte

Mandrin's parietal stromatolites have a cyclic lamination with an
annual to decennial resolution.

2.2. Methods

Because no single clast preserves a continuous temporal record
of occupations over the entire stratigraphic record, we employ a
barcode method for combining data from different clastic se-
quences found within the sedimentary units to compile a long-
term record of occupations. Each clastic sample records a series
of occupations while it was formed on the vault or wall of the cave.
Once the clast detaches from the wall and is deposited, soot is no
longer trapped and the record of occupation stops. Because clasts
detach from the cave walls and vault at different times, the series of
clasts obtained from a single stratigraphic unit overlap in the period
of time recorded. Once aggregated, they should provide a contin-
uous or nearly continuous record of occupation over the time
represented within the stratigraphic unit. To create a continuous
record of occupation, the soot deposition sequence needs to be
compared and aligned from the various clasts of a stratigraphic
sequence. To do this, the series of soot films from each clast are
carefully documented from photographs as “barcode” diagrams.
The black solid lines represent the soot films and the spaces in-
between represent the carbonate laminae crystallized in the
absence of human occupation. In each sedimentary unit, the
different samples analyzed allow us to build a continuous sequence
of human occupation of the site by simply matching the barcodes
from the various clasts taken from a sedimentary unit (Table 1).
Finally, the counting of soot films by sedimentary unit provides a
MNO specific to each archaeological unit.
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Figure 5. Schematic representation of the process of soot incorporation in laminated concretions. Case A: incorporation in carbonated crust (as in Grotte Mandrin). Case B:
incorporation in speleothem. Case C: incorporation in travertine. Figure illustrates general cases. In the case presented, the human occupation is placed between the wet and dry

season. This case is just one possibility among others.

Table 1
Synthesis of minimum numbers of occupations (MNO) in each archaeological level
of the Grotte Mandrin.*

Layer Level Period Number of sample MNO
studied
In polished In thin
sections  sections

A Neolithic 10 29 (30)
B B1 Protoaurignacian 10 6

B2 Mousterian (Post-Neronian II) 10 9

B3 Mousterian (Post-Neronian II) 10 14
C C1 Mousterian (Post-Neronian II) 10 6 38 (41)

C2 Mousterian (Post-Neronian II)
D Mousterian (Post-Neronian I) 10 2 30(34)
E Neronian 10 4 18 (20)
F Mousterian (Rhodanian Quina) 10 21 (23)
G Mousterian (Ferrassie) 10 12 (19)
H Mousterian 10 8(9)
1 Mousterian 10 70 (82)
] Mousterian 10 18 (26)
Total Ato] 120 12 273(313)

The numbers in brackets take into account the “uncertain soot films” (= dotted lines
in barcode diagrams).
These synthetic sequences are combinations of the individual chronicles recorded
from several samples in each archaeological level.
Currently, 10 samples containing soot have been studied in polished section for each
archaeological level (here C1 and C2 are combined) + some thin sections (12) for
layers C, D, and E.

2 MNO in the current state of research. These MNO are calculated from the syn-
thetic sequences.

2.2.1. Sample preparation and analysis The protocol that proved to
be the most suitable for preparation, observation, and analysis of
sooted calcareous crusts is as follows:

o Polished sections and thin sections of each clast were prepared
by cutting and polishing the section of the encrusted limestone
chip along the concretions' growth axis.

e Microscopic observation of the polished sections with reflected
light and counting of the black films was carried out next.
Subsequently, microscopic observation of the thin sections with
reflected and/or transmitted light was used to document the
number of black films and their position in the WPL/DCL pairs.

e Photographs of the area where the films are the most numerous
and most visible were then taken.

¢ We next took measurements of the distances between the films
and mapped the data in the graph style of a “barcode.”

e Finally, the barcode diagrams were checked against the films
under a microscope.

Polishing is undoubtedly the most delicate step of preparation.
Its quality and grain greatly influence the legibility of the films
during observation under a microscope.’

2.2.2. Extraction and mapping of raw data In order to effectively
extract and map the raw data, we borrowed a software from
dendrochronology and adapted them to our object of study
(module from DataWald platform, G. L. Conception—Lambert,
2014). This procedure allows both a rapid and accurate data
collection and the traceability of actions by saving a picture of the
transect and of the points locations. The first step is to calibrate
the scale of the image. Then, the user points to the soot film
directly on the image and assigns a code indicating whether the
soot film is certain or uncertain. The distance between the films
is automatically calculated and saved in a text file exportable in a
spreadsheet. This software offers high measurement accuracy and
allows an individual to work on multiple images at once, without

' It turns out that the most appropriate grain size that can be selected for a
polished section observed with reflected light is a 12.8 pm grain size = 500 FEPA or
9.3 um grain size = 600 FEPA. This choice must be adjusted to the material and
technique of polishing (free grains, abrasive discs, etc.). For observation, it may be
advisable to varnish the sample surface.
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having to attempt to align them. The result is that for one sample
that may be spread over several images, data can be extracted
along a single transect to construct a barcode diagram. This is a
highly effective tool in the context of large-scale data processing.
2.2.3. Matching of barcode diagrams Barcode diagrams are next
distended or contracted in order to match them and to build a
synthetic sequence of films for each archaeological level. The
distension/contraction step is necessary because the calcium car-
bonates growth rate varies from one place of the vault to another,
and therefore from one sample to another. At the same time, all
points of the vault and walls are subject to the same changes in
meteorological conditions. The carbonate growth rate is thus
influenced throughout the cave in a uniform way (acceleration or
deceleration), maintaining proportionality between samples, and
thus allowing the matching of individual sequences by distension/
contraction of barcode diagrams.

It is important to note that variation in the rhythms of soot films'
succession in carbonates creates a unique series of variation in the
gaps between soot layers, and thus allows matching between se-
quences. Matching can therefore be done graphically (Cf. examples
of graphical correlations in SOM Fig. S7).

At the Grotte Mandrin, it is usually? impossible to match the

individual sequences found on fragments coming from two
different archaeological layers by a set of distension/contraction of
the diagrams. It is, however, possible to do it with samples from the
same layer. This demonstrates two points in retrospect. First, the
growth rates of the carbonated crusts, although different in each
point of the wall, follow the same trends throughout the cave.
Second, that the walls and vault disintegrate quickly enough for the
carbonated crusts on limestone chips to be contemporary with the
archaeological level in which they fall, but also slowly enough to
allow time for the parietal carbonated crusting to form.
2.2.4. Minimum numbers of occupations The MNO derived from
the maximum number of films preserved on a single limestone
platelet is absolutely certain. Those extrapolated from combina-
tions of individual sequences, and therefore from the synthetic
sequences (combination MNO), are theoretically less sure if there
are errors in sequence alignment. That said, the graphical correla-
tion of the series is very consistent, and we therefore consider the
MNOs derived from the synthetic sequences reliable. Still, taking
into account that the uncertain films would increase the MNO, the
combination MNO value is indicated by brackets in Table 1. The
term “Minimum” is used for three reasons: first, because it refers
to the number of soot films recorded and preserved inside the
concretion; second, because two occupations close in time should
only leave one deposit on the vault depending on the rate of
carbonate accretion; and third, because occupations without fire
are possible (although unlikely with a true human occupation
including at least one night in the shelter).

3. Results and discussion: rethinking the Middle/Upper
Paleolithic transition

Over the entire sequence (Table 1), 13 archaeological levels are
characterized by a minimum number of 273 (313) occupations,
including 244 (283) in Pleistocene levels B1-]. AMNO of 136 (147) is
recorded for levels B1 to F, which embrace the last 10 ky of the

2 No overlap was observed outside of areas of potential overlap (meaning at the
start and end of synthetic sequences). That is to say that there is no overlap possible
between samples coming from two sedimentary units that are not adjacent. When
two sedimentary units are adjacent, samples bearing soot deposits recorded at the
beginning of the period corresponding to the upper archaeological level can also
have recorded some soot films that formed during the adjacent period corre-
sponding to the lower archaeological level.

Middle Paleolithic and the first appearance of the Upper Paleolithic
in Mediterranean France.

3.1. Question of contemporaneity of Mousterian and Neronian
occupations—Layers F-E

Layer F records one of the best preserved units of a classic
Mousterian industry (Slimak, 2004), defined as rhodanian Quina
Mousterian (Combier, 1967; Le Tensorer, 1981; Bordes, 1984;
Slimak, 1999, 2002). Layer E overlays the rhodanian Quina Mous-
terian assemblage and is attributed to the Neronian, a Middle to
Upper Paleolithic transitional group dated around 50 ky cal. BP
(Slimak, 2004; Higham et al., 2014). It was initially perceived as an
evolved Mousterian and a parallel culture of the Chatelperronian
for the Rhone valley (Combier, 1967, 1990). It has been fully
described, defined, and understood primarily based on Mandrin
layer E industries (Slimak, 2004). The Neronian assemblage is
technically very complex, requiring a systematic selection of high
quality raw material coming from a large area including both banks
of the Rhone River (Slimak, 2004). Based on the production of
standardized microlithic points used as mechanically propelled
weapons (Metz, 2015), it shares no technical traits with the un-
derlying rhodanian Quina Mousterian level (layer F). See SOM for a
more detailed version.

Layer E is sedimentarily almost identical to layer F, but with a
higher concentration of charcoals of anthropogenic origin. As
mentioned above, because of the progressive crumbling of the wall,
an encrusted limestone chip recovered in F level potentially may
have recorded soot deposits that are contemporaneous with levels
G and F, but of course not with the overlying level E. Thus, it is not
surprising that the synthetic sequences of layers F and E overlap.
Some clasts found in E bear soot deposits recorded during F occu-
pations. Thus, the overlapping part of the layer E synthetic
sequence can be attributed to F (Fig. 6). The thickness of carbonates
formed between the two first occupations of the Neronian and
between the last rhodanian Quina Mousterian occupation and the
first one of the Neronian are equal. In both cases, this corresponds
to a very short time (few seasons or few years), meaning that there
is no large temporal gap (at a human lifetime scale) between the
last occupations of the Mousterian group (layer F) and the first of
the Neronian (layer E). In other words, two distinctive groups
succeeded each other in the site within less than a single human
lifetime.

3.2. Question of contemporaneity of Mousterian and
Protoaurignacian's occupations—From layer C to level B1

Layer B is a sedimentary unit that records three archaeological
levels: levels B3, B2, and B1. The first (B3) is separated from the
second (B2) by a thin sterile layer. The third (B1), located at the top
of the sedimentary layer, lies directly above level B2 and in some
places is in direct spatial contact with the upper part of level B2. In
the latter configuration, the distinction between level B1 and B2 is
mostly based on technological differences. The two first assem-
blages (B3 and B2) are assigned to the post-Neronian II, a late
Mousterian tradition (Slimak, 2004, 2007). B1 is attributed to
Protoaurignacian, which has been traditionally associated with a
Homo sapiens population (Benazzi et al., 2015), and has been dated
to around 42,000 years cal. BP (Higham et al., 2014).

The Grotte Mandrin is the only site documenting the existence
of post-Neronian Mousterian occupations. Indeed, in the other
main late Mousterian sequences of the Rhone valley, the last layer
preserves the Neronian industry (Mousterian sequences of Moula,
Figuier, Maras, Néron—Slimalk, 2004, 2007). In the Grotte Mandrin,
the post-Neronian phase can be subdivided into two distinct,
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Figure 6. Overlapping of synthetic sequences of layers F and E. Soot films in the part of
the E sequence overlapped by the end of the F sequence are attributed to F. E can bear
soot films that were deposited during the F period because of the progressive crum-
bling of walls and vault, but E occupations cannot be recorded in F sequence because
the clasts have already fallen before the layer E (Neronian) occupations.

technically well differentiated sets: the post-Neronian I (layer D)
and the post-Neronian II (layer C and levels B3 and B2). The post-
Neronian II assemblages are clearly distinguished from both the
Neronian and the post-Neronian I. They show a discontinuity with
the technical systems of the Neronian, expressed in lithic technical
systems, territories, and raw material choices (Slimak, 2004, 2007).
The post-Neronian II occupations can be considered as the last
expression of the Mousterian in Mediterranean France (Slimak,
2008; Higham et al., 2014), and they precede the presence of the
first Protoaurignacian assemblages.

Concerning the Protoaurignacian lithic production at the Grotte
Mandrin (level B1), the procurement of siliceous rocks in the Pro-
toaurignacian is mainly local, comparable with that of the post-
Neronian II. This illustrates the exploitation of a limited territory
around the rock shelter by comparison with the Neronian. How-
ever, in contrast with post-Neronian II, Protoaurignacian tool-
makers were hyper-selective in their raw material choices, using
only the best quality local flint-nodules. The Protoaurignacian raw
material selection is highly systematic and closely aligned to their
technological ends, just like in the Neronian (Slimak et al.,, 2006).
See SOM for a more detailed version.

When studied separately, the limestone chips bearing sooted
parietal carbonated crusts coming from the three archaeological
levels of layer B allow the construction of three synthetic se-
quences, with a MNO of 17 for B1, 20 (23) for B2, and 17 (24) for B3.
But, just as with the preceding case of the Mousterian-Neronian
transition, the synthetic sequences overlap (Fig. 7). Some samples
found in the B1 level carry soot films attributable to B1 and B2 and
samples found in the B2 level carry films attributable to B3.> This
demonstrates that there is no sedimentary hiatus between these
levels and that occupations succeed one another in a very short
time-lapse (probably from a few seasons to a few years). Thanks to
the micro-chronological study of soot films, and thus the high
chronological resolution obtained here, it is obvious that there is no
large gap in the attendance of the Grotte Mandrin between the last
Middle Paleolithic (B2) and the first Upper Paleolithic (B1) levels
(Fig. 7). The two groups followed one another in the same place in a
very short time, ranging from as short as a few seasons to at most a
few years, and certainly within a single lifetime.

Another observation is the overlap of the synthetic sequence of
the layer B with the end of the layer C sequence. The four archae-
ological levels therefore succeed one another quickly, without an
occupational hiatus and without a large temporal gap. From layer C
to B1, the site is effectively continuously occupied, although sterile
sediments separate levels C, B3, and B2, and even though the
sedimentary facies drastically change in texture and color between
C and B3. The thin sterile levels between C, B3, and B2 do not,
therefore, equate to different occupation phases separated by pe-
riods of human absence in the shelter. The sterile levels only show
that three episodes of occupation can be archaeologically distin-
guished. Sedimentary processes in caves and rock shelters are often
due to exceptional and rare events. The observed geological or
archaeological segmentation, therefore, does not necessarily
involve any precise timeline. Our micro-chronological results pro-
vide much more refined and precise data concerning the sequence
of occupations in the cavity.

To summarize, we are able to analyze two critical moments of
the Middle to Upper Paleolithic transition in Mediterranean France.
One concerns the time-lapse inbetween the Quina Mousterian
assemblage (level F) and the Neronian transitional industry (level
E). The other concerns the time separating the very last Mousterian
(level B2) and the very first Upper Paleolithic (level B1). It is note-
worthy that both Neronian and Protoaurignacian groups succeeded
very quickly, or even abruptly, to local Mousterian groups. This short
interval almost certainly falls within a single individual's lifespan.
The implication is that these different cultures were contemporary,
at a human scale, and occurred in roughly the same region.

Our micro-chronological results do not contradict currently
known radiocarbon dates (Higham et al., 2014:Supplementary
information, Tables S12 and S13). The Bayesian modeling of the
time elapsed between archaeological units B2-B3 and C, as well as
the duration of B3-B2 occupations, does not exclude the possibility
of decennial lengths (see SOM for more information).

It is notable that roughly 10 ky have passed from level E to B1
and that occupations from layer F to E, and then from C to B1,
succeed each other quickly. This suggests that the site was unoc-
cupied for thousands of years between layers E and D and/or be-
tween layers D and C. This underscores the discontinuity of
sedimentation in caves and rock shelters in particular and in con-
tinental environments in general (excluding lakes). This also sug-
gests that during ~10 ky, the shelter was usually unoccupied, with
the few exceptions demonstrated here.

3 Of course, MNO must be calculated for each level after matching of these
synthetic sequences (Table 1, Fig. 7).
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Figure 7. Overlapping of synthetic sequences of levels B1, B2, and B3, and of layers B
and C. The combined MNOs of different sets are as follows: 6 in B1, 9 in B2, and 14 in
B3, for a total of at least 29 occupations in layer B and 38 (41) occupations in C. There is
a MNO of 61 (64) for the post-Neronian Il Mousterian phase (levels C to B2) and a MNO
of 6 for the Protoaurignacian phase.

4. Conclusions and perspectives

The micro-chronological approach used here potentially has
applications for a wide variety of questions from different fields,
including, for example, the domestication of fire, mobility studies,
pastoralism, etc., with an unmatched temporal resolution.

The basis of micro-chronological study on sooted concretions has
been laid and the first results have been obtained at Grotte Mandrin.
This study provides unique data on the MNO in each archaeological
unit of the cavity. The analysis shows the cumulative nature of the
archaeological formations and that, at the human scale, a very short
time separates the occupations of the Protoaurignacian from those
of the last Mousterians, and that there is also no large gap between
the occupations of the Neronian transitional group and those of the

Rhodanian Quina Mousterian preceding them. This is a surprising
result, as it suggests that these otherwise culturally distinct groups
occupied the same territory at the exact same moment in time. It is
also noteworthy in this context that no intercalation of groups can
be documented (that is, for example, there are no Quina technolo-
gies present in the Neronian layer). This suggests that even if these
groups were strictly locally contemporaneous in the region of Grotte
Mandrin, the presence of one group excluded the presence of the
other from at least the site of Grotte Mandrin. This demonstrates
that when the Neronian group occupied this territory, coming back
at least 18 different times in the cave, the Quina group never
returned. The exact same phenomenon seems to occur at the very
end of the Middle Paleolithic. The presence of the Protoaurignacian
definitively excluded the local Mousterian group that used to return
successively, at least 61 (64) times in the Grotte Mandrin (Fig. 6),
exploiting the resources of its surrounding territory (distinguishable
by local raw materials from 20 to 30 km around the rock shelter).
This implies that in this part of Eurasia and at the end of the Middle
Paleolithic, both Neanderthal and H. sapiens were contemporaneous
in the same region. Moreover, these data make clear that the Pro-
toaurignacian populations excluded Mousterian populations from
their territory. This observation has serious implications for the re-
lations between these hominin groups that can be inferred in
Western Europe at the moment of the disappearance of the
Neanderthals.

The Rhone Valley corridor has always been, and is still today, a
north-south migratory corridor of major importance in Western
Europe. It connects the Mediterranean area to northern Europe.
Indeed, its status as a migration route probably helps explain why
sites along the Rhone contain the oldest Protoaurignacian in Eur-
asia, the oldest Middle to Upper Paleolithic transition industry in
Europe (Higham et al.,, 2014), and the oldest painted cave in the
world (Clottes et al., 1995; Valladas et al., 2004; Delannoy et al.,
2012; Sadier et al., 2012). The Grotte Mandrin is therefore a stra-
tegic site to explore questions of the succession of human groups,
the contemporaneity of culturally and/or biologically different
groups, the dynamics of group replacement, and changes in
mobility (numerous occupations or not) through the use of the
powerful micro-chronological tool presented here.

More generally, the method developed here is based on soot
deposits trapped in concretions that are witnesses of human oc-
cupations in caves and rock shelters. Note that in rare cases, soot
deposits can sometimes also testify to wild fires (Lauritzen et al.,
1990; Desmarchelier et al., 2004). Concerning very old concre-
tions containing soot deposits, one can obtain not only evidence of
use of fire by the presence of soot and possibly of charcoals inside
the concretion (ex. in SOM Fig. S10c), but also possible evidence of
the control and “domestication” of fire, insofar as anthropogenic
fires can be differentiated from wild fire traces. In all cases, a MNO
in the cavity concerned may be established. In many cases, chron-
icles of cave occupation can also be traced. When soot is recorded in
annually laminated concretions such as speleothems, the seasons
(wet or dry) of each one of the occupations can be determined. In
these contexts of annual temporal resolution, it may be possible to
evaluate an average number of occupations in a year, a decade, or a
century, and to define the full extent of the period of occupation.
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Appendix A. Supplementary Online Material (SOM)

A.1. Search History at the Grotte Mandrin

In 2006, L. Slimak identified soot deposits on a quantity of
clastic fragments coming from every archaeological level of
the cavity. He collected them for further study and showed
them to the geologist J.-L. Guendon, who put him in contact
with J.E. Brochier, following his pioneer work on similar
deposits from Balma de la Margineda, described in the text. A
preliminary set of samples from several distinct layers (B, C, D,
and E) was given to J.E. Brochier for study. In 2013, the
collection was enriched with new samples and transferred to S.
Vandevelde as part of a Master of Science project, under the
supervision of J.E. Brochier.

SOM Figure S1. 3D scan of Grotte Mandrin and hill. North aligned with Y-
axis. The rock shelter is open towards the North. Picture on the way up to the
site, taken facing the Southeast.

SOM Figure S2. Picture of Grotte Mandrin rock shelter, taken facing the
Southwest.

A.2. Nature of black deposits

Black deposits trapped in carbonates can have several
origins. Dark staining of carbonates can be due to metallic
oxides, organic compounds dissolved in groundwater, algae,
lichens, and combustion residues from domestic or wild fires.

To investigate the origin of the black deposits on the Grotte
Mandrin clasts, SEM and X-ray microprobe analyses were
performed on five different samples. No trace of manganese
could be detected in the samples with X-ray microprobe (SOM
Fig. S6). SEM analysis also shows that the soot deposit is well
mixed into the calcareous coating, since there is no significant
difference in elemental composition between the black laminae
and the carbonate laminae. Other analyses on the same type of
material had highlighted the lack of carbon-rich soot formation
distinguishable from carbonates (Martinez-Pillado et al., 2010,
2014). To the contrary, soot is well cemented in them
(Gradzinski, 2007; Bonneau et al., 2011), as small balls
(Tomasini et al., 2012) imbricated between crystals of calcium
carbonate (SOM Fig. S3). Nevertheless, other metallic oxides
can be identified. Indeed, iron oxides are present, but in the
form of hematite. They appear in reflected light as red films,
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SOM Figure S3. Back-scattered electron image of the sample. Observations
show that the carbon is mostly in the form of tiny balls, about 2 um in
diameter, which is a common form for soot (Tomasini et al., 2012). White
arrows = some representative tiny balls of soot, black arrows = some
representative calcite crystals. The upper and lower parts of the image show
more soot than the central part, where carbonate crystals are best seen.

which are easily distinguished from the black films observed at ot

the Grotte Mandrin. 1085 1 36000

The black films are neither metallic oxides nor lichens,
algae, or organic compounds dissolved in groundwater, as 34000
shown by Raman spectra. These latter were carried out at the 32000
Laboratoire de caractérisation des matériaux, Université de
Montréal, Canada. An InVia microspectrometer Raman was 230 30000
used with 514 and 785 nm lasers and x50 long-focal objectives. 283
Spectra recorded with the 785 nm laser show peaks at 230, 283, | 28000
and 1085 cm™, which are linked to the presence of calcite

(SOM Fig. $4), and two broad peaks at 1330 and 1595 cm™, W*M’WMWMW s

which are identified as carbon bonds from the soot (SOM | 24000
Fig. SS—Bonneau et al., 2012). This kind of spectrum is
comparable to those observed on charcoals, with D (defect) and
G (graphite) bands (Deldicque et al., 2016). Interestingly, the Raman Shift (cm”)

peaks of calcite were also found in the soot layer, showing an SOM Fionre 84. Raman snectrmm recarded on the white “clean” laver
impregnation of the precipitating calcite by the soot.

It is now obvious that the black films observed in the Counts
parietal crusts of the Grotte Mandrin are soot deposits. The 1085
final question concerns the anthropogenic nature of the fires
that left the soot traces. First of all, many hearth structures have
been identified in different archaeological levels of the cavity 145000
(Fig. 2). In the case of wild fires, it is logical to expect them —_—
during dry seasons. However, soot films are here observed in 1330 | 140000
thin sections indifferently in dark compact laminae (DCL) and
white porous laminae (WPL), while DCL (sparitic calcite
laminae) are formed during periods of hydric excess. In
addition, soot films are numerous, repeated, and not occasional.
This last point does not constitute strong evidence in itself, but . , , . , , , , .
is more consistent with the soot layers originating from 2000 4800 1600 1400,  1200°  1000.  €00.  /6OO. 400
anthropogenic fires rather than natural wild fires. Raman Shift (cm”)

2500 2000 1500 1000 500

150000

135000

SOM Figure S5. Raman spectrum recorded on the black layer.



A.3. Example of individual sequences correlation: graphical
building of a synthetic sequence (combination)
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B1-521

SOM Figure S6. EDS spectrum of the soot layer.
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SOM Figure S7. Building of synthetic occupations chronicles for levels B1 (7a) and B2 (7b)
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A.4. Micro-chronology

The concept of micro-chronology is central in archaeology
but can be very relative. The term is generally used when any
increase in temporal resolution is sought, whether absolute or
relative (see for example Kowalewski and Williams, 1989;
Brochier, 2002; Stojanowski et al., 2006). It can then,
according to the methods and disciplines, refer to seasonal,
annual, or decadal measures of time. Soot deposits trapped in
concretions are traces of human activities. This is true in all
geographic areas and all periods. Micro-chronological study of
the black films of soot trapped in concretions allows us to
chronicle the successive occupations of caves and rock-shelters
with exceptional resolution, to the point where we can
document annual occupation, or even seasonal occupations in
the best cases.

Examples of micro-chronological studies exist for more
recent periods than the one presented in our paper. For example,
as noted above, the analysis of the Balma de la Margineda
(Andorra) from the Aczilian period was one of the first
successful attempts to use soot deposits to document micro-
chronology in a site (Brochier, 1997, 2008). Likewise, Genty et
al. (1997b) identified at least 73 summers of visits by tourists
to Han-sur-Lesse cave (Belgium) in the XIX™ century, through
the study of carbonaceous deposits trapped in two stalagmites.

The idea of micro-chronology was already widely discussed
in the 90s, and the word can be found in various publications
and disciplines, though not always with the same time
resolution. It has been used in literature research (Levaillant
1982;  Saminadayar-Perrin  2008), ceramics seriation
(Kowalewski  and  Williams, 1989), paleo-genetics
(Stojanowski et al., 2006), individual visits to a site (Kavur,
2008), sequences of wall plasters (Matthews, 2005), and
geoarchaeological studies (Brochier, 1997, 2002).

By comparison to micro-chronology, we may also refer to
meso-chronology and macro-chronology. Micro-chronology
refers to a high temporal resolution, from sub-annual to
decennial. It can be compared to a “human life or ethnological
timescale.” Meso-chronology is more of an “archaeological
timescale,” with a resolution from century to millennia. Finally,
macro-chronology refers to the geological timescale with a
resolution from thousands of millennia to billions of years.

The method used in this research is based on the study of
micro-stratigraphical concretions trapping soot and, in this
precise case, of parietal carbonated crusts of Grotte Mandrin.
The micro-stratigraphical observations allow ordering of events
(in our case soot deposition, carbonates precipitation during
“wet” or “dry” periods), but the appreciation of time between
the various events is not (and cannot be) clearly related to
absolute time. Micro-stratigraphy provides a relative
chronology (see for example Watchman, 2000). It is here
interpreted through a micro-chronological approach, which
orders events on a time scale (floating) linked explicitly with
time. In the best case, the temporal resolution is known,
controlled, or precisely estimated, and the resolution of the
DCL/WPL pairs is generally infra-annual as seen in the
formation of modern deposits.

A concretion recording soot deposits is a powerful micro-
chronological tool. In the worst case, it documents the
sequence of soot films and thereby the minimum number of
occupations in an archaeological layer. When DCL/WPL

doublets are proved to be annual, they provide potentially
critical data on the frequency, seasonality, and even the
minimum length of occupation of a cave or rock shelter.

A.5. Micro-chronology and absolute radiocarbon chronology
agreement tests
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SOM Figure S8. Model A. Posterior probability distribution for the time
elapsed from the end of C to the beginning of B occupations.

Eight radiocarbon determinations, all from well preserved
bone collagen, have been obtained by Tom Higham (Higham et
al., 2014:Supplementary information, Tables S12 and S13)
from archaeological levels B2, B3, and C. We have analyzed
two simple chronological models using BCal on-line Bayesian
radiocarbon calibration tool (Buck et al., 1999) and IntCall3
atmospheric calibration curve (Reimer et al., 2013).

The first one (Model A—SOM Fig. S8) is a simple two
non-abutting phases model in which the events are not ordered.
Four determinations belong to the first C phase (OxA 21690,
OxA X-2286-10, OxA X-2286-13, and OxA X-2286-14) and
four determinations belong to the second B3-B2 phase (OxA
21691, OxA 22121, OxA 21685, and OxA 22120). We want to
learn about the duration of the alleged hiatus, which separates
archaeological unit C from units B3-B2. According to our
micro-chronological results, the modeled duration should
include very short (decennial) durations as a possibility.
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SOM Figure S9. Model B. Posterior probability distribution for the duration of
B3 and B2 occupations.

The analysis shows that two of the eight determinations are
outliers in this model (i.e., they need a shift on the radiocarbon
scale to be consistent with the other determinations): OxA X-
2286-10 and OxA 21691. For an a priori probability of 0.05 to



be an outlier assigned to all the determinations, the a
posteriori probabilities that OxA X-2286-10 and OxA 21691
need to be shifted are 0.53 and 0.19, respectively. The
chronological information arising from them is given less
weight and they do not need to be removed (Buck et al., 2003).

The highest posterior density region (HPD 95%) of time
duration of the alleged hiatus between C and B3-B2 units
appears to be bracketed between 0 and 1550 years (SOM
Fig. S8). It includes 0 and very short decennial durations and
thus is not in conflict with our micro-chronological results.
Multiple runs with different initial parameters show that results
of these simulations are reproducible. The upper bounds of
HPDs does not differ more than one-tenth of standard error
from conventional radiocarbon ages. Null duration lower
bound is included in all HPDs.

Our micro-chronological results concerning the short-term
recurrence of occupations in the rock-shelter from C to Bl
leads us to construct a more likely chronological model (Model
B—SOM Fig. S9). The only difference from Model A is that
the two phases are now considered as abutting.

The analysis of this model shows the same two outliers
(posterior probabilities to be outliers of 0.39 and 0.17,
respectively). It allows us to estimate the duration of B3-B2
archaeological units. The HPD region (95%) of time duration is
bracketed between 0 and 3490 years (SOM Fig. S9). As above,
this HPD includes short decennial durations as a possibility,
which are not inconsistent with our results.

A.6. Lithic technologies at the Grotte Mandrin...

. Layers F and E: rhodanian Quina Mousterian and
Neronian industries Layer F records a classic Mousterian
industry (Slimak, 2004) based on Discoid flaking to produce
large and thick side-scrappers. This layer F lithic industry is
defined as a rhodanian Quina Mousterian (Combier, 1967; Le
Tensorer, 1981; Bordes, 1984; Slimak, 1999, 2002), for which
the Mandrin F layer represents one of the best preserved units.
Such Mousterian industries are mainly found in the Rhoéne
valley and its tributaries: Gard, Gardon, and Ardéche, with a
current northern limit with the Grand Champ open air site in
the gorges of the Loire river (Slimak, 2008a). Overlying this
rhodanian Quina Mousterian assemblage, layer E is attributed
to the Neronian, a Middle to Upper Paleolithic transitional
group dated around 50 ky cal. BP (Slimak, 2004; Higham et al.,
2014). The Neronian was first individualized by Jean Combier
based on the Grotte de Néron, Grotte du Figuier, and Abri du
Maras industries, and was then perceived as an evolved
Mousterian, with a very high proportion of Upper Paleolithic
tools, a parallel culture of the Chatelperronian for the Rhone
valley (Combier, 1967, 1990). It has been fully described,
defined, and understood primarily based on Mandrin layer E
industries (Slimak, 2004). Contrary to traditional Mousterian
industries, Neronian lithic production is oriented toward the
manufacture of standardized points and micropoints that
commonly can reach a centimetric (and even infra-centimetric)
maximal size. These points are obtained by a systematic
unipolar blade and bladelets debitages where some
(micro)points are regularly produced. Approximately 30% of
the end-product are micropoints having a maximal length
below 30 mm. Mandrin E layer provided more than a thousand
standardized points, making this layer richer in points than all

Middle Paleolithic sites of Europe combined (Metz, 2015).
More important, their size and technical standardization share
no technical relation with any other Middle Paleolithic industry
in Eurasia. Specific flake production is not recorded in these
technical systems. Neronian is also characterized by its fossile
directeur (type-fossil): the Soyons Point, defined in 1955 by
Jean Combier in the eponymous Grotte de Néron, in Soyons
(Combier, 1955; Bordes, 1961). Soyons points are Levallois
points modified by a convergent and semi-abrupt thin and
inversed retouch. Neronian groups made a systematic selection
of high quality raw material coming from a large area,
including both banks of the Rhone River (Slimak, 2004). The
Neronian assemblage has technically a high level of
complexity, requiring a considerable precision in the technical
processes and allowing systematic manufacturing of these
points (Slimak, 2008b). These technologies are technically
very modern and based on the production of standardized
microlithic points used as mechanically propelled weapons
(Metz, 2015; Metz and Slimak, in prep.). It shares no technical
traits with the underlying rhodanian Quina Mousterian level
(layer F).

From layer C to level BIl: post-Neronian and
Protoaurignacian industries The Grotte Mandrin is the only site
revealing the existence of post-Neronian Mousterian
occupations. Indeed, in the other main late Mousterian
sequences of the Rhone valley, the most recent stratigraphic
layer contains the Neronian industry (Mousterian sequences of
Moula, Figuier, Maras, Néron—Slimak, 2004, 2008a). The
post-Neronian Mousterian industries represent the last
expressions of the Mousterian in the area. They directly
precede the presence of the first Aurignacian assemblages in
that part of Europe. They show a discontinuity with the
technical systems of the Neronian, expressed in lithic technical
systems, territories, and raw material choices. These late
Mousterian assemblages are mainly based on flakes produced
from Levallois and Discoid flaking to create blanks for
typically Mousterian tools. The raw materials employed are
strictly local and only come from the east bank of the Rhone.
Exotic rocks of the Neronian were no longer used (Slimak,
2008b).

In the Grotte Mandrin, the post-Neronian phase can be
subdivided into two distinct, technically well differentiated sets.
The first is the post-Neronian I (layer D). This industry is based
on the production of small flakes essentially obtained from
secondary flaking of black exotic flints coming from the pre-
alp mountains, 70 km northeast of the Grotte Mandrin. Further
details are not provided here, since this article does not focus
on post-Neronian I culture. The second set is the post-Neronian
II (layer C and levels B3 and B2). The assemblages are clearly
distinguished from both the Neronian and the post-Neronian I.
The technological systems are focused on the manufacture of
large flakes used to produce large sidescrapers, fairly typical of
the Mousterian. This industry uses a large spectrum of flaking
technologies, dominated by Levallois and Discoid flaking
(Slimak, 2003), but also using large laminar and micro-laminar
technologies in low proportions. Flakes are used to produce a
large variety of scrapers dominated by transversal scrapers
showing a rectilinear delineation. Each post-Neronian II level
also contains some original scrapers retouched to obtain a




perfect 90° angle, unknown in any other Mousterian industry
(Slimak, 2004). The post-Neronian II occupations can be
considered as the last occurrence of the Mousterian in
Mediterranean France (Slimak, 2008b; Higham et al., 2014).
The Protoaurignacian lithic production at the Grotte
Mandrin (level B1) is focused on the production of long and
straight bladelets. Different categories of bladelets can be
technically distinguished and illustrate different technical
processes for their production. Some large blades are also
present but the main technical trait of the Protoaurignacian is
its primary focus on regular bladelets production obtained by
distinct “schémas opératoires” (Slimak et al., 2002, 2006). The
bladelets themselves provide evidence for different processes
used to obtain different sizes and shapes of bladelets. Larger
blades are produced by a less standardized system of
production and show no technical continuity with bladelet
production. None of these Protoaurignacian bladelets come
from the reduction of blade cores. Contrary to bladelet
production, most larger laminar blanks were produced from a
fairly simple production scheme showing minimal technical
investment. The procurement territory of siliceous rocks used

in the Protoaurignacian is mainly local, comparable with the
one of post-Neronian II. It illustrates an exploitation of a pretty
limited territory around the rock shelter in comparison with the
Neronian. However, in contrast with post-Neronian II,
Protoaurignacian toolmakers were hyper-selective in their raw
material choices, using only the best quality local flint-nodules.
The Protoaurignacian raw material selection is highly
systematic and closely aligned to their technological ends, just
like in the Neronian (Slimak, 2008b). It is possible to underline,
in a diachronic approach, some clear technical links between
the Neronian and the Protoaurignacian, particularly with regard
to standardized bladelets, of the presence of triangular and
acute morphology, and even common technical processes for
their manufacture (Slimak, 2004). On the contrary, post-
Neronien II and Protoaurignacian industries are absolutely
distinct, share no technical traits, and show no technical
influences shared between them. If things are much more
subtle with the Neronian, it makes clear that the very last
Mousterian expression, represented in that geographic area by
the post-Neronian II, have, technically speaking, no relation to
the Protoaurignacian groups.

SOM Figure S10. Supplementary figures. For all pictures: scale = 100pum.

a.  Polished section, x100, RL. From left to right: first is a sparitic concretion that formed on the ground after the clast’s fall; second is a brownish black band of
sediment (mainly micro-charcoals) trapped between this sparitic crust and the parietal crust; third is the parietal carbonated crust trapping soot films. Note the
color difference between the soot and the black sediment. The pinkish coloration of the external part of the parietal crust is due to metallic oxides.

b.  Polished section, x200, RL. Mycelial hyphae in sparitic calcite.

c.  Polished section, x200, RL. Micro-charcoals trapped in parietal carbonated crust. The biggest one, in the picture’s center, is ~ 140 um long.

d to i are examples of polished and thin sections:

Thin section, x50, RL + XPL. Combination of XPL + RL enhances the discrimination of micrite and micro-sparite, in order to observe more easily the
WPL/DCL doublets. Note that lamination disappears for the last micrometers of the crust, where the calcite is mostly micro-sparitic. This is probably due to

d.  Polished section, x50, RL.
e.  Polished section, x100, RL.
f.  Polished section, x200, RL.
g.
post-depositional dissolution/recrystallization.
h.

Thin section, x100, XPL. Note that lamination disappears for the last micrometers of the crust. This is probably due to post-depositional
dissolution/recrystallization.
Thin section, x200, RL.
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