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a b s t r a c t

The Riparo Mochi rock shelter, located on the Ligurian coast of Italy, is one of the most important early
Upper Paleolithic sites on the Mediterranean rim. Its ~10-m-deep stratigraphy comprises a Mousterian
sequence, followed by various development stages of the Upper Paleolithic. A series of radiometric dates
on marine shells bearing traces of human modification has provided a chronological framework for the
final Mousterian and the Proto-Aurignacian of the site. Based on modeling results, the end of the
Mousterian was dated between 44.0 and 41.8 ka cal BP (68% probability) and the beginning of the Proto-
Aurignacian between 42.7 and 41.6 ka cal BP (68% probability). However, these estimates were based on a
limited number of radiocarbon ages in the Mousterian levels. Here, we report new dating of the Mochi
sequence using luminescence techniques, along with new radiocarbon measurements. The combination
of these results using a Bayesian modeling approach allows for the first time the establishment of a more
precise timing for the Mousterian occupation at the site. We show that Mousterian groups were already
present at Riparo Mochi by at least 65 ka and continued to occupy the site for another 20 ka. The
transition to the earliest Upper Paleolithic at the site is centered around 44.3e41.1 ka (95.4% probability),
providing our best age estimate for the beginning of the Early Upper Paleolithic and the establishment of
modern human groups in the Balzi Rossi. The sequence continues upward with a more evolved Auri-
gnacian phase and a Gravettian phase starting at ~26 ka or earlier.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
(M. Frouin), katerina.douka@

Ltd. This is an open access article u
1. Introduction

The transition from the Middle to the Upper Paleolithic (MP and
UP, respectively) was marked by the disappearance of Neanderthals
and the dispersion of anatomically modern humans across Eurasia.
A variety of hypotheses have been proposed to explain why this
transition happened, such as competition (Banks et al., 2008),
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interbreeding (Smith et al., 2005, Vaesen et al., 2019), and/or abrupt
environmental changes (Timmermann 2020). Understanding the
causes and processes leading to the disappearance of Neanderthals
and the spatial pattern of interaction between the different human
groups is strongly dependent on the chronological resolution of the
period and the region of interest (Higham et al., 2014).

The Liguro-Provençal arc between France and Italy comprises a
concentration of sites preserving both late MP and early UP
archaeological assemblages (Fig. 1) and holds great potential for
understanding the relationship between Neanderthals, before their
disappearance, and early modern humans as they dispersed into
Europe (e.g., Conard and Bolus, 2003; Bietti and Negrino, 2007;
Porraz and Negrino, 2008; Porraz et al., 2010; Anderson et al., 2015;
Rossoni-Notter et al., 2016). The Riparo Mochi rock shelter, located
on the Ligurian coast (Fig. 1), provides a well-preserved strati-
graphic sequence spanning the MP and early UP. The site has been
used as the type-site for defining the Proto-Aurignacian tech-
nocomplex in Europe (Laplace, 1977) and the development of the
UP, with the Proto-Aurignacian likely to have given way to the
Aurignacian, which was subsequently replaced by the Gravettian
(Grimaldi et al., 2017; Santaniello and Grimaldi, 2019, 2020). Based
on Bayesian modeling of previously published radiocarbon dates
(Douka et al., 2012), the earliest Proto-Aurignacian of Riparo Mochi
was suggested to date between 44 and 41.8 ka cal BP (14C calibrated
years before AD 1950; 68% probability). However, this workwas not
able to determine the age of the Mousterian occupation of the site
due to the lack of suitable material for radiocarbon dating and the
limit of the radiocarbon dating method around 50 ka. Hence, the
Mousterian part of the sequence at Riparo Mochi has remained
undated.

Here, we report a series of new optically stimulated lumines-
cence (OSL) ages for both the MP and early UP parts of the site. We
directly dated sediments associated with archaeological remains
and periods of human occupation by measuring the time elapsed
since minerals such as quartz and feldspar grains within the de-
posits were last exposed to daylight. We combine the luminescence
results with previous and some new radiocarbon dates from the UP
units using Bayesian modeling to obtain a more complete and
precise age estimate for the final Mousterian and early UP occur-
rences at the site. We also attempt to correlate the chronological
framework for the occupational levels at Mochi with other nearby
archaeological sites to gain insight into human behavior in this key
region.
Figure 1. Location of the Balzi Rossi cliffs (left) and archaeological sites mentioned in this p
Riparo Mochi site is indicated by an arrow (right). Photo: S. Grimaldi.
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1.1. Site setting, stratigraphy, and archaeological context

Riparo Mochi (43�4703.6600 N, 7�3204.1800 E) is a shallow rock
shelter located at the base of a broad dolomitic limestone cliff called
the Balzi Rossi, near the Italian-French border, in the Italian prov-
ince of Liguria in northeastern Italy (Fig. 1). The site is part of a
complex of over 15 caves, rock shelters, and open-air sites,
commonly known as the Grimaldi sites. For a description of the site,
refer to the study by Douka et al. (2012).

Since its discovery in 1938 by A.C. Blanc and L. Cardini, Riparo
Mochi has been extensively and systematically excavated. From
1938 to 1959, excavations were undertaken by Cardini and Blanc,
along with A. Segre, in three areas: the east sector, the west sector,
and the central trench (Fig. 2). In 1995, A. Bietti and his team
reinvestigated the east sector, correlating the sediments and
archaeological material with Cardini's work in 1959, and studied
the unexcavated Mousterian units of the east sectors for the first
time (Grimaldi and Santaniello, 2014). Since 2007, the site of Riparo
Mochi has been investigated by S. Grimaldi and his team. Collec-
tions from the old excavation campaigns have been re-examined to
understand human settlement dynamics, raw material procure-
ment strategies, land-use practices, and adaptive response of
humans to local environmental conditions and for developing a
robust chronological framework for the site (Douka et al., 2012;
Grimaldi and Santaniello, 2014, 2020; Grimaldi et al., 2014, 2017;
Tomasso, 2014; Tejero and Grimaldi, 2015; Santaniello, 2016,
Santaniello and Grimaldi, 2019, 2020).

The lithology and geomorphology of the east sector and central
trench have been studied in detail to draw site-based paleoclimatic
inferences from the region (Laplace, 1977; Palma di Cesnola, 1993;
Douka et al., 2012). The present stratigraphy is a ~10-m-deep profile
that groups nine macro-units, labeled Unit A-I, from top to bottom
(Table 1; Fig. 3). Due to significant sediment collapse over the last
few decades and a lack of protection from the supporting cliff, the
west sector is poorly understood.

The cultural sequence of Riparo Mochi was defined more than
50 years ago (Blanc et al., 1957e1961; Laplace,1977) and is based on
the typological classification of the lithic assemblages by Cardini
and Laplace, as well as the observations of other scholars (Kuhn and
Stiner, 1992, 1998; Palma di Cesnola, 1993; Kuhn and Bietti, 2000).
Based on ongoing micromorphological and geoarchaeological
analysis, the lowest part of the sequence, Unit I, is associated with
Mousterian archaeological remains. Unit H is not a homogeneous
aper in the inset. 1: Riparo Mochi; 2: Riparo Bombrini; 3: Fumane; 4: Castelcivita. The



Figure 2. Plan of the excavation area (left) and longitudinal section of the excavated area (bottom). View of the rock shelter and the remaining deposit of the east sector and the
central trench (right). Photo: S. Grimaldi.
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lithological layer. Rather, it consists of about 40e50 cm of
complexly interbedded lithological units that may be divided into
three main layers (Grimaldi et al., 2014): 1) at the base, there is a
scant but unmistakable presence of final MP evidence; today, this
level should be referred to as the top of the Mousterian Unit I; 2) in
the middle, there is a sterile layer about 10-cm thick; the thickness
of this layer rapidly decreases toward the rock wall. From this point
forward, this sterile layer should be referred to as Unit H; and 3) at
the top, a 15 to 20-cm-thick sediment provides the earliest
3

evidence of UP occupations at the site. This layer should be referred
to as the base of Unit G. This cultural change divides the sequence
into two main parts by a sharp and horizontal limit. Unit G is
assigned to the Proto-Aurignacian (Laplace, 1977) or Early Auri-
gnacian with Dufour bladelets (Bietti et al., 2004), and Unit F is a
typical Early Aurignacian assemblage. Cardini's Unit E is very thin
(10e20 cm, sometimes up to 25e30 cm) and is made up of reddish
silty clay loam, with minor quantities of limestone skeleton. Some
rare artifacts or faunal remains have been found. Unit D is defined



Table 1
Lithological description of macrounits with corresponding cultural assignations but whose chronostratigraphic position and limits were inferred a posteriori based on the
characteristics of the embedded cultural remains.

Macrounit Cultural assignation Description

A Epigravettian ~60 cm of breccia with frost shattered products embedded within a yellowish-brown sandy matrix.
B Semisterile ~60 cm of colluvium.
C Gravettian ~55 cm of frost shattered breccia within a yellowish sandy matrix. A thin red soil is present in the upper parts

(possibly developed during an interstadial).
D Noaillian Gravettian ~1.65 m of frost shattered breccia within a yellowish sandy matrix.
E Semi-sterile ~20 cm of yellowish-brown sandy layer with scarce presence of frost shattered breccia.
F Early Aurignacian ~1 m of frost shattered breccia within a yellowish sandy matrix.
G Proto-Aurignacian ~50 cm of frost shattered breccia within a sandy matrix. Hearths were discovered at the base of this layer and

hence the common occurrence of charcoal remains.
H Earliest Upper Palaeolithic

Proto-Aurignacian
~60 cm thick layer containing blocks and frost shattered breccia within a sandy matrix. Presence of some
concretions.

I Mousterian ~4.30 m thick layer. The upper part of the layer contains angular breccia interspersed within a sandy clay matrix.
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as Gravettian with Noailles burins. Unit C is a Final Gravettian
without Noailles burins. Unit B contains only a very few artifacts
(similar to Unit E), and Unit A has been described as Epigravettian
with geometrics (Pala di Cesnola, 1993).

Technofunctional studies of the lithic material have been un-
dertaken more recently (Grimaldi and Santaniello, 2014; Grimaldi
et al., 2014). These raw material studies reveal that the Mouste-
rian assemblage is made of different rocks originating from out-
crops at no more than 30 km away from the site (Grimaldi et al.,
2014). These types of rocks have been exploited using the same
production system, although differences in technical procedures
have been observed in the Mousterian sequence. In fact, a regular
main pattern occurs in the use of raw material. The core is firstly
used to produce elongated products by means of a unidirectional
sequence; later, it is exploited to produce shorter products. This
secondary production stage implies different technical choices,
such as the production of centripetal flakes (final Mousterian
levels), debordant flakes, or irregular elongated flakes (earlier
Mousterian levels). Nevertheless, some variability has also been
identified in the increasing use/retouch of the different raw ma-
terials. From the bottom to the top of the sequence, the propor-
tion of local to strictly local raw material remains similar
throughout the sequence. In contrast, the Proto-Aurignacian
assemblage reveals the presence of several repeated occupa-
tions characterized by laminar and flake production adapted to
different types of raw material originating from the entire Liguro-
Provencal Arc, over distances greater than 150e200 km (Grimaldi
et al., 2014).

The site has yielded a rich faunal assemblage, and the vertebrate
remains have been only partially studied for the last twenty years;
currently, an exhaustive zooarchaeological research project is
ongoing. In Unit I, the assemblage is dominated by ungulates
(mainly red deer, wild boar, horse, and ibex; Alhaique, 2000), but
carnivores, including bear, lion, panther, wolf, and hyena, are also
present. Mammoth and elk remains are found in the lower section,
whereas fallow deer were recovered in the upper section of Unit I
(Arellano, 2009); this indicates a shift from colder to milder and
more temperate climatic conditions toward the top of the Mous-
terian section. The UP Units G to C are mostly characterized by the
presence of cervids and caprines and molluscan remains, typical of
temperate climatic conditions (Tagliacozzo et al., 2012).

The 1949 and 1959 excavations also yielded abundant shell
remains, around 6000 specimens (Stiner, 1999). The malacologi-
cal collection was only partially classified and subdivided into
four groups: ornamental, food refuse, an accidental by-product of
sponge collection, and terrestrial snails coinhabiting the site. An
exhaustive study of the entire malacological collection is
ongoing.
4

1.2. Previous chronology

The published chronology for the site consists of 23 radiocarbon
ages. The first five absolute ages from the site were produced in the
early 1990s from charcoal samples collected from the Aurignacian
Unit G during the 1959 excavations. These samples were dated at
the Oxford Radiocarbon Accelerator Unit using accelerator mass
spectrometry along with a routine acid-base-acid (ABA) pretreat-
ment (Table 2; Hedges et al., 1994). Two samples of charcoal were
also dated using ABA in the early 2000s (Douka et al., 2012; Bietti et
al., 2004).

Douka et al. (2012) presented 16 radiocarbon ages on marine
shell, mostly beads, and ABOx-SC-treated charcoal. Several
studies (Bird et al., 1999; Higham et al., 2009; Douka et al., 2010a,
b; Wood et al., 2012) have shown that the ABA method for
cleaning Pleistocene-age charcoal often produces underestimates
of the true age of the material, whereas ABOx-SC, a more
aggressive and rigorous protocol, produces more reliable and
reproducible results. The radiocarbon results from Douka et al.
(2012) are shown in Table 2. The shell ages exhibited good
agreement with most ABA- and the ABOx-treated charcoal, and
the authors calculated a probability distribution for the start of
the Proto-Aurignacian at the site (at ~37 ka BP or 42.7e41.6 ka cal
BP, 68%). They noted, however, that the lack of data from the
lower parts of the sequence meant that the start boundary length
was likely to change with the addition of further ages from the
lowermost Mousterian unit.

2. Material and methods

We used two dating methods in the current study: radio-
carbon and luminescence, as described in the following
subsections.

2.1. Radiocarbon dating

Ten new samples from different excavation or collection seasons
(1959, 1997, and 2012e2013) were dated using radiocarbon. Three
were limpet shells (Patella sp.), and seven were unidentified char-
coal collected from the site's surviving East profile. Two shells
(OxA-30629 and OxA-35352) were sampled directly from the
existing East Sector section, in the vicinity of what is thought to be
the basal hearth of Proto-Aurignacian unit G, and the hearth
discovered in 1997 in unit H. All radiocarbon ages were produced at
the Oxford Radiocarbon Accelerator Unit and are given an OxA-lab
code.

The shell samples were dated using routine pretreatment pro-
cedures (Brock et al., 2010; Douka et al., 2010b), without using a



Figure 3. Stratigraphic position of the collected sediment samples for luminescence dating in the east sector (top right) and the central trench, east side (bottom). The red lines
indicate the stratigraphic boundary between each macrounit. Unit A is not visible in these sections. Photo: S. Grimaldi. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article).
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diagenesis screening test (due to their calcitic nature), and the
charcoal samples were dated using ABOx-SC. Of the seven char-
coals, three failed to produce enough carbon for accelerator mass
spectrometry dating.
5

The radiocarbon ageswere calibrated using IntCal20 (Reimer et al.,
2020) and Marine20 (Heaton et al., 2020). The shell determinations
were additionally corrected for the local Mediterranean reservoir ef-
fect (DR ¼ 58 ± 85 14C years; Reimer and McCormac, 2002).



Table 2
Previously available radiocarbon dates from Riparo Mochi produced either in the Oxford (AMS) or in the Rome (conventional) laboratories.

Lab code Level-cut Material 14C date ± Reference

Excavation Cardini 1959
Rome-1 F top (hearth) Charcoal ABA 27230 570 Bietti et al. (2004)
OxA-3588 G 50 Charcoal ABA 32280 580 Hedges et al. (1994)
OxA-3589 G 51 Charcoal ABA 33400 750 Hedges et al. (1994)
OxA-3590 G 56-57 Charcoal ABA 34680 760 Hedges et al. (1994)
OxA-3591 G 59 Charcoal ABA 35700 850 Hedges et al. (1994)
OxA-3592 G 60 Charcoal ABA 34870 800 Hedges et al. (1994)
OxA-19569 G 60 Charcoal ABOx-SC 36350 260 Douka et al. (2012)
Rome-2 G base (hearth) Charcoal ABA 37400 1300 Bietti et al. (2004)

Excavations Cardini 1959
OxA-19800 D 29 Cyclope neritea 24600 100 Douka et al. (2012)
OxA-19801 E 32 Cyclope neritea 25490 110 Douka et al. (2012)
OxA-19857 F 34 Cyclope neritea 26030 110 Douka et al. (2012)
OxA-19728 F 40 Cyclope neritea 26410 110 Douka et al. (2012)
OxA-20629 F 44 Mytilus cf. galloprovincialis 32910 220 Douka et al. (2012)
OxA-19614 F 49 Homalopoma sanguineum 32370 160 Douka et al. (2012)
OxA-20360 G 51 Mytilus cf. galloprovincialis 31960 150 Douka et al. (2012)
OxA-19802 G 51 Homalopoma sanguineum 30770 150 Douka et al. (2012)
OxA-20630 G 54 Homalopoma sanguineum 33180 230 Douka et al. (2012)
OxA-19290 G 57 Nassarius gibbosulus 36750 210 Douka et al. (2012)

Excavations Bietti 1997e2003
OxA-19729a H 2 Cyclope neritea 26140 110 Douka et al. (2012)
OxA-22268a HH 1 Cyclope neritea 24870 120 Douka et al. (2012)
OxA-19289a I 3 Cerastoderma glaucum 32330 150 Douka et al. (2012)
OxA-19730a I 5 Trochus sp. 34930 200 Douka et al. (2012)
OxA-20000a I 5 Trochus sp. 36320 270 Douka et al. (2012)

The charcoals were treated with the ABA (acid-base-acid) protocol, with the exception of OxA-19569. This is an ABOx-SC redate of OxA-3592 a charcoal previously dated using
the routine ABA pretreatment method (refer to the study by Douka et al., 2012 for details)

a Results not included in the final Bayesian models.
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2.2. Luminescence dating: sampling and procedure

Luminescence dating is a major chronometric tool for late
Quaternary studies; it is used to determine the age of sedimentary
deposits (i.e., time of deposition) that were exposed to daylight
before burial. Luminescence dating relies on the capacity of certain
minerals to record the amount of natural radiation they have
absorbed (dose) during burial (Aitken, 1998). In the laboratory, the
energy stored in the mineral is measured in terms of a laboratory
dose, equivalent in luminescence effect to the natural dose, and
referred to as the equivalent dose (De, Gy). The rate of absorption of
energy (dose rate, Gy/year) is derived from the knowledge of the
natural (internal and external) radioactivity to which the mineral
has been exposed. The quotient of these two values (equivalent
dose/dose rate) yields the burial time. Generally, the preferred
mineral is quartz due to its capacity to reset (bleach) in a few
seconds (Godfrey-Smith et al., 1988). In comparison, K-feldspars
bleach more slowly than quartz (Godfrey-Smith et al., 1988), lead-
ing to potential age overestimation if bleaching was insufficient.
Furthermore, the luminescence signal in K-feldspar can be affected
by anomalous fadingdloss of luminescence signal with time-
dresulting in age underestimation if not corrected for or avoided.
Many studies have demonstrated the importance of comparing
results from these two minerals and their different signals to
evaluate the accuracy of the final ages better (e.g., Buylaert et al.,
2007; Gliganic et al., 2012; Murray et al., 2012; Gu�erin et al.,
2012a; Duller et al., 2015; Frouin et al., 2017; Klasen et al., 2017).
In the present study, both quartz and coarse feldspar grains were
investigated.

Eleven sediment samples were collected in 2015 in the central
trench and the east sector of the site, from the bottom to the top of
the sequence: seven samples were collected from Unit I, one
sample was collected from Unit H, and three samples from Unit G
(see Fig. 3). The cemented nature of the sediments and the presence
of large limestone blocks did not allow the insertion of opaque
6

tubes. Instead, the sediment samples were collected during the day
under an artificial shelter (with an opaque plastic tarpaulin sheet to
protect from external daylight) and using red-orange LED lighting
(~590 nm). Samples were taken by first cleaning and removing the
exposed section and manually collecting the unexposed sediment
in opaque plastic bags. For each sample, the total dose rate was
determined by a combination of in situ radioactivity measurements
and laboratory-based analyses of subsamples of the sediment.

Sediment samples were prepared under controlled low-level
yellow light in a conventional manner to extract quartz and K-
feldspar grains suitable for luminescence dating; these were pre-
pared according to standard procedures (e.g., Wintle, 1997). After
wet sieving, the coarse size fraction (180e225 mm or 125e225 mm)
of each sample was treated with HCl (10%) and H2O2 (30%) to
remove carbonates and fine organic matter, respectively. Quartz
(density [r] between 2.58 and 2.70 g cm�3) and K-feldspar
(r < 2.58 g cm�3) fractions were then separated using heavy liquid
(sodium polytungstate). An additional hydrofluoric acid (HF)
treatment (40% for 60 min), followed by an HCl rinse, was used to
remove the outer alpha-irradiated layer of the quartz grains and to
eliminate potential feldspar contamination. No HF was used on the
feldspar-rich fraction. After rinsing, drying, and sieving, the quartz
and K-feldspar fractions weremounted in stainless-steel cups using
silicone oil, as aliquots ~4 mm in diameter (each containing a few
hundred grains). Luminescence measurements were carried out
using a Freiberg Instruments lexsyg research device (Richter et al.,
2013) equipped with a 90Sr/90Y ring-shaped irradiation source
(Richter et al., 2012) delivering 0.063 ± 0.002 Gy s�1 at the sample
position (calibrated using Risø calibration quartz batch 98). The
quartz OSL signal was stimulated with blue LEDs emitting at
470 ± 30 nm covered by a long-pass filter (3-mm Schott GG420).
The resulting signal was detected by a PMT (Hamamatsu H7360-
02) through an optical filter (7.7-mm Hoya U-340; transmission
between ~290 and 370 nm). The feldspars were stimulated with
near-infrared LEDs emitting at 850 ± 30 nm, and the luminescence
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signal was detected through a combination of 3mm of Schott BG 39
and 3.5 mm of AHF BrightLine HC 414/46 nm, giving a detection
window centered on 410 nm. All measurements were performed in
a nitrogen atmosphere.

A standard multigrain single-aliquot regenerative (SAR) mea-
surement protocol (Murray and Wintle, 2000, 2003; Wintle and
Murray, 2006) was used for quartz dose determination (see
Supplementary Online Material [SOM] Table S1). The SAR proced-
ure involves measuring the natural OSL and regenerative signals
induced by four given doses, each measured for 40 seconds at
125 �C. After each natural and regenerative dose, a fixed test dose
(~10 Gy) is given to correct the OSL signal for any sensitivity
changes during the measurement sequence. A duplicate regener-
ative dose was included in the procedure to check the adequacy of
the sensitivity correction, and the recuperation was measured after
a zero-dose regenerative cycle. A stimulation at 280 �C held for
40 seconds was applied between each successive SAR cycle to fully
reset the OSL signal. The infrared depletion ratio (Duller, 2003) was
also measured on each aliquot to check for possible contamination
by feldspar grains.

The fast component dominates the OSL signal from the Riparo
Mochi samples (see LM-OSLmeasurements in SOM Fig. S1). The net
intensity of the OSL signal was integrated over the first 0.8 seconds
after subtracting an early background signal derived from the next
0.8 seconds of stimulation (from 0.98 to 1.6 seconds). To determine
the preheat conditions for OSL measurement, preheat plateau and
dose recovery tests were performed on two samples (details are
provided in SOM Figs. S2 and S3). For all samples, the preheat was
fixed at 240 �C for 10 seconds and the cut heat before the test dose
was fixed at 200 �C. The overall average dose recovery ratio was
1.00 ± 0.03 (n ¼ 12).

Between 16 and 27 aliquots were measured for each sample to
obtain an equivalent dose (De) distribution. The De and their un-
certainties were estimated by interpolating the sensitivity-
corrected natural OSL signal onto the sensitivity-corrected regen-
erated growth curve, fitted using a single exponential functionwith
the Analyst software v. 4.57 (Duller, 2018). For all samples, the De
values are below the sample saturation limit (Murray and Wintle,
2003), suggesting that a reliable De can be estimated for all the
samples (see SOM Fig. S4). The De distributions are reported for all
samples in SOM Figure S5.

First, we calculated the unweighted mean of the De's (Table 5).
The weighted mean was also determined from the Central Age
Model, also referred to as the Central Dose Model (CDM) by
Galbraith et al. (1999) using the function calc_CentralDose()
(Burow, 2020) from the package Luminescence v. 0.9.11 (Kreutzer
et al., 2012, 2020) in R v. 4.0.2 (R Core Team, 2020). The CDM is
intended to be applied to samples composed of a single population
of grains, i.e., well bleached before deposition, exposed to the same
environmental dose rate during burial, and having remained un-
affected by any postdepositional sedimentary processes. However,
recent criticisms have suggested some issues regarding the CDM
calculation and its uncertainty estimates (Comb�es et al., 2015),
leading to potential age underestimates (Gu�erin et al., 2017),
particularly for older samples (Heydari and Gu�erin, 2018). The
Average Dose Model (ADM) proposed recently by Gu�erin et al.
(2017) appears as an interesting alternative, as it is believed to
provide a more satisfactory estimate of the average dose, mainly
when grains have absorbed variable doses (Heydari and Gu�erin,
2018). Data analysis was carried out using the function calc_
AverageDose() (Gu�erin et al., 2017). An intrinsic dispersion value
(sigma_m) of 10% was used, which is higher than the average
overdispersion (OD) obtained from the dose recovery tests per-
formed on samples X6741 and X6747. Still, it accounts for any un-
recognized measurement uncertainty.
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K-feldspar dose values were determined using the elevated
temperature post-infrared-infrared stimulated luminescence
(pIRIR) protocol measured at 290 �C (Thiel et al., 2011; hereafter
pIRIR290; SOM Table S1). Standard SAR measurement protocols
were applied using four regenerative doses and a zero-dose cycle.
No corrections were made either for the residual or for the
anomalous fading, as suggested by several authors (e.g., Thomsen
et al., 2008; Jain and Ankjaergaard, 2011; Buylaert et al., 2012).
The luminescence signals were obtained by integrating the first
2.5 seconds of the signal, and the background determined on the
last 50 seconds was subtracted. The growth curve was fitted with a
single saturating exponential function (see SOM Fig. S6) with An-
alyst v. 4.57 (Duller, 2018). The criteria for validating the application
of the SAR protocol rely on the recycling ratio and the recuperation
ratio, which have been met for all measured aliquots. The un-
certainties on individual De values have been determined using
conventional error propagation. The standard deviation takes into
account the contributions from counting statistics and the curve
fitting error. The De distributions are reported for all samples in
SOM Fig. S7. The OSL and pIRIR290 ages have been calculated using
the online calculator DRAC v. 1.2 developed by Durcan et al. (2015).

2.3. Laboratory and field dosimetry

The total dose rate to sand-sized grains of quartz and feldspar
comprises external contributions from beta, gamma, and cosmic
radiation, plus an internal dose rate due to radioactive inclusions.
An internal dose rate of 0.02 ± 0.01 Gy.ka�1 was conservatively
assumed for the quartz fraction. For K-feldspars, the K and Rb
content was assumed to be 12.5 ± 0.5% and 400 ± 100 ppm,
respectively, as suggested by Huntley and Baril (1997) and Huntley
and Hancock (2001).

Beta dose rates were calculated from the U, Th, and K contents
measured by inductively coupled (ICP) mass spectrometry and
inductively coupled atomic emission spectroscopy, respectively, on
a subsample of homogenized sediment (~8 g). Allowance was made
for beta-dose attenuation due to grain size (Gu�erin et al., 2012b).
The gamma component of the total dose rate was determined from
the measurement of the luminescence signal recorded by dosim-
eters placed into the exposed section (5e20 cm from the sample
location) for a duration of 642 days. These dosimeters consisted of
three carbon-doped alumina pellets (Al2O3:C, diameter ¼ 5 mm,
thickness ¼ 1 mm) placed at the extremity of an aluminum metal
tube measuring ~30 cm in length (see details in the study by
Kreutzer et al., 2019). Before burial, the pellets were heated to
350 �C to reset any remaining luminescence signal. Measurements
were done at the IRAMAT-CRP2A laboratory using a Daybreak 2200
OSL reader system (Bortolot, 2000), combining green light LED
stimulation (Nichia NSPG310) and 7.5 mm of Hoya U-340 filter for
detection. The measured OSL signal from each pellet was compared
to that induced by an artificial beta source (Mercier et al., 1994;
Kreutzer et al., 2019). The dosimeters near samples X6747, X6742,
X6741, and X6740 were not recovered, and the gamma dose rates
for these samples were estimated from their U, Th, and K
concentrations.

The cosmic-ray dose rates were estimated from the equations
provided by Prescott and Hutton (1994), taking into account the
burial depth of each sample, the sediment density, and the
configuration and location of the site (shielding, altitude, latitude).

2.4. Bayesian modeling

To place both sets of results (radiocarbon and luminescence)
within the same statistical framework, we built two Bayesian
models using the OxCal platformv. 4.4.2 (Bronk Ramsey, 2009a; see
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code in SOM S1). These models incorporate stratigraphic informa-
tion for the dated samples and contexts along with the radiocarbon
and luminescence likelihoods, mainly following the model frame-
work and priors outlined in the study by Douka et al. (2012). Before
modeling, systematic uncertainties between luminescence esti-
mates were removed (see Table 5). Using a simulation method
based on Markov Chain Monte Carlo, OxCal successively samples
the solution to Bayes' theorem and produces a new series of
probability distributions (‘posterior’ distributions) that include
relative ‘prior’ archaeological information. An improved chrono-
logical framework can then be built to determine the degree of
agreement between the dates and the sequence and obtain prob-
ability distribution functions (PDFs) for the boundaries (undated
events) representing the transition between successive phases.
These modeled boundary estimates are often of crucial importance
in understanding transitions, beginnings, and ends of archaeolog-
ical phases. We assessed the robustness of the model and the
probability of individual likelihoods being outliers within each
structuredmodel using outlier detectionmethods and convergence
values (Bronk Ramsey, 2009b). We used a t-type general outlier
model with a prior probability set at 0.10 for the oldest radiocarbon
estimates (Hedges et al., 1994; Bietti et al., 2004) and at 0.05 for the
age determinations obtained more recently (Douka et al., 2012), as
well as for all luminescence age estimates. For sample X6746, we
included the dose rateecorrected ages with a prior probability set
as 0.15.

3. Results

3.1. Radiocarbon dating

The four charcoal determinations ranged from 43 to 35 ka BP
(¼thousands of uncalibrated 14C years before AD1950; Table 3). The
three determinations from the Mousterian unit agree well with
their stratigraphic position, whereas OxA-2579-40 from unit H,
which is intermediate between Late Mousterian I and Proto-
Aurignacian G, appears much younger. As suspected from previ-
ous work, in this study, Unit H also provides anomalous results for
radiocarbon ages. It is possible that the material in this unit has
been affected by postdepositional diagenesis and mixing (see
Discussion).

In Unit G, two shells gave very similar ages at 34,830e33,900 cal
BP at 95.4% probability (OxA-30629) and 34,660e33,870 cal BP at
95.4% probability (OxA-35352). These determinations are several
millennia too young compared to previous charcoal and shell de-
terminations (Table 2). The combination of the eleven previous
radiocarbon determinations gives an age range of
39,520e39,076 cal BP (95.4% probability, using R_Combine() in
OxCal) for Unit G. The reasons for this discrepancy are unknown,
Table 3
New radiocarbon determinations from shell and charcoal samples from Riparo Mochi.

OxA P code Pretreatment Year of
excavation

Unit/cut (tg)

31486a 36582 Acid hydrolysis 1959 Tg 13, East sector
30629a 36635 Acid hydrolysis Section 2013 G hearth? from section P
35352a 36635 Acid hydrolysis Section 2013 G hearth? from section P
X-2579-40 36631 ABOx-SC 1997 H, A1 hearth, sample no.13

(rescue)
P

30736a 36581 Acid hydrolysis 1997 H hearth, sample no. 23
(rescue)

P

X-2586-21 36632 ABOx-SC 2012 Top I, tg 10, sample no. 29 V
30201 36633 ABOx-SC 2012 Top I, tg 11, sample no. 30 V
30187 36630 ABOx-SC 2012 Top I, tg 16, grey sediment F

e 36634 ABOx-SC 1959 G tg 62

e 36637 ABOx-SC 2013 G base hearth, from section

a Results not included in the final Bayesian models.
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but given that the largest degree of variation in current and pre-
vious dating studies of Mochi affect shell samples, we must
consider the possibility of diagenetic alteration of the shell matrix.
In most cases, the dated shells are limpets (Patella sp.). These
species are among the few gastropods that originally secrete calcite
and not aragonite to produce their shell exoskeleton. Calcite,
however, is also the end product of secondary diagenesis, i.e., it is
the mineral that forms postdepositionally when dissolution and
recrystallization of the original shell matrix take place. These pro-
cesses can affect the radiocarbon age of a molluscan shell, partic-
ularly if the system is an ‘open’ one with the input of recrystallized
bicarbonate of a different age to the shell (Douka, 2017). A third
shell sample found in cut 13 of the 1959 excavations (equivalent to
the top of unit D) gave an age of 420e570 AD (95.4% probability)
and is presumed to be a recent intrusion.

3.2. Dosimetry

Mochi is a stone-rich environment, and sediment samples were
taken primarily to estimate the beta dose rate, which is derived
mainly from the matrix between the calcareous lumps. This matrix
was the material preferentially sampled for ICP analyses. Radioel-
ement concentrations are reported in SOM Table S2. Because these
large clasts will be lower in radioactive concentrations than the
finer matrix, the gamma dose rates could be overestimated for the
samples with no dosimeters. Nevertheless, both methods of
gamma dose rate estimation give indistinguishable values, except
for sample X6746 (see SOM Fig. S8), for which the in situ measured
gamma dose overestimates the ICP result by 30%. On the remaining
portion of each sample (except for X6746 due to lack of material),
U-series disequilibria were tested using a high-resolution low-
background gamma spectrometer housed at the Risø Laboratory,
Denmark. Because the 238U activities were not precisely measured,
the 226Ra/238U ratio in some samples is poorly known (SOM
Table S3). Nevertheless, the weighted average is 0.96 ± 0.06
(n ¼ 10, mean ± se), and we concluded that there is no evidence for
significant disequilibrium in these samples. We assume such a ratio
did not change over time, and in situ measurements of the gamma
dose rate contribution were used to calculate the total dose rate
when possible.

For samples from Riparo Mochi, the water content at sampling
(July 2015) was determined to be ~7%, on average. The measure-
ment of water saturation content yielded an average value of ~27%.
We assumed a past moisture content of 11 ± 5% (at 1 s) for the age
calculations, which allows for extreme past fluctuations of mois-
ture, from 1 to 21% (at 2 s). The total dose rates based on
geochemistry, gamma, and cosmic contribution and estimated
water content history were calculated following Aitken (1990) and
the conversion factors of Gu�erin et al. (2011), using the dose rate
Cultural assignation Material Species 14C Date (yr BP) ±

Shell Patella sp. 1580 40
roto-Aurignacian Shell Patella sp. 31920 190
roto-Aurignacian Shell Patella sp. 31870 160
roto-Aurignacian Charcoal not identified 35550 550

roto-Aurignacian Shell Patella sp. 31580 200

ery final Mousterian Charcoal Not identified 42100 2200
ery final Mousterian Charcoal Not identified 42450 800
inal Mousterian Charcoal Not identified 43000 900

Charcoal Failed due to low yield

Charcoal Failed due to low yield



Table 4
Environmental dose rate data for Riparo Mochi sediment samples.

Sample Unit Depth (m) Grain size fraction (microns) External dose ratea (Gy.ka�1) Internal dose rate (Gy.ka�1) Total dose ratee (Gy.ka�1)

Cosmicb Gammac Beta Quartz F-feldspard Quartz K-feldspar

X6749 G 4.2 125e250 0.12 ± 0.02 0.38 ± 0.02 0.68 ± 0.05 0.02 ± 0.01 0.64 ± 0.22 1.20 ± 0.06 1.95 ± 0.24
X6748 G 4.6 125e250 0.12 ± 0.02 0.34 ± 0.04 0.42 ± 0.03 0.02 ± 0.01 0.64 ± 0.22 0.90 ± 0.05 1.65 ± 0.24
X6747 G 5 125e250 0.12 ± 0.02 0.54 ± 0.06 0.81 ± 0.06 0.02 ± 0.01 0.64 ± 0.22 1.49 ± 0.09 2.24 ± 0.25
X6746 H 5.5 125e250 0.12 ± 0.02 0.42 ± 0.03 0.39 ± 0.03 0.02 ± 0.01 0.64 ± 0.22 0.94 ± 0.04 1.69 ± 0.24
X6750 I 5.9 180e250 0.12 ± 0.02 0.51 ± 0.04 0.85 ± 0.06 0.02 ± 0.01 0.72 ± 0.16 1.50 ± 0.07 2.36 ± 0.16
X6745 I 5.7 125e250 0.12 ± 0.02 0.47 ± 0.03 0.77 ± 0.05 0.02 ± 0.01 0.64 ± 0.22 1.38 ± 0.08 2.13 ± 0.25
X6744 I 6 180e250 0.10 ± 0.02 0.36 ± 0.03 0.61 ± 0.04 0.02 ± 0.01 0.72 ± 0.16 1.09 ± 0.06 1.95 ± 0.15
X6742 I 7.1 180e250 0.10 ± 0.02 0.47 ± 0.05 0.64 ± 0.04 0.02 ± 0.01 0.72 ± 0.16 1.22 ± 0.07 2.08 ± 0.15
X6741 I 7.3 180e250 0.10 ± 0.02 0.49 ± 0.05 0.71 ± 0.05 0.02 ± 0.01 0.72 ± 0.16 1.31 ± 0.07 2.17 ± 0.16
X6740 I 7.6 125e250 0.10 ± 0.02 0.40 ± 0.04 0.57 ± 0.04 0.02 ± 0.01 0.64 ± 0.22 1.09 ± 0.06 1.84 ± 0.24
X6743 I 8.7 180e250 0.10 ± 0.02 0.23 ± 0.02 0.38 ± 0.02 0.02 ± 0.01 0.72 ± 0.16 0.72 ± 0.04 1.58 ± 0.14

a External dose rates include adjustments for the water content.
b Cosmic-ray dose rates were estimated using the approach of Prescott and Hutton (1994) and assigned a relative uncertainty of ±20%.
c Gamma dose rates were determined from the dose recorded by in situ dosimeters except for samples X6747, X6742, X6741, and X6740, for which the gamma dose rates

were calculated from the concentrations of potassium (K), uranium (U), and thorium (Th) within the sediment. We added a 5% error on these values.
d The internal feldspar dose rate is based on an internal 40K concentration of 12.5 ± 0.5% and a Rb concentration of 400 ppm.
e Mean ± total uncertainty (1 sigma) calculated as the quadratic sum of the random and systematic uncertainties.
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and age calculator DRAC v.1.2 developed by Durcan et al. (2015).
Results of the different contributions to the dose rates are pre-
sented in Table 4.

3.3. Quartz measurements

To compare the De results obtained from three methods
(Table 5), we first calculated the unweighted mean of the three
methods for each sample and compared each method to that mean.
The average of the unweighted means to mean ratio is 0.99 ± 0.05
(the error is given as the standard deviation), the CAM to mean
ratio is 0.98 ± 0.05, and the ADM to mean ratio is 1.03 ± 0.10. The
three models are all consistent with the mean at 2 sigma, and we
cannot detect a difference in the analyses. The OD values are
compatible for both CDM and ADM models ranging from 4 to 22%.
The origin of such OD is challenging to determine on multigrain
aliquots because of the averaging effects. From our dose recovery
tests, the OD is expected to be around 5% for a single population of
grains. Therefore, for most samples in this study, the additional
scatter might be caused by microdosimetry variations, heteroge-
neous bleaching, and/or postdepositional mixing. Previous studies
on the mineralogy of the Riparo Mochi sediments (Khatib et al.,
2012) suggested that no quartz or other silicate minerals occur in
the rock shelter limestone walls (SOM Fig. S9)dboth quartz and
felspar are allochthonous, mainly of aeolian origin. However,
colluvial inputs have also been identified in some units as reddish
pedorelics of terra rossaelike soils containing grains, as visible on
the microphotograph of a sediment thin section in SOM Fig. S10.
Therefore, it is possible that microdosimetry effects contribute to
the large OD in the De's.

3.4. Feldspar measurements

The dose unweighted averages are reported in Table 5 with the
weighted means calculated using the CDM and ADM models. The
three models give statistically indistinguishable results. The OD
values are less than 10%, except for sample X6747 which has an OD
of 24%, reflected in the standard error on its De.

3.5. Luminescence age estimates

The age results are reported in Table 5 (see also SOM
Figs. S11eS14). Optical stimulated luminescence quartz and
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pIRIR290 feldspar ages generally increase with burial depth as ex-
pected. One noticeable exception is sample X6746, for which the
quartz age appears much older than for the samples localized
stratigraphically above and below. While the De of this sample is
consistent with the stratigraphy, its dose rate is much lower than
those above and below. We remarked in Section 3.2 that the in situ
gamma dose overestimated the ICP-based result by 30%, which
suggests that the beta dose rate we determined on a portion of this
sediment is probably incorrect (perhaps due to an analytical
problem or a lack of representativity of the sample used for the ICP
analyses). If we calculate the average dose rates based on the
samples located directly above and below this sample, the cor-
rected quartz age becomes 48.7 ± 2.9 ka, and the corrected feldspar
age 45.7 ± 5.0 ka, results which are much more consistent with the
stratigraphy.

Quartz and feldspar ages are consistent at 2 sigma through the
sequence. However, it is noticeable that in the lower part of the
sequence (Fig. 4), the quartz ages are systematically older than the
K-feldspar pIRIR290 ages by ~10e30% (n ¼ 6). Given the very
different bleaching rates (perhaps by a factor of ~100; refer to the
study by Murray et al., 2012) of the fast component in quartz and
the pIRIR290 signals in feldspar, this is strong evidence that the
quartz signals were fully bleached at the time of deposition.

The absence of fading correction on the pIRIR290 De's may
explain the underestimation of the pIRIR results. If we consider a
low hypothetical anomalous fading rate of 1.0 ± 0.5%/decade, the
corrected pIRIR ages will appear older by 5% (see fading corrected
ages in SOM Fig. S14). Wrong estimation of the feldspar internal
dose rate could also explain this apparent age underestimation.
Here we assumed that the signal was dominated by grains con-
taining 12.5 ± 0.5% of potassium. Some recent studies suggest that a
value of 10 ± 2%might bemore appropriate in some cases (Smedley
et al., 2015). The latter would give older ages by 8% (on average) and
therefore would be more consistent with the quartz OSL results.
However, the feldspar ages seem overall more coherent with the
age determinations given by the independent datingmethod that is
radiocarbon. Given all these aspects, it is extremely difficult to
determine the most robust set of results.

3.6. Age-depth Bayesian modeling

Model 1 contains most radiocarbon determinations from the
current and previous studies and all available luminescence



Table 5
Summary of the luminescence measurements and final age estimates of the Riparo Mochi samples.

Mineral Sample
Lab code

Unit na unw. mean
De ± se (Gy)

CDM
De ± seb (Gy)

ODb (%) ADM
De ± sec (Gy)

Sigma_dc (%) Age ± se [rd]d (ka)

Quartz X6749 G 24 (24) 53.45 ± 1.33 53.02 ± 1.22 3 ± 5 53.05 ± 1.28 3 ± 3 44.16 ± 2.30 [1.18]
X6748 G 21 (22) 44.00 ± 1.23 43.05 ± 1.18 5 ± 5 43.59 ± 1.18 5 ± 3 48.54 ± 2.90 [1.38]
X6747 G 14 (18) 69.47 ± 3.29 68.77 ± 2.99 12 ± 4 69.23 ± 2.96 11 ± 5 46.55 ± 2.31 [2.03]
X6746 H 23 (26) 73.84 ± 2.79 72.81 ± 2.66 13 ± 3 73.44 ± 2.74 13 ± 3 78.15 ± 4.67

49.14 ± 3.15 [1.99]e

X6750 I 25 (27) 75.36 ± 2.88 74.78 ± 2.69 14 ± 3 75.52 ± 2.90 14 ± 3 50.29 ± 3.07 [1.95]
X6745 I 11 (16) 77.75 ± 3.12 77.11 ± 2.90 5 ± 6 77.23 ± 2.75 5 ± 4 56.03 ± 3.68 [2.08]
X6744 I 25 (25) 72.31 ± 3.06 71.32 ± 2.65 15 ± 3 72.09 ± 2.92 15 ± 4 65.88 ± 4.30 [2.67]
X6742 I 16 (16) 86.30 ± 5.99 83.40 ± 5.51 24 ± 5 85.74 ± 5.84 24 ± 3 70.09 ± 6.20 [4.71]
X6741 I 14 (17) 73.76 ± 3.59 72.68 ± 3.28 13 ± 4 73.26 ± 3.44 13 ± 5 55.82 ± 4.05 [2.61]
X6740 I 19 (19) 89.90 ± 5.79 85.72 ± 4.75 21 ± 4 87.65 ± 5.33 21 ± 3 80.34 ± 6.62 [4.88]
X6743 I 15 (16) 67.74 ± 3.81 66.03 ± 3.26 15 ± 4 66.81 ± 3.38 15 ± 5 92.41 ± 6.87 [4.64]

Feldspar X6749 G 10 (10) 85.01 ± 3.34 84.33 ± 3.14 5 ± 7 84.42 ± 3.10 5 ± 4 43.23 ± 5.60 [1.59]
X6748 G 10 (10) 76.88 ± 2.81 76.12 ± 2.74 3 ± 10 76.15 ± 2.82 3 ± 3 46.18 ± 6.96 [1.70]
X6747 G 10 (10) 104.20 ± 8.09 100.62 ± 8.53 24 ± 7 103.67 ± 8.17 24 ± 8 49.30 ± 6.34 [3.60]
X6746 H 14 (14) 99.53 ± 3.34 98.61 ± 2.90 0 98.61 ± 2.91 0 58.34 ± 8.46

42.86 ± 3.99 [1.40]e

X6750 I 13 (12) 126.84 ± 5.61 121.86 ± 4.98 10 ± 4 122.42 ± 5.78 10 ± 5 51.83 ± 4.20 [2.42]
X6745 I 10 (10) 106.54 ± 2.55 106.09 ± 4.12 0 106.09 ± 2.49 0 49.80 ± 5.92 [1.21]
X6744 I 9 (9) 106.04 ± 1.68 106.00 ± 4.27 0 106.00 ± 1.89 0 54.25 ± 4.25 [1.00]
X6742 I 9 (9) 113.64 ± 4.30 112.68 ± 4.58 0 112.68 ± 4.55 2 ± 2 54.10 ± 4.57 [2.16]
X6741 I 10 (10) 108.88 ± 3.78 107.25 ± 4.28 0 107.24 ± 3.78 0 49.37 ± 3.95 [1.72]
X6740 I 10 (10) 109.11 ± 2.88 108.19 ± 4.21 0 108.19 ± 2.95 0 58.73 ± 7.93 [1.62]
X6743 I 10 (10) 109.72 ± 5.16 107.69 ± 4.74 6 ± 7 107.91 ± 4.76 6 ± 5 68.23 ± 6.89 [2.96]

Abbreviations: unw. mean ¼ unweighted mean; CDM ¼ Central Dose Model; De ¼ Equivalent dose; OD ¼ overdispersion; ADM ¼ Average Dose Model; se ¼ standard error;
rd ¼ random error.

a Number of aliquots accepted (measured).
b De and OD values were calculated using the CDM (Galbraith et al., 1999), using the calc_CentralDose() function from the package Luminescence v. 0.9.11 (Kreutzer et al.,

2020) in R v. 4.0.2 (R Core Team, 2020), with the parameters: sigmab ¼ 0.10, log ¼ TRUE.
c De and sigma_d values were calculated using the ADM (Gu�erin et al., 2017), using the calc_AverageDose() function from the package Luminescence v. 0.9.11 (Kreutzer

et al., 2020) in R v. 4.0.2 (R Core Team, 2020), with the parameters: sigma_m ¼ 0.10, log ¼ TRUE.
d Age calculated using the dose rate and age calculator DRAC v. 1.2 (Durcan et al., 2015). Equivalent doses are from the ADM. The uncertainty shown after the ± symbol is the

quadratic sum of the random and systematic uncertainties at 1 sigma; values shown in brackets are the random-only errors.
e Corrected dose rate used for the age determination.
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determinations on quartz (Fig. 5). Model 2 includes the same
radiocarbon determinations, but the luminescence determinations
are this time on feldspar (Fig. 6). Of the thirty-three determinations
included in model 1, four luminescence dates were identified as
outliers (X6741, X6746, X6748, and X6749) and three radiocarbon
determinations (OxA-X-2579-40, OxA-20360, and OxA-19802; see
SOM Tables S4 and S5). From layer H, both determinations X6746
(corrected) and OxA-X-2579-40 are incompatible with each other,
as well as the modeled ages of the units above and below. Once
again, Unit H is a problematic part of the site and proves difficult to
date directly (see Discussion). In model 2 (SOM Tables S6 and S7),
only one luminescence date was identified as an outlier (X6741)
and four radiocarbon determinations (OxA-X-2579-40, OxA-20630,
OxA-20360, and OxA-19802). The radiocarbon determinations
from higher up the sequence had been previously identified and
discussed by Douka et al. (2012).

3.7. Comparing the models

To examine whether models 1 and 2 produced consistent age
models, we calculated the difference between boundaries from one
model to another, assuming that the PDFs of the boundaries
approximate a normal distribution. The mean and standard devi-
ation of each boundary within both models was estimated in OxCal
in the 68.2% and 95.4% probability range. If the difference between
PDFs of each boundary includes zero in the 68.2% or 95.4% proba-
bility range, then the PDFs are regarded as indistinguishable in the
respective probability range. The total error is the standard devia-
tion of each PDF added in quadrature. The results are given in
Figure 7. The two models are consistent as all boundaries overlap at
68.2%.
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4. Discussion

4.1. Chronostratigraphy

We base the following discussion on the results given by
model 2, which yields an overall better consistency of the lumi-
nescence and radiocarbon age results (i.e., fewer outliers) and
given at 2 sigma. These new results clarify the chronostrati-
graphic succession between the Middle to Upper Paleolithic
occupation at the site. Most radiocarbon determinations were
produced on samples coming from the UP units of Cardini's 1959
excavations at the eastern part of the site. In contrast, the lumi-
nescence ages cover both the earliest UP as well as the MP parts
of the sequence.

The earliest currently available age for theMousterian deposit at
the site comes frommid Unit I and is dated from the MIS 5. The rest
of the Mousterian deposit is dated by six luminescence de-
terminations (X6740, X6741, X6742, X6744, X6745, and X6750) up
to ~46 ka. One charcoal sample found in 2012 at the top of Unit I
attributed to the latest Mousterian deposit (Unit I) gave an age
estimate beyond the radiocarbon limit (OxA-X-2586-21), while two
other charcoals were dated between 48 and 44 ka cal BP (OxA-
30187, OxA-30201 at 2 sigma). These determinations allow us to
place the Mousterianwithin MIS 4 and track its development in the
early stages of MIS 3. The recently published micromammal
assemblage (Berto et al., 2019) from Unit I suggests the presence of
an environment characterized by small clumps of trees in an open
rocky area with species associated with very cold conditions. The
end of the Mousterian and the transition to unit H is placed be-
tween 45.8 and 41.9 ka (95.4% probability) according to our
Bayesian model 2 (Fig. 6; SOM Table S7).



Figure 4. Quartz OSL (circle) and K-feldspar pIRIR290 (square) age results (þ/� 1 sigma) in stratigraphic order, using the Average Dose Model (see SOM Figs. S11eS14 for other
models). Empty symbols indicate the dose rate corrected ages for sample X6746.
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Cardini described Unit H as semisterile, with a mixture of
Middle and Upper Paleolithic elements. In the more recent exca-
vations, however, in situ features such as hearths were identified,
and it is therefore possible that, instead of Unit G as previously
thought, it is the upper part of Unit H that represents the earliest
Proto-Aurignacian at the site as previously demonstrated by
Grimaldi et al. (2014). However, sedimentary structures related to
erosion and redeposition are also present within Unit H, mainly
observed in the Sector East excavated by Cardini in 1959, suggesting
that at least part of the MPeUP association may be affected by local
processes of reworking. However, the small excavation area and the
low number of artifacts from Unit H render this only a working
hypothesis. One charcoal sample (OxA-X-2579-40) was dated at
41.3e39.0 ka cal BP (95.4% probability). This appears slightly too
young compared to previous estimates obtained for the overlying
Unit G. A luminescence sample from Unit H yielded a corrected age
of 42.86 ± 3.99 ka. As previously discussed, Unit H comprises
multiple lithologic units; some of these are combustion features
that should be reasonably in situ, whereas others are scour-and-fill
channels that indicate erosional phases followed by fast deposition
of sediment reworked from older units. Given that the radiocarbon
age determinations from Unit H were deemed to be outliers in the
Bayesian models, OxCal produced posterior probability distribu-
tions in the form of boundaries that are constrained mainly by the
ages of underlying and overlying deposits, i.e., Units I and G,
respectively.

Unit G contains large hearths, thousands of lithic artifacts, shell
and stone beads, and all the hallmarks of the Proto-Aurignacian.
Dating the beginning of this formation can securely pinpoint an
11
age estimate for this significant part of the occupation of the site.
The previous age estimates for the start of Unit G were 42.7e41.6 or
44.0e41.8 ka cal BP (Douka et al., 2012; Fig. 7). The boundary for the
end of Unit H and the start of Unit G is now placed at 44.3e41.1 ka
(95.4% probability) according to our Bayesian model 2 (Fig. 6; SOM
Table S7). As we move up the stratigraphic sequence, the radio-
carbon and luminescence dates follow, as expected, a consistent
decreasing pattern in age.

4.2. Regional context

Placing the new chronostratigraphic sequence fromMochi in its
regional and broader context is important given that several
northern Italian Paleolithic sites have been reanalyzed and redated
in recent years (Fig. 8). Riparo Bombrini is part of the same
archaeological complex as Mochi and has recently been reeval-
uated. The site was excavated in 1976 and again in the early 2000s.
Higham et al. (2014) and Benazzi et al. (2015) presented a series of
dates from the 1976 Vicino excavations. The 1976 sequence was
divided into four artificial spits containing two cultural macro-
units: the lower one (Upper and Lower level IV) with Mousterian
artifacts and the upper one (levels III-I) containing UP artifacts.
Levels III and II have yielded Proto-Aurignacian artifacts, abundant
Dufour bladelets, beads, bone points, as well as a modern human
tooth.

Based on a Bayesian model of the 14 determinations from
Bombrini (Benazzi et al., 2015, their Fig. 3), the start of the Proto-
Aurignacian is placed at 39.5e36.7 ka cal BP or 40.0e36.5 ka cal
BP (68/95% probability), whereas the end of the Mousterian part of



Figure 5. Model 1. Bayesian model of calibrated and modeled radiocarbon de-
terminations from the current (asterisk) and previous studies with all available
luminescence determinations on quartz. Outlier results are shown in [O: posterior
outlier/prior outlier] format. CQL code and results are reported in SOM S1.

Figure 6. Model 2. Bayesian model of calibrated and modeled radiocarbon de-
terminations from the current (asterisk) and previous studies with all available
luminescence determinations on feldspar. Outlier results are shown in [O: posterior
outlier/prior outlier] format. CQL code and results are reported in SOM S1.
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the sequence falls between 40.9 and 39.6 ka cal BP or 41.1e38.6 ka
cal BP (68/95% probability). Both estimates are a fewmillennia later
than the respective start and end boundaries at Mochi. We note
that the lower part of the Bombrini sequence is dated only by four
shells, whereas the upper part contains dates made of bone and
charcoal samples. Moreover, the two bone samples from the Proto-
Aurignacian level LIII dated to 38.9e38.1 ka cal BP (95% probability;
MAMS 21662) and 37.6e36.4 ka cal BP (95% probability; MAMS
21663), respectively, also present low amounts of extracted
12
collagen (1.4 and 0.9% collagen respectively) and have high C:N
ratios (3.5 and 3.4, respectively), both of which may indicate
possible contamination. With uncertainties in the depositional
history of the shells, the diagenetic potential of shell in general, and
possible bone contamination, further dating at Bombrini is required
for a proper comparison with the more complete and longer Mochi
sequence, as the materials from these two sites are only about one
hundred meters away and possibly suggesting the presence of a
large living area linking the two sites.



Figure 7. Difference between the probability distribution functions (PDFs) of the
boundaries calculated in model 1 and model 2 at 68.2% probability (in gray) and 95.4%
probability (in black). The bar represents the error calculated in quadrature.

Figure 8. Bayesian model for the onset of the end of Mousterian, start of the Uluzzian, and
Riparo Mochi (red), Bombrini, Fumane, and Castelcivita. (For interpretation of the references
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At Bombrini, Benazzi et al. (2015:795) concluded that “the
Proto-Aurignacian dispersal may therefore have been a cause
(either directly or indirectly) of the extinction of the Neanderthals,
at least in northern Italy.” This statement, however, does not
consider important observations of the lithostratigraphic character
and composition of the relevant transitional levels both at Bombrini
and Mochi. It is well established that there is a considerable
decrease in Mousterian artifacts in the upper spits of level IV at
Bombrini and a considerable reduction in the area used to source
the raw material found at the top of Unit I at Mochi. In addition,
Bombrini records a semisterile phase in Upper level IV where only a
few artifacts are present. In contrast, Mochi records sterile sedi-
ment in Unit H, as defined by Grimaldi et al. (2014). This might be
due to worsening climatic conditions during the Neanderthal
occupation at both sites, suggesting their presence was patchy and
limited before the appearance of the first Proto-Aurignacian
groups. We must, therefore, remain cautious of reaching broad
conclusions regarding the dynamics of the Middle to Upper
Paleolithic transition based on two neighboring sites. Instead, we
must examine the situation in other parts of Italy.

At Fumane, a dolomitic limestone cave on a southern slope of
the Venetian Pre-Alps (Fig. 1), the MP to UP transition involves not
only late Mousterian and Proto-Aurignacian groups, as at Mochi,
but also a transitional industry likened to the Uluzzian (Peresani
et al., 2016). The appearance of the Uluzzian tools at Fumane
start of the Proto-Aurignacian in northern Italy, using modeled chronometric data for
to color in this figure legend, the reader is referred to the Web version of this article).
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represents a radical cultural change compared to the Mousterian.
However, the assemblage also diverges from the classic Uluzzian
profile from the southern Italian sites (Moroni et al., 2018; Villa
et al., 2018; Peresani et al., 2019) and requires further reassess-
ment. The latest Mousterian occurrences provide evidence of a
well-structured use of living space, including areas with combus-
tion structures such as fires and ash dumps and adjacent to areas
used for Levallois flake manufacture. Tool shaping and curation, the
use of bone tools, and butchering of ungulates and birds have also
been identified in the uppermost MP units. The end of the Mous-
terian at Fumane was placed at 46e44 ka cal BP (95% probability;
Higham et al., 2009). This age range is indistinguishable from the
dates for the inferred Uluzzian at the site, which must have been a
short-lived occupation. The start of the Proto-Aurignacian was
placed at 43.2e40.4 ka cal BP (95% probability; Higham et al., 2009).
Hence, the transition from theMousterian to the Proto-Aurignacian
is placed around 43 ka, an age estimate that is in the same range as
the one we report here for Mochi.

Another important site in the south of Italy is the Castelcivita
cave in Salerno (Fig. 1). The archaeological succession includes
Mousterian, Uluzzian, and Proto-Aurignacian levels; the latter is
sealed by thick volcanic deposits with the distinctive two-phase
structure of the Campanian Ignimbrite (CI), therefore securely
dating the end of the sequence at 39.85 ± 0.14 ka (Giaccio et al.,
2017). The three lowermost MP levels at the site, currently un-
dated, are capped by an erosional discontinuity that separates the
Mousterian from the overlying Uluzzian deposits. The next three
phases contain Proto-Aurignacian archaeological remains. The
sequence was dated based on radiocarbon (Higham et al., 2014),
with the end of the Mousterian being placed at 44.9e42.1 ka cal BP
(68% probability) or between 45.8 and 41.1 ka cal BP (95% proba-
bility). The start of the Uluzzian remains undated, but it is con-
strained by a radiocarbon age from the top of the Uluzzian falling
between 41.9 and 40.6 ka cal BP, with the CI pumice and gray ash
capping the Proto-Aurignacian levels at 39.9 ka BP. Hence, we may
also tentatively place the transition between 44 and 42 ka. A
detailed dating program is currently targeting the MP part of the
sequence. This will allow us to compare theMousterian in the north
further and the south of the Italian peninsula and better determine
the timing of Neanderthal replacement.

Collectively, the new data we present here for the north of Italy
agree with previous estimates for the timing of transition in Italy. At
the sites ofMochi, Fumane, and Castelcivita, significant technological
and cultural changes are observed in the millennia following 45 ka.
During this time, the Mousterian tradition gave way to either the
Uluzzian or the Proto-Aurignacian. The transition between the two
had been completed at all these sites by the time the CI eruption
made its mark in the sedimentary records of southern Italy. At sites
such as Mochi, where the end of the Mousterian appears to be more
gradual, we may hypothesize that late Neanderthal groups, if they
were present, were sparse when modern human groups occupied
the region and brought with them new technological and adaptive
systems and cultural innovations. Finally, it is essential to point out
the small number of Mousterian sites in Italy with available nu-
merical ages and the need for more work in this region.

5. Conclusions

We present a comprehensive chronology for the MP sequence of
Riparo Mochi, a site best known for preserving the various devel-
opment stages of the UP. We show that Mousterian groups, likely
Neanderthals, were at RiparoMochi from theMIS 5 and continued to
occupy the site over theMIS 3. The transition to the earliest UP at the
site, whether represented by the start of Unit H or the beginning of
Unit G, is dated between 44.3 and 41.1 ka (95.4% confidence level).
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These boundaries provide the best age estimate for the beginning of
the Early UP and the establishment of modern human groups in the
Balzi Rossi; the results also agree well with the emerging chronology
from other sites in the north and the south of Italy. The Italian MP
lacks chronometric precision, and several sites with longMousterian
sequences remain undated. We hope that developing an absolute
chronometric framework for Riparo Mochi will highlight the need
for more work and encourage systematic efforts toward under-
standing the chronology of the MP of the Italian Peninsula.
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