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a b s t r a c t

We have explored the multimethod approach combining 40Ar/39Ar on single crystal, ESR on bleached
quartz, and ESR/U-series on teeth to improve the age of four neighbours “Acheulian” sites of the Frosi-
none Province (Latium, Italy): Fontana Ranuccio, Cava Pompi (Pofi), Isoletta, and Lademagne. Ages ob-
tained by the three methods are in mutual agreement and confirm the potential of dating with
confidence Middle Pleistocene sites of Italy using these methods.

At Fontana Ranuccio, the 40Ar/39Ar age (408± 10 ka, full external error at 2s) obtained for the
archaeological level (unit FR4) and geochemical analyses of glass shards performed on the Unit FR2a
layer allow us to attribute the studied volcanic material to the Pozzolane Nere volcanic series, a well-
known caldera-forming event originated from the Colli Albani volcanic district. These new data
ascribe the Fontana Ranuccio site, as well as the eponym faunal unit, to the climatic optimum of Marine
Isotope Stage (MIS) 11. Ages obtained for the Cava Pompi, Isoletta, and Lademagne sites cover a relatively
short period of time between 408 ka and 375 ka, spanning MIS 11 climatic optimum to the MIS 11e10
transition. Analysis of small collections of lithic industries, bifacial tools, and small cores technologies
from Isoletta, Lademagne, and the neighbour site of Ceprano-Campogrande shows common technical
strategies for the period comprised between MIS 11 and MIS 9 (410e325 ka), such as the elaboration of
flaked elephant bone industries found over the whole Latium region. However, some features found only
in the Frosinone province area, like large-sized bifaces, suggest particular regional behaviours. The
presence of one Levallois core in the oldest layer of Lademagne (i.e. > 405 ± 9 ka) suggests a punctual
practice of this technology, also proposed as early as MIS 10/11 in the neighbour site of Guado San Nicola
(Molise) in central Italy.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

The time interval between 450 and 300 ka is from an archaeo-
logical viewpoint a period of emergence of several cultural and
technological innovations in hominin evolution and regionalisation
of cultural features (Moncel et al., 2017). This time span encom-
passes the Marine Isotopic Stages (MIS) 11 and 9; the former of
these sea-level high-stands is a low eccentricity interglacial that
represents the culmination of a series of modifications of the
Earth's climate system, known as the Early Middle Pleistocene
Transition (EMPT, Head and Gibbard, 2015). Started at around 1.4
Ma, the EMPT transition is characterised by a progressive shift of
the climatic cycles from ~41 ka to ~100 ka, and increase of the
amplitude and asymmetry of the climatic oscillations, which
induced longer, more intense and dryer condition during glacial
periods (Berger et al., 2005; Head et al., 2008). Recent studies
suggest influence of palaeoenvironnemental and climatic condi-
tions on possible migration and techno-cultural development of
hominin populations that lived inWestern Europe during MIS 12 to
MIS 10 (Moncel et al., 2017). After the very cold and dry MIS 12 and
particularly during the MIS 11, when 100 ka cycles definitively
established, several lower Palaeolithic sites suggest the expansion
and regionalisation of the “Acheulian” culture (technological Mode
2 with bifacial technology) over the entire Western European
continent. Generalization and high standardization of various types
of bifacial tools also occurred during this period linked to a sporadic
domestication of the fire (Kretzoi and Dobosi, 1990) and in some
punctual cases with the emergence of new behaviours, such as the
Levallois core technology (Mode 3) (Adler et al., 2014; Peretto et al.,
2016; Pereira et al., 2016). However, time and evolutionary modes
of the pre-Neanderthalian lineage during the second part of the
Middle Pleistocene remain heavily debated as current researches
are hampered by the relatively lack of long and well-preserved
archaeological sequences and of precise and accurate chronolo-
gies. In particular, the acquisition of a reliable chronology is limited
by the low precision of most of the dating methods suitable for the
400e800 ka timespan (e.g., palaeodosimetric methods such as
Electron Spin resonance (ESR) and thermoluminescence (TL)),
which is beyond the limit of more precise dating methods such as
U/Th. Therefore, acquiring a fine and robust chronological frame-
work for the European Lower Palaeolithic is definitively a chal-
lenging task. Such a difficulty makes the reconstruction of the
evolutionary techno-cultural processes largely uncertain, as they
often rely only on speculative correlations that are not fully vali-
dated by independent chronological data.

On this background, the Mediterranean basin and particularly
the Italian territory are of particular interest in Western-European
Lower Palaeolithic panorama. Three main peculiar features make
this area unique in Western Europe for investigating the Lower
Palaeolithic times: 1) There is a large number of well-preserved
archaeological sites tentatively ascribable to the MIS 11e9 inter-
val (Moncel et al., 2016), which in turn depends on two favourable
factors. The first one is the Quaternary geodynamic context of the
Italian Peninsula, which favoured the development of intermoun-
tain tectonic basins filled with fluvial and lacustrine sediments
(Vezzani et al., 2010) that are ideal geological settings for the
preservation of the Palaeolithic occupations (e.g., Biddittu et al.,
1979; Muttoni et al., 2009; Villa et al., 2016; Nicoud et al., 2016).
The second one relies on the fact that the Mediterranean basin and
the Italian Peninsula played a role of refuge for temperate vegeta-
tion during glacial periods despite the general opening of land-
scapes (Hofreiter and Stewart, 2009; Orain et al., 2013). The
persistence of temperate taxa and fertile volcanic soils may have
contributed to the large mammal herds and hominids settlements
through this area (Moncel et al., 2017).
2) Besides being fundamental for preserving the archaeological
traces, Italian sedimentary basins are also exceptional archives of
both local and regional environmental and climatic changes (e.g.,
Russo Ermolli and Cheddadi, 1997; Vezzani et al., 2010; Petrosino
et al., 2014; Regattieri et al., 2016; Degeai et al., 2018). They can
provide crucial information for framing the evolution of lithic
technology and understanding its potential interplay with the
various components of the human ecosystems.

3) Last, but not least, the continuous K-rich explosive volcanism
from Italian magmatic provinces led to the deposition of numerous
tephra and abundant volcanic material all over Central and
Southern Italy, allowing the use of the 40Ar/39Ar dating method to
provide precise and accurate chronological control for both palae-
oenvironmental records (e.g., Karner andMarra,1998; Giaccio et al.,
2015; Petrosino et al., 2014; Marra et al., 2014, 2016; Regattieri
et al., 2016) and archaeological sites (e.g., Peretto et al., 2016;
Pereira et al., 2015, 2016; Villa et al., 2016; Degeai et al., 2018). The
40Ar/39Ar method offers also the opportunity of integrating and
eventually testing the ages provided by palaeodosimetric methods
(e.g., ESR on bleached quartz and ESR/U-series on teeth; Pereira
et al., 2015, 2016), commonly applied to date Middle Pleistocene
sites in Northern Europe, where the 40Ar/39Ar can only rarely be
used (e.g., Bahain et al., 2007; Voinchet et al., 2010; Moncel et al.,
2013).

The present study is focused on the Latina valley where
numerous Lower Palaeolithic sites have been discovered over the
last 40 years (Fig. 1). Main goal is to build a homogeneous chro-
nological framework for 4 adjacent Acheulian sites (Fig. 1): Fontana
Ranuccio, Isoletta, Lademagne, and Cava Pompi (Pofi) (Biddittu
et al., 1979, 2012; Biddittu and Segre, 1984). This chronological
framework is defined using several methods based on different
physical processes (radioisotopy and palaeodosimetry) to ensure
the most accurate chronology following the approach developed in
Pereira et al. (2015, 2016).

Applied dating methods in our work are (i) 40Ar/39Ar on single
crystal of K-feldspars, (ii) ESR on bleached quartz grains and (iii)
ESR/U-series on large mammal teeth. At Fontana Ranuccio we also
applied (iv) the tephrochronology approach, an indirect dating
method based on chemical fingerprinting of volcanic deposit (level
FR2a, Fig. 2). This last method allows in the most favourable case to
identify a specific eruption and therefore the age of the volcanic
material. All studied sites are found within alluvial deposits that
contain material potentially suitable for each of the considered
dating methods; i.e., (i and iv) tephras or reworked volcanoclastic
material originated from the Middle Pleistocene volcanoes located
close to the investigated sites (i.e., Colli Albani, Ernici-Valle Latina
and Roccamonfina districts; Fig. 1, (Karner et al., 2001; Gaeta et al.,
2016); Basilone and Civetta, 1975; Civetta et al., 1981, Boari et al.,
2009; Rouchon et al., 2008) e (ii) quartz and (iii) mammal teeth.

The new chronological framework will be used to compare for
the first timewith confidence at local scale, a corpus of bifacial tools
from Isoletta, Lademagne (Biddittu and Segre, 1984; Biddittu et al.,
2012; Comerci et al., 2015 dated in this study) and Campogrande
sites (e.g., Manzi, 2016). The studied industries are then compared
with the bibliographic data available for Fontana Ranuccio (Biddittu
and Segre, 1984). Finally, in order to identify possible regional/
micro-regional affinities or differences, the comparison is
extended to other sites sharing a similar age on a wider regional
scale, including Latium (Torre in Pietra, Castel di Guido; Villa et al.,
2016) and Molise (Guado San Nicola; Pereira et al., 2016).

2. Geological settings

The Latina Valley is delimited by two major tectonic structures
of regional relevance: the Olevano-Antrodoco line to the West and



Fig. 1. Reference map of the Latina Valley with the location of the archaeological sites of Fontana Ranuccio, Cava Pompi (C. Pompi), Campogrande (CG), Isoletta, and Lademagne. The
main volcanic centres are also shown (black triangles).

Fig. 2. Simplified lithostratigraphic columns of the studied sites and sampling position: Fontana Ranuccio (modified from Segre and Ascenzi, 1984), Cava Pompi (modified from
Biddittu et al., 1979), Campogrande (composite log from Manzi et al., 2001; Manzi et al., 2010; Nomade et al., 2011; Manzi, 2016), Isoletta (C. Perrenoud, pers. communication), and
Lademagne (modified from Biddittu et al., 2012, Comerci et al., 2015).
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the Ortona-Roccamonfina line to the South (Fig. 1; Locardi, 1988;
Sani et al., 2004). This valley is a tectonic depression located on the
Tyrrhenian side of the Apennines fold and thrust belt, embedded
between the Central Apennines at E and the Lepini and Ausoni
ranges at W (Sani et al., 2004, Fig. 1). This area was subjected to
NEeSW-oriented extensional tectonic that led to the formation of
tectonic basins (Anagni and Ceprano) since late Pliocene (Carrara
et al., 1995; Segre and Ascenzi, 1984, Fig. 1). In Frosinone prov-
ince, the Latina valley is bounded to the northwest by the Colli
Albani volcanic district that was active between 608 ka and 36 ka
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(Gaeta et al., 2016, and references therein) and to the southeast by
the Roccamonfina volcanic complex, characterised by an intense
eruptive activity between 550 and 90 ka (Giannetti, 2001; Rouchon
et al., 2008). Within the Latina Valley, the Ernici-Valle Latina vol-
canic district consists of about 20 monogenetic volcanic centres
characterised by weak to moderate explosive activity between 700
and 100 ka (Civetta et al., 1979; Boari et al., 2009, Fig. 1).

3. Stratigraphic and archaeological background

3.1. Fontana Ranuccio

The archaeological site of Fontana Ranuccio, located 60 km
southeast of Rome in the Anagni basin (Fig. 1), was discovered in
1976 within a succession of pyroclastic deposits. Lithic industries,
bone tools, as well as four hominin teeth were found embedded
within volcanoclastic sediments (level FR4 in Fig. 2, characteristic of
a volcanic lahar deposit, see details below) previously dated by
40K/40Ar to 458± 12 ka (2s analytical uncertainty, see Biddittu
et al., 1979). The hominin fossils are currently interpreted as
belonging to Homo heidelbergensis (Rubini et al., 2014). Faunal
assemblage found in level FR4 (Fig. 2) is ascribed to the last faunal
unit of the Galerian Mammal Age (GMA hereafter; Gliozzi et al.,
1997; Sardella et al., 2006) and compatible with a MIS 13 or MIS
11 age (Ascenzi et al., 1993; Marra et al., 2014). At the base of unit
FR4 is found a primary pyroclastic tephra layer (pyroclastic flow
FR3) characterised at the base by an ash fall (FR2a, Fig. 2). At the top
of the stratigraphy is a reddish lithoid tuff (Fig. 2). This upper vol-
canic deposit is interpreted in the literature as the Tufo Lionato
(Biddittu et al., 1979), a well-known volcanic unit of the Colli Albani
(Villa Senni lower pyroclastic-flow unit; Freda et al., 1997), dated to
365± 4 ka (Marra et al., 2009, Fig. 2).

The locations (geographic coordinates) of the archaeological
sites studied in this work can be found in the text and in supple-
mentary dataset Fig. S1.

3.2. Isoletta, Lademagne, and Campogrande

The Isoletta, Lademagne, and Campogrande localities form a
cluster of lithostratigraphically relatively homogenous sites located
in the Ceprano tectonic basin, around 30 km SE from the Anagni
basin (Fig. 1).

The Isoletta site is located few kilometres SE from the town of
Ceprano (156m a.s.l, 41�31044. 8600N, 13�3400. 1600E, see Fig. S1) at
the confluence of Liri and Sacco Rivers (Fig. 1). The stratigraphic
sequence (more than 30m-thick) mainly consists of sand and
gravel sustaining a fluvial terrace (Fig. 2). It was discovered in the
1970s but was studied in details during high-speed train railways
construction (1998e1999). It is very rich in reworked volcanic
material, as well as tephra layers (Fig. 2). On this site two archae-
ological levels were identified. The lowermost one is characterised
by mode 1 lithic and bones industries (Fig. 2, Biddittu, 2004),
whereas the uppermost one (GA6Z, Fig. 2) displayed Mode 2 arte-
facts and GMA fauna (Biddittu, 1974, 2004).

Discovered in 1965, the Lademagne site is an archaeological
section located only few kilometres from the San Giovanni Incarico
Lake, 5 km westwards of Isoletta, within the ancient Lirino paleo-
lake (105m a.s.l, 41�31016. 6800N, 13�3500.7200E, Fig. S1). Lithologi-
cally, Lademagne is very similar to the nearby Isoletta (Fig. 2) and is
mainly composed of sand and gravel deposits with inter-bedded
volcanic-rich sediments (Comerci et al., 2015). Two archaeological
layers with Mode 2 lithic pieces are mentioned in the literature
(Biddittu et al., 2012). The deepest one was found 87m a.s.l and the
highest one 102m a.s.l. (Fig. 2). They both present similar palae-
ontological and archaeological assemblages with bifacial and bone
tools (Biddittu et al., 2012). Also the palaeontological assemblage
recovered at both levels pertain to the GMA (Biddittu et al., 2012).

The Campogrande locality includes a corpus of relatively
stratigraphically similar archaeological sites found within a small
area (1 km2, 41�31043.3500N, 13�28045.9200E, see Fig. S1 and Fig. 2).
Three different sites were identified at Campogrande: CG 1 (the site
of the Ceprano calvarium), CG 9, and CG 10. The calvarium, now
attributed to H. heidelbergensis (Di Vincenzo et al., 2017), was
discoveredwithin a clay layer in CG1 (Fig. 2) stratigraphically below
the Acheulian levels in the same area, namely CG 9 and CG 10
(Ascenzi et al., 1996, 2000; Manzi et al., 2001; Manzi, 2016). The age
of the Ceprano calvariumwas firstly estimated around 900e800 ka
based on stratigraphic inferences, on its “archaic” morphological
characteristics (Ascenzi et al., 1996, 2000), and on the possible as-
sociation with Mode 1 lithic tools. Then, palaeomagnetic analyses
on a core drilled at the CG1 site (Muttoni et al., 2009) and 40Ar/39Ar
single crystal measurements from a volcanic sand (K-layer) 30 cm
above the calvarium layer (Nomade et al., 2011) constrained the
Ceprano hominin to the MIS 11eMIS 10 interval. The obtained age
for the youngest eruption recorded in the K-layer was 353± 8 ka
(2s analytical error), giving a minimum age for this layer and also
for the calvarium. AMIS 11 age (430e385 ka) was also suggested for
the layer where the human specimen was found, based on strati-
graphic, palynological, geochemical, taphonomical, micromorpho-
logical, and archaeological studies (Manzi et al., 2010). This fossil
adds an amount of unexpected variabilities into the range of vari-
ations known for the Middle Pleistocene H. heidelbergensis pop-
ulations in Europe (Manzi, 2016). Thanks to the age obtained for the
K-layer, also the Mode 2 industries found in sections CG9 and CG10
localities have been dated to a maximum age of 353± 8 ka.
3.3. Cava Pompi

The Cava Pompi site is located near the city of Pofi (Fig. 1;
Biddittu and Segre, 1978). The site was discovered in 1961 in a
quarry and covers an area of 40m2 (41�33031.2400N, 13�26018.5800E).
Two different archaeological levels were identified (level 5 and
level 3 in Fig. 2). In level 5 were discovered rare lithic industries on
flake and several hominin remains (Fig. 2): one ulna, one tibia and a
part of skull attributed to H. heidelbergensis (Biddittu and Segre,
1977). Few artefacts in bones and lava were also recovered
(Biddittu and Segre, 1978). Fauna from level 5 is mainly typical of
GMA unit, including elephants, cervids, megaceros, and primates
(macacos). In level 3, rare artefacts and equids bones are
mentioned.
4. Material and methods

The datingmethods used in our study are the 40Ar/39Ar on single
grains, the ESR (Electron Spin Resonance) on bleached quartz and,
for Isoletta site, the ESR/U-series techniques. The 40Ar/39Ar method
is a radio-isotopic technique and the ESR techniques are palae-
odosimetric methods. The 40Ar/39Ar is a very accurate and precise
method (uncertainties close to 1%), but it can only be used on
volcanic minerals. At contrary, the ESR techniques are ubiquitous
but less precise in relation to the great number of parameters (>20)
involved in the age calculation (leading generally to an uncertainty
of 8e15%). The ESR on bleached quartz allows to date fluvial de-
posits, whereas the ESR/U-series is commonly used to obtain a
chronological constrain from large mammal's teeth recovered in
the archaeological sequences.
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4.1. Field investigations and sampling

4.1.1. Fontana Ranuccio
New field investigations were performed in order to obtain an

accurate stratigraphic framework and chronological constraints for
Fontana Ranuccio. The sample previously dated by 40K/40Ar
(458± 12 ka; Biddittu et al., 1979) was collected during the first
excavation campaign at the bottom of the archaeological layer
(Fig. 2). The sample dated in this study by 40Ar/39Ar on single leucite
crystals was sampled in 2008 by A.G. Segre at the top of the
stratigraphic level FR4, about 1m above the previous dated sample
(Fig. 2). Geochemical analyses (section 5.1) were performed on
volcanic glasses extracted from the stratigraphic Unit FR2a, which
is a primary pyroclastic ash fall (bottom of level 10 of Segre Naldini
et al., 2009). The age obtained in our study is presented section 5.2.

4.1.2. Isoletta, Lademagne and Campogrande

4.1.2.1. Isoletta. Three levels were sampled in 1998 during a rescue
fieldwork mission for both 40Ar/39Ar and ESR on bleached quartz
dating methods (see Fig. 2). One sample was collected from the
level GA6Z, corresponding to the “Acheulian” layer (Fig. 2), the ESR
4 sample was taken 5m stratigraphically above GA6Z (Fig. 2), and
the ESR 1 sample at 27m depth. A fourth sample ESR 3 it could only
be used only for ESR analysis on bleached quartz due to the lack of
volcanic material. In the same fieldwork, one cervid tooth
(ISOL1401) was extracted from a mandible recovered from the
GA6Z archaeological level for ESR/U-series dating.

4.1.2.2. Lademagne. Two samples were taken for 40Ar/39Ar dating
on single crystal (stratigraphic position shown in Fig. 2), the first
one at the top of the stratigraphy (Lad Sup) and the second one
framed between the two archaeological layers (Lad Inf, Fig. 2). Lad
Sup was also sampled for ESR on quartz dating (Fig. 2).

4.1.2.3. Campogrande. Because of the recent chronological con-
straints provided by Nomade et al. (2011) we did not pursue once
again this site from a geochronological point of view, but we
however analysed the lithic assemblages from CG 9 and CG 10 in
the framework of our study.

4.1.3. Cava Pompi
The former archaeological section of Cava Pompi is not acces-

sible anymore. To obtain a chronological indication we recognized
and sampled for 40Ar/39Ar dating the palaeosol at the base of the
main archaeological layer (level 5, Fig. 2) in a section outcropping at
about 200m southeast from the original site, corresponding to the
sole exposed area of the original quarry walls that is still not
covered by vegetation.

4.1.4. Summary of the selected samples
The geological context of the studied sites has been described

above, but for sake of clarity the samples that we analysed and
dated are resumed below:

- At Fontana Ranuccio, the Unit FR4, corresponding to a volcanic
lahar, remobilising the pyroclastic flow just below (level FR3,
Fig. 2), rich in bones and archaeological artefacts and charac-
terised by hominin remains, was dated by 40Ar/39Ar. On Unit
FR2a (pyroclastic ash fall) geochemical analyses were done (see
Fig. 2).

- At Cava Pompi, due to the scarcity of volcanic material suitable
for 40Ar/39Ar, only the reddish palaeosol found directly below
the archaeological layer (volcanic sand) was analysed (see
Fig. 2).
- At Isoletta, three levels were dated by 40Ar/39Ar (ESR 4, GA6Z,
ESR 1, see Fig. 2), three by ESR on bleached quartz (ESR 4, ESR3,
GA6Z and ESR 1, see Fig. 2) and one by ESR-U/Th (GA6Z). All the
selected levels, included the archaeological level GA6Z, are
volcanic sands rich in quartz.

- At Lademagne, two fluvial layers (sands) reworking volcanic
minerals (Lad Inf and Sup) were selected for the 40Ar/39Ar dating
approach. Lad Sup was also dated by ESR on bleached quartz.

4.2. 40Ar/39Ar on single crystal protocol

All the collected samples were crushed and sieved to different
meshes, between 1mm and 250 mm. Transparent and unaltered
sanidine and/or leucite crystals, ranging between 500 mm and 1mm,
were handpicked under a binocular (at least 30 crystals for each
sample). Selected crystals were then leached with a 5e7% HF acid
solution to remove the groundmass. After being washed in several
distilled water baths crystals extracted from each layer were loaded
in aluminium disks and irradiated in the b1 tube of the Osiris reactor,
CEA Saclay (France). After irradiations, samples were separately
transferred in a copper sample holder and put into a double vacuum
window. Crystals were individually fused using a CO2 laser (25W,
using 10% of the nominal power). Extracted gases were purified by
two GP 110 getters (ZrAl) and argon isotopes measured using a
micromass 5400 mass spectrometer equipped with an electron
multiplier Balzers 217 SEV SEN coupled with an ion counter
(full analytical protocol is detailed in Nomade et al., 2010). Neutron J
fluence for each sample was calculating using co-irradiated Alder
Creek Sanidine (ACs-2) standard with an age of 1.193 Ma (Nomade
et al., 2005) (Fontana Ranuccio: J¼ 0.0002631± 0.0000037;
Cava Pompi: J¼ 0.00040070± 0.0000028; Isoletta: ESR 4,
J¼ 0,00033800± 0.00000068, GA6Z, J¼ 0,00035590± 0.00000107,
ESR 1,2 J¼ 0,00036664± 0.00000073, Lademagne: Lad Sup,
J¼ 0,00024860± 0.00000124, Lad Inf, J¼ 0,00042210±
0.00000211). Procedural blank measurements were performed after
every three unknown samples. Mass discrimination correction was
monitored by measurements of air argon of various beam sizes and
was calculated relative to a40Ar/36Ar ratio of 298.56 (Lee et al., 2006).

4.3. Geochemical analysis at Fontana Ranuccio

Major and minor oxide element compositions were determined
on glassy scoria fragments collected in Unit FR2a (see stratigraphic
details in section 5.1.). The analyses were carried out at the Istituto
di Geologia Ambientale e Geoingegneria of the Italian National
Research Council (IGAG-CNR) (Rome, Italy) using a Cameca SX50
electron microprobe equipped with a five-wavelength dispersive
spectrometer. Operating conditions were set to 15 kV accelerating
voltage; 15 nA beam current; 10e15 mm beam diameter; 20 s per
element counting time; wollastonite (for Si and Ca), corundum (for
Al), diopside (for Mg), andradite (for Fe), rutile (for Ti), orthoclase
(for K), jadeite (for Na), phlogopite (for F), potassium chloride (for
Cl), barite (for S), and metals (for Mn) were used as standards. The
Ti content was corrected for the overlap of Ti-Ka peaks. In order to
evaluate the accuracy of the electron microprobe analyses, three
international secondary standards (Kakanui augite and rhyolite
RLS132 glasses from the United States Geological Survey) were
measured prior of the analytic run. For full details of the secondary
standard analyses run alongside with the Fontana Ranuccio layer
FR2a refer to the Supplementary Table S1.

4.4. ESR on bleached quartz

In this work, both ESR signals of the Aluminum (Al) and Tita-
nium (Ti) centres were studied.



Fig. 3. Cervidae mandible collected at Isoletta for combined ESR/U-series dating. In
red, the lower second molar M2 (ISOL1401), chosen for the analysis (Vietti, 2016). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 4. Equivalent dose determination of ISOL1401 using Microcal OriginPro 8 software
(Vietti, 2016).
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The quartz grains extraction and preparation protocol of quartz
is described in Voinchet et al. (2004).

Each sample was split after extraction in 11 aliquots. Nine of
them were irradiated with a gamma 60Co source (CEA Saclay,
France) emitting 1.25MeV radiation with a dose rate of around
200 Gy/h. The 9 additive doses are 264, 431, 653, 1048, 1663, 2640,
4460, 8010, 12500 Gy. One aliquot was conserved as natural refer-
ence. In order to determine the unbleachable part of the ESR-Al
signal one other aliquot was exposed to light in a Dr Honhle SOL2
solar simulator during 1600 h (light intensity between 3.2 and 3.4
105 Lux). Then, each set of 11 aliquots was measured at least three
times by ESR at 107 K using Bruker EMX spectrometer and each
aliquot was measured each time three times after an approximately
120� rotation of the tube in the ESR cavity, in order to consider
angular dependence of the signal due to sample heterogeneity.

For titanium centre the acquisition parameters used are: 10mW
microwave power, 1024 points resolution, 20mT sweep width,
100 kHz modulation frequency, 0.1mT modulation amplitude, 40
ms conversion time, 20ms time constant and 2 scans. The signal
intensity is measured using the Ti-Li option D (Duval and Guilarte,
2015). For the aluminum ESR centre study, the acquisition param-
eters used are: 5mW microwave power, 1024 points resolution,
20mT sweep width, 100 kHz modulation frequency, 0.1mT mod-
ulation amplitude, 40 ms conversion time, 20ms time constant and
1 scan. The signal intensity is measured between the top of the first
peak at g¼ 2.018 and the bottom of the 16th peak at g¼ 2.002 of
the Aluminum hyperfine structure (Toyoda and Falgu�eres, 2003).
Equivalent doses (De) were then determined from the obtained ESR
intensities vs doses growth curve using an exponential þ linear
function (Duval et al., 2009; Voinchet et al., 2013) with Microcal
OriginPro 8 software with 1/I2 weighting. For the age calculation,
the dose rates Da were calculated from the radionuclides contents
of the sediments and taking into account the in situ gamma-rays
data and the location of the samples in the stratigraphic succession.

Dose rate (Da), provided by sediments surrounding the sample,
is obtained from the sum of the alpha, beta, gamma and cosmic-ray
contributions. Gamma dose rate is determined by in situ mea-
surements using an Inspector 1000 multichannel gamma spec-
trometer (Canberra). This gamma dose is estimated using the
threshold approach (Mercier and Falgu�eres, 2007). External alpha
and beta contributions are calculated from the sediment radioele-
ment contents (U, Th, and K) determined in laboratory by high
resolution and low back ground gamma-spectrometry (Yokoyama
and Nguyen, 1980). Age calculations are performed using the
dose-rate conversions factors from Adamiec and Aitken (1998), a k-
value of 0,15± 0,1 (Yokoyama et al., 1985; Laurent et al., 1998), alpha
and beta attenuations from Brennan (2003) and Brennan et al.
(1991), water attenuation from Grün (1994), and a cosmic dose
rate calculated from the equations of Prescott and Hutton (1994a,b).
The internal dose rate was considered as negligible because of the
low contents of radionuclides usually found in quartz grains
(Murray and Roberts, 1997; Vandenbergue et al., 2008). ESR age
estimates are given with one sigma error range.

4.5. ESR/U-series

Combined ESR/U-series dating was applied on a lower second
molar (M2) of a mandible of Cervidae collected from the Acheulian
layer (GA6Z) (see Fig. 3).

The sample was prepared according to the protocol described in
Bahain et al. (2010). The different dental tissues were mechanically
separated. The outer surface of the enamel layer was precisely
cleaned with a dental drill and a part of its surface was removed in
order to eliminate the contribution of external alpha-radiations and
potential contaminations from dentine and sediments. The enamel
was grounded and sieved. The obtained 0e200 mm powder was
then split in 10 aliquots, whose 9 were irradiated with increasing
gamma-doses using 60Co gamma-source (Saclay) from doses
ranging from 264 to 12500 Gy (all the doses are indicated in
Table S2).

ESR measurements were performed on EMX Bruker ESR spec-
trometer using the following parameters: 10mW microwave po-
wer, 0.1mT modulation amplitude, 10mT scan range, room
temperature and 100 kHz frequency modulation. Four measure-
ments were performed for each aliquot in different days. A dose-
response curve (ESR intensities vs doses) was then built and the
equivalent dose (DE) was determined from the experimental data
set (Table S2) using a single exponential function following the



Table 1
Radioelements contents in the sediment surrounding the dated tooth from Isoletta (Vietti, 2016). The external beta dose was calculated using the data of the sediment in close
association with the tooth, while the gamma dose was calculated taking into account the sediments located in the vicinity.

Sediment samples 238U (ppm) 232Th (ppm) 4 K (%)

Sands above the Acheulian level 1.40± 0.06 1.07± 0.07 0.23± 0.01
Acheulian level (in association with the mandible) 5.18± 0.22 23.08± 0.38 0.95± 0.02
Acheulian level (far from the mandible) 1.62± 0.14 9.37± 0.23 2.39± 0.03
Sands below the Acheulian level 1.79± 0.09 2.44± 0.13 0.44± 0.01
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recommendations of Duval and Grün (2016) (Fig. 4).
Gamma-spectrometry was performed using high purity

gamma-spectrometers in order to determine the radioelements
contents of the dental tissues and sediments associated with the
mandible (Table 1). U-series analyses have been then performed at
MNHN (Paris) on the different dental tissues using alpha-
spectrometry according to the protocol developed by Qingfeng
Shao (Shao et al., 2011) (Table 2) (Vietti, 2016).

The ESR/U-series ages were calculated using “combined US and
AU” program. The following parameters were used in order to
obtain an age: the contents-doses conversion factors of Adamiec
and Aitken (1998) were used; beta-attenuation was calculated
with Monte Carlo approach (from Brennan et al., 1997); a k-value of
0.13± 0.02 was used for enamel (from Grün and Katzenberger-
Apel, 1994); as in situ measurements were not realised in 1998,
gamma dose-rate was calculated using the radioelements content
of the Acheulian level, overlying and underlying sediments,
whereas beta dose was calculated using only the sediments in close
association with the tooth; cosmic-dose rate was calculated ac-
cording to Prescott and Hutton (1994a,b) formulae, the water
content was fixed at 0%wt for enamel, 7% wt for dentine and for the
15% wt sediment, the Rn-loss was calculated combining the
gamma- and alpha-spectrometry results (Bahain et al., 1992). The
uncertainty on the ESR/U-series ages was calculated with Monte
Carlo approach (Shao et al., 2014).

5. Results

5.1. Fontana Ranuccio

5.1.1. Lithostratigraphy and geochemical composition of the
pyroclasts

The site of Fontana Ranuccio is located on the left side of the
Fosso delle Mole stream, which drains the relatively wide valley of
the small Costa Croce catchment (Fig. 5a). Based on litho-morpho-
pedological features, the outcropping successionwas subdivided in
5 either para-concordant or unconformity bounded stratigraphic
units (Unit FR1 to Unit FR5; Fig. 5b).

Unit FR1 consists of 2m-thick (base not outcropping) purple,
massive, ash-supported pyroclastic deposits with cm-size blackish-
reddish scoria clasts.

Unit FR2 is a 1e2m-thick volcanoclastic deposits containing in
its upper portion a dm-thick ash fall deposit (FR2a; Fig. 5). A thin
palaeosol affects the top of the Unit FR2. The scoria fragments from
the basal part of FR2a fallout layer have a foiditic composition
(Fig. 6; Table 3; Supplementary Table S1) that is a diagnostic feature
of the Colli Albani pyroclastics (e.g., Giaccio et al., 2013).
Table 2
U-series data (alpha-spectrometry) obtained for the dated tooth from Isoletta
(Vietti, 2016).

Sample Tissue 238U (ppm) 230Th/232Th 234U/238U 230Th/234U

ISOL1401
(IPH-2014-28)

dentine 149.68± 4.05 105.64 1.28± 0.03 0.87± 0.04
enamel 1.65± 0.07 31.34 1.32± 0.06 0.95± 0.06
Unit FR3 is a dm-thick, lenticular shape, discontinuous primary
pyroclastic flow deposits made of blackish-greyish, ash and fine
lapilli, leucite-bearing scoria.

Unit FR4, which is the archaeological horizon, is a 1.5m-thick
volcanoclastic deposit mainly derived from the reworking of the
underlying FR3 pyroclastic unit.

Unit FR5, unconformably overlying on Unit FR4 and locally
reaching the thickness of ca. 4 m, is a brownish-yellowish lithified
pyroclastic deposit (tuff), previously recognized as Tufo Lionato
(Biddittu et al., 1979).

5.1.2. Volcanological and tephrochronological interpretation
The overall lithological and geochemical features described

above allow us to frame the Fontana Ranuccio succession within
the well-established stratigraphy and geochronology of the nearby
Colli Albani volcanic district (e.g., Marra et al., 2009).

Based on their general lithological features and stratigraphic
order, the primary pyroclastic flow unit FR1, FR3 and FR5 can be
respectively attributed to the Pozzolane Rosse (457± 7 ka, Karner
et al., 2001; 457± 2 ka, Giaccio et al., 2013), the Pozzolane Nere
(407± 2 ka, Karner et al., 2001; Marra et al., 2009), and Villa Senni
eruptive successions (365± 4 ka, Marra et al., 2009), of which the
Tufo Lionato constitutes the main unit (e.g., Marra et al., 2009). As
matter of fact, the succession including, from the bottom to top, the
Pozzolane Rosse (Unit FR1), Pozzolane Nere (FR3) and Villa Senni
(FR5), replicates the stratigraphic order of the three major eruptive
units from the Colli Albani caldera recognizable on regional scale
(e.g., Marra et al., 2009). This also allows us the attribution of the
Unit FR2 to the so-called “Conglomerato Giallo”, a volcano-
sedimentary stratigraphic units that regionally occurs between
the Pozzolane Rosse and Pozzolane Nere pyroclastic units and that
matches the MIS 11 San Paolo Unit of the Roman area (Karner et al.,
2001). The youngest population of crystals containing in this
volcano-sedimentary yielded the age 437± 32 ka, which provide a
terminus post quem for its deposition (Marra et al., 2009).

The fallout unit FR2a, in the uppermost portion of FR2, can be
thus ascribed to the temporal range of the San Paolo Unit or MIS 11
period. In terms of chemical composition, the scoria fragments of
FR2a fallout are characterised by a peculiar low K2O/Na2O ratio (<1;
Fig. 6) and, with exception of the MgO content, almost matches the
composition of glass from the Pozzolane Nere eruptive unit. Based
on these stratigraphic and geochronological constraints and taking
into account its chemical affinity with glass from the Pozzolane
Nere fallout (Table 3), the FR2a can be interpreted as a precursor of
the Pozzolane Nere eruption, likely occurred shortly before the
main explosive event.

5.1.3. Comparison and correlation with stratigraphy from previous
studies

In previous investigations (Biddittu et al., 1979; Naldini et al.,
2009), the stratigraphic succession of Fontana Ranuccio was sub-
divided in different pedo-stratigraphic units. Based on the litho-
logical descriptions and chronological constraints provided in these
studies, the five units distinguished in this study can be correlated
to the previous ones as summarized in Table 4. From this



Fig. 5. Geomorphological and stratigraphic setting of Fontana Ranuccio site (for the general location of the site, see Fig. 1). a) 3D digital terrain model of the area surrounding the
archaeological site. b) Simplified stratigraphic succession and pictures of the main sedimentary units outcropping at site. Note that the thickness of the Unit FR5, carved into the
older ones, is not to scale and it can be on the order of ca. 4 m.
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comparison, a major chronological difference emerges for the ho-
rizon containing the archaeological and palaeontological remains
(Unit FR4 or Level 10; Table 4); i.e., ca 407 ka vs. ca. 458 ka (Table 4).
This difference can be justified by considering the position of the
sample dated by Biddittu et al. (1979), which was collected at the
bottom of the archaeological horizon. Indeed, the K/Ar dating of
this sample precisely matches the age of the Pozzolane Rosse units
(Unit FR1; Table 4), which, as reworked material, also composes the
volcanoclastic Unit FR2. So, we argue that the first sample dated at
458± 12 ka (Biddittu et al., 1979) was actually collected from Unit
FR2, and that this age was obtained on the leucite crystals from the
underlying reworked Pozzolane Rosse unit.
5.2. 40Ar/39Ar results

40Ar/39Ar ages were calculated using the total decay constant of
Steiger and J€ager (1977) and the standard ACs-2 at 1.193 Ma
(Nomade et al., 2005). However, considering all recent discussions
and debates about 40Ar/39Ar methods calibrations (standard age
and/or total decay constant, see details in Niespolo et al., 2016) we
also put in supplementary data all our ages recalculated using the
optimized calibration of Renne et al. (2011) (i.e. ACs-2 at 1.189 Ma;
see for details Niespolo et al., 2016). Result of this new calibration
corresponds to a decrease of the mean ages by 0.3% that, within the
reported uncertainties, had no consequence on our interpretations.
Detailed analytical data and procedural blanks associated could be
found in supplementary dataset, Tables S3eS9. Weighted mean
ages and full external uncertainties are calculated using IsoPlot 3.0
(Ludwig, 2001) including the decay constant and the J flux value. To
be relevant, a homogeneous crystal population should present a
probability fit (P)> 0.1. For a lower (P) value population of interest
is not considered homogeneous and potentially, reworks various
eruptions. Inverse isochrones corresponding to our analyses
demonstrate in all cases (except sample ESR 4, see below) an initial
40Ar/36Ar ratio compatible with the atmospheric one (298.56; Lee
et al., 2006) confirming the absence of argon excess in our sam-
ples. Results obtained for each sample are presented as probability
diagrams in Fig. 7 (Deino and Potts, 1990).



Fig. 6. Total alkali vs silica classification diagram and representative bi-plots for the tephra FR2a (glass-WDS) and Pozzolane Nere proximal deposits (glass-WDS; Marra et al., 2009).

Table 3
Average major element compositions (normalized to 100% wt) of the glass in scoria
fragments from the layer FR2a and the Pozzolane Nere proximal deposits (Marra
et al., 2009).

Fontana Ranuccio FR2a Pozzolane Nere

n¼ 36 sda n¼ 2 sda n¼ 11 sda

SiO2 45,63 0,74 48,05 0,39 45,80 0,29
TiO2 0,90 0,08 0,69 0,03 0,84 0,08
Al2O3 19,64 0,82 20,70 0,77 18,36 0,17
FeO 8,46 0,56 6,42 0,12 8,35 0,31
MnO 0,45 0,44 0,30 0,03 0,31 0,07
MgO 1,61 0,14 1,11 0,03 2,15 0,08
CaO 10,32 0,51 7,74 0,50 10,11 0,33
Na2O 7,00 0,86 4,45 0,71 7,41 0,33
K2O 5,77 0,51 10,40 1,59 6,33 0,40
P2O5 0,21 0,04 0,15 0,04 0,34 0,06
F 1,01 0,16 0,64 0,13 0,85 0,10
Cl 0,33 0,10 0,27 0,12 nd -
SO2 0,52 0,53 0,45 0,43 0,32 0,05

a standard deviation.
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1) Fontana Ranuccio: The obtained probability diagram is multi-
modal (Fig. 7). Identification of the juvenile crystal population is
not straightforward, as two eruptions close in time seem to be
mixed. The “unmixing” statistical test (Isoplot 3.0, Ludwig,
2001) allowed us to extract a population of five crystals that
we considered as juvenile. Including other crystals in the
weighted mean average calculation leads to an increase of the
MSWD over 2.0 suggesting a heterogeneous population.
Weighted mean age obtained for these five crystals is 408± 10
ka (2s full external error included) with a probability of 0.8 (see
Table S3 supplementary dataset). The second eruption
composed by also five crystals is centred at 415 ka. One older
xenocryst is dated at around 440 ka.

2) Cava Pompi: for the palaeosol of Cava Pompi 8 crystals were
measured (see Table S4 supplementary dataset). Diagram shows
only one population suggesting that the soil developed on a
primary volcanic deposit (Fig. 7). Weighted mean age obtained
is 397± 10 ka (2s full external error included) with a probability
of 1.

3) Isoletta and Lademagne (Ceprano basin)
- At Isoletta, three layers were dated. We analysed 12 sanidine
crystals in the volcanic layer in which ESR 1 sample was
collected. Eleven out of 12 crystals have statistically the same
age (see Fig. 7 and Table S5 supplementary data) highlighting
the primary nature of the volcanic material found in this
sedimentary unit. The weighted mean age obtained is 403± 8
ka with a probability of 0.6. The probability diagram for GA6Z
level is also relatively simplewith twomainmodes (see Fig. 6).
Juvenile crystals population is made of ten sanidines allowing
the calculation of a weighted mean age of 374± 10 ka (2s full
external error included, see Table S6 supplementary dataset)
with a probability of 0.2. Level corresponding to sample ESR
4 at the top of the stratigraphy is probably composed of
various reworked volcanic eruptions as several modes are
recorded (see Table S7 supplementary dataset). The two
youngest crystals share a weighted mean age of 365± 19 ka
with a probability of 0.8. If we take into account the analytical
uncertainties at 2s, the ages obtained for GA6Z and ESR 4 are
marginally different.

- At Lademagne, for layer Lad Inf 15 crystals were analysed.
Probability diagram is very complex, as expected for a fluvial
terrace. The youngest mode is composed by 7 of the 15 crystals
measured (see Table S8 supplementary dataset). Theweighted



Table 4
Stratigraphy and tephrochronology of Fontana Ranuccio site compared with the previous stratigraphic scheme from Biddittu et al. (1979) and Segre Naldini et al. (2009).

This Study Previous studies

Segre Naldini et al. (2009) Biddittu et al. (1979)

Site Stratigraphy Regional stratigraphy 40Ar/39Ar age (ka ± 2s) Site Stratigraphy Site Stratigraphy K/Ar age (ka±2s)

Unit FR5 Villa Senni unit 365± 8þ Level 13-14 Unit tl2 366± 9
Unit FR4 Pozzolane Nere lahar 408± 10a Level 10 to 12 Unit 2-3 458± 12
Unit FR3 Pozzolane Nere flow unit 407± 2b Level 10 bottom Unit 4
Unit FR2a Pre-Pozzolane Nere fall e e Unit 6
Unit FR2 Conglomerato Giallo <437± 32c Level 9 top Unit 7 top
Unit FR1 Pozzolane Rosse unit 457± 7c Level 9 bottom Unit 10-7

a This study.
b Marra et al. (2009).
c .Karner et al. (2001). Uncertainties are at 2s.

Fig. 7. Ages diagrams obtained by the different methods for Fontana Ranuccio, Cava
Pompi, Isoletta, and Lademagne sites. The 40Ar/39Ar results are shown as probability
diagrams and written in blue while the ages obtained by ESR/U-series (purple) and ESR
on quartz (red) analyses are presented as points with their uncertainties. Detailed data
are in supplementary dataset (Tables S3eS9). All error bars take into account the full
external errors at 2s. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

A. Pereira et al. / Quaternary Science Reviews 187 (2018) 112e129 121
mean age associated to the youngest population is 405± 9 ka
with a probability of 0.4 (Fig. 7). Probability diagram for Lad
Sup is also complex, with a youngest mode composed by 7 out
of the 17 measured sanidines. Aweighted mean age of 389± 8
ka, with a probability of 0.1 (see Fig. 7 and Table S9 supple-
mentary dataset) is calculated for this population.
5.3. ESR on bleached quartz

At Isoletta, results obtained by ESR on quartz using Ti and Al
centres are consistent (see Table 5). The age of the ESR 1 sample
appears however as severely overestimated in comparisonwith the
40Ar/39Ar chronology. This overestimation seems to be linked to a
very low annual dose rate reconstructed from its radioelements in
the absence of in situ measurement. In addition, the results ob-
tained using the two centres are distinct but both greater than 1
Ma. These different aspects lead us to not retain these results. For
the other dated levels, the relatively large error ranges observed are
explained by the quite poor quality of the growth curves (ESR in-
tensity vs. irradiation dose) with r2 ranging between 0.97 and 0.98.
These curves, as well as an angular dependence observed for these
samples, indicate heterogeneous samples, not allowing an ESR
dating with great accuracy. Nevertheless, the results obtained are
usable and in agreement with the other geochronological data for
this site.

For GA6Z, ESR 3, ESR 4 and Lad Sup samples, the close DE ob-
tained using the two centres for each sample allow us to give a
weighted average age for each level, calculated from the Ti and Al
results. Weighted mean ages are 442± 58 ka for Isoletta GA6Z
sands, 349 ± 90 ka for ESR 3 sands, 412± 89 ka for ESR 4 sands and
402± 71 ka for Lad Sup sands.

5.4. ESR/U-series

Classical US model (Grün et al., 1988) cannot be applied on the
Isoletta tooth, due to slight U-leaching evidence and AU model
(Shao et al., 2011) was therefore used to calculate the ESR/U-series
age (Table 6). The present dating result is 370± 31 ka (1s) for the
tooth ISOL1401. It seems to be coherent with 40Ar/39Ar dates and
ESR ages obtained on optically bleached quartz for this Acheulian
layer. It will be interesting in the future to integrate other studies, in
order to clarify the chronology of the site, which is still subject of
study in the Lower Palaeolithic scenario of Latium.

5.5. Lithic series preliminary analysis

5.5.1. Fontana Ranuccio
At Fontana Ranuccio, the tool-bearing level FR4 (Fig. 5) yielded



Table 5
ESR results obtained on quartz extracted from sediments. Analytical uncertainties are givenwith ±1s. Water contents (%) were estimated by the difference inmass between the
natural sample and the same sample dried for a week in an oven at 50 �C. Dose rates were determined taking into account alpha and beta attenuations estimated for the
selected grain sizes from the tables of Brennan (2003); k-value of 0.15 (Yokoyama et al., 1985), cosmic dose rate calculated from the equations of Prescott and Hutton (1994a,b).
The bleaching rate dbl (%) is determined by comparison of the ESR intensities of the natural (Inat) and bleached (Ibl) aliquotes: dbl¼ ((Inat-Ibl)/Inat)�100). Mean ages are
weighted average calculation using Isoplot software.

Da
mGy/a

Db
mGy/a

Dg
mGy/a

Cosmic
mGy/a

W
%

dbl % Da mGy/a De

Gy
Ages
(ka)

Mean Ages (ka)

ESR 1 Ti 19± 1 190± 11 168 ± 10 24 ± 1 15 48 233± 15 715± 75 1786± 327
Al 19± 1 190± 11 168 ± 10 24 ± 1 15 48 233± 15 462± 24 1154± 109

GA6Z Ti 57± 2 1786± 36 1008 ± 28 33 ± 2 14 42 1876± 45 1155± 110 401± 59 442± 58
Al 57± 2 1786± 36 1008 ± 28 33 ± 2 14 42 1876± 45 1315± 62 456± 34

ESR 3 Ti 30± 2 497± 20 354 ± 16 53 ± 3 12 46 581± 26 314± 73 336± 66 349± 90
Al 30± 2 497± 20 354 ± 16 53 ± 3 12 46 581± 26 338± 60 362± 64

ESR 4 Ti 20± 1 303± 12 220 ± 10 101 ± 5 15 45 425± 16 275± 25 426± 59 412± 89
Al 20± 1 303± 12 220 ± 10 101 ± 5 15 45 425± 16 252± 40 391± 72

Lad Sup Ti 77± 3 980± 35 876 ± 31
I.S.919± 52

111 ± 6 5 44 2088± 70 831± 70 398±
51

402± 71

Al 77± 3 980± 35 876 ± 31
I.S.919± 52

111 ± 6 5 44 2088± 70 847± 100 406±
51

Table 6
ESR/U-series data and age obtained for the Isoletta sample at 1s uncertainties.

Sample Tissue U
(ppm)

DE (Gy) U-uptake
Parameter
(p- or n-factor)

Da

(mGy/a)
ESR/U-series AU age (ka)

ISOL1401 dentine 149.68± 4.05 1151± 33 �0.5780± 0.0634 3110± 257 370± 31
enamel 1.65± 0.07 �0.0031± 0.0004
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three bifaces on lava and one on flint associated tomanymicrolithic
artefacts (on grey flint), choppers or chopper-cores and cores made
of flint and lava (Ascenzi et al., 1996; Naldini et al., 2009). Most of
the small artefacts (average length of 20mm) are debris of
“d�ebitage” and many scrapers and denticulates has a deep and
invasive retouch (Biddittu et al., 1979). Technological analysis in-
dicates a flaking by unipolar or centripetal removals and deep scars
on the cores. The complete biface on lava is thick and symmetrical.
It was made by large and abrupt removals on the whole surfaces.

5.5.2. Isoletta
The series of Isoletta level GA6Z is composed by 12 limestone

bifaces, one large retouched limestone flake and some bifacial flint
cores. Bifaces are elongated, partially or totally shaped, made by
deep and large removals, and rarely associated to final retouches.
The maximum thicknesses of the tools are mainly at the base or
centre of the pieces. Technological groups of bifaces are highlighted
by the invasiveness and intensity of the shaping, resulting on more
or less asymmetrical tools, on pebbles, half-pebbles or large flakes.
Tools (n¼ 4) were made by large removals on the half or two-third
parts of the piece preparing convergent edges or by large and short
removals on the whole volume (n¼ 11).

5.5.3. Lademagne
The assemblages of the two archaeological levels of Lademagne

site were studied separately.
Upper archaeological level - The “d�ebitage” activity is attested

at Lademagne by limestone-cores made on large and thick pebbles
(100e200mm long). The core technology is unifacial and unipolar
(“semi-tournant”), orthogonal or on multiple surfaces.

Twenty-five bifaces were recovered from this level. They are in
limestone of various qualities (Fig. 8). The quality of this raw ma-
terial could explain in some cases the high frequency of hinged
scars. Only few bifaces are in flint. Two groups can be individu-
alised: (1) - tools with a general bifacial management (60%), (2) -
partial bifacial tools, mainly on flakes or flat pebbles with preserved
cortical backs (40%). The first group, including the bifaces made in
flint, is composed of short or elongated bifaces (150 and 200mm
long) made by invasive series of removals. The edges are often
rectified by a final retouch and the cross-section is symmetrical
(alternate shaping) or plano-convex (face by face shaping). The
bases of these industries are sometimes unworked, with a back
(butt of a flake?) and thick. Tips are made by removals including
into the general management, by one large transversal removal or
small secondary retouches. For the partial bifacial tools, one or the
two edges of the tools are shaped by short removals given a plano-
convex cross-section. Some tools with a back, look like bifacial
scrapers.

Lower archaeological level e “d�ebitage” is also attested in the
lower level for polyhedral and unifacial cores made on big blocks
and pebbles (limestone and flint).

Among the end-products of “d�ebitage”, we may mention one
“Levallois-type” flake demonstrating some evidences of prepara-
tion of lateral convexities on the core. However, as no Levallois core
was demonstrated at Lademagne, we cannot confirm the real
practice and knowledge of this core technology.

This series includes fourteen bifacial tools and limestone bifaces
(except one flint biface) of poor quality (pieces with a transversal
cutting edge and a total bifacial shaping, large flakes with a partial
management and numerous bifaces with a bifacial global man-
agement). Bifaces showing a general bifacial management are
mainly elongated (150e200mm long), made by several series of
large and deep removals and sometimes a final retouch. Cross-
sections of the tips are always plano-convex and sometimes sym-
metrical at the base. Edges are sinuous. The shorter bifaces show a
round or transversal tip while the longer tools are carefully worked
with a pointed extremity. The biface made of flint is one of the most
worked tools of the series.
5.5.4. Campogrande
At Campogrande, several series were also studied according to

their stratigraphic position and locality.



Fig. 8. Examples of bifacial tools from the upper archaeological level of Lademagne.
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CG 10 Upper archaeological level - Cores and/or chopper-cores
are made on small flint nodules/pebbles (50mm) and limestone
pebbles of poor quality with an orthogonal or unifacial unipolar
“d�ebitage”. In this series a total twenty-two limestone heavy-duty
tools was discovered. Except one thick pointed scraper (rabot-
type), two categories of heavy-duty tools can be distinguished:

(1) - Elongated plano-convex bifaces (n¼ 5) (200mm long)
made by invasive removals never retouched. Edges are
sinuous. Tips are always thinwhereas the proximal or middle
part of the biface is thick.

(2) - Partial bifacial tools on flakes (n¼ 16). This category in-
cludes short and elongated diversified asymmetrical pieces
(from 110 to 210mm) with a shaping mainly on the upper
part of the tools. Some pieces demonstrate only the tip and
one edge worked.

CG 10 Intermediate archaeological level - Except some mini-
mally flaked cores on small flint nodules (less than 50mm long),
this series is composed by both heavy-duty and light-duty com-
ponents. The light-duty component includes micro-tools made on
limestone pebbles and micro-flint nodules (30e50mm long), little
shaped. Heavy-duty tools are composed of some thick rabots and
scrapers on a limestone half-pebble, and three bifaces. For the
bifaces:
(1) One is minimally shaped with a thick base. Shaping concerns
the whole volume with numerous and abrupt removals. The
cutting edges are sinuous without final retouches;

(1) e One is an asymmetrical elongated biface in limestone

largely worked, finally retouched on the edges;

(2) eThere is one symmetric biface in limestone, made on half-

pebbles). The shaping is little invasive.

CG 10 Lower archaeological level-not examined in this work.
CG 9 Upper archaeological level - This series totals one thick

bifacial core and eleven bifaces. They are all on limestone and
diversified in size (80e180mm long) suggesting three groups:

(1) - Short symmetric bifaces completely or partially worked
(n¼ 2);

(2) - Plano-convex partial bifacial tools with sometimes a back
(n¼ 3);

(3) - Asymmetric tools with large removals on the flattest sur-
face and a partial shaping on the opposite (n¼ 6).
6. Discussion

6.1. A new chronological framework

The results obtained by the different dating techniques allow us
to accurately constrain the hominin occupation levels from the
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studied sites of the Frosinone province. The results are mostly
complementary and in good agreement. Our multimethod
approach highlights the potential of combining various techniques
based on different physical principal to accurately date Quaternary
archaeological sequences. At Fontana Ranuccio, the 40Ar/39Ar age
(408± 10 ka, FR4) and the chemical analyses on glass shard from
Unit FR2a (Fig. 5) lead us to correlate these volcanic activities to the
Pozzolane Nere eruptive cycle from the Colli Albani (Fig. 5). The
40Ar/39Ar age indicates that Fontana Ranuccio archaeological re-
mains are embedded into volcanoclastic sediments that could be
interpreted as a “lahar” deposit triggered after the Pozzolane Nere
(PN) eruption.

The PN is dated to 407± 8 ka (95% of probability; Karner et al.,
2001, Fig. 10) and this is in perfect agreement within un-
certainties to the age we obtained on the Fontana Ranuccio lahar
(408± 10 ka, Fig. 2 and 10). Fontana Ranuccio palaeontological and
archaeological assemblages are now well constrained to the MIS 11
climatic optimum according to the comparison of the 40Ar/39Ar age
with the Ohrid pollen diagram (Sadori et al., 2016) and with
Mediterranean marine records (Girone et al., 2013; Capotondi et al.,
2016) (Fig. 10), and not to the MIS 13 as suggested previously
(Biddittu et al., 1979). Our new results also suggest that the age of
458± 12 ka (2s analytical uncertainties, Biddittu et al., 1979) ob-
tained by 40K/40Ar could have been corrupted by older leucites
xenocrysts, likely from the underlying PR deposits (layer FR1;
Fig. 5), dated to 456± 3 ka or 457.4± 1.7 ka (Karner et al., 2001;
Giaccio et al., 2013). It shows once again that dating pyroclastic
deposits using the 40K/40Ar method is not appropriate and could
lead to spurious older ages. The other possible and most probable
explanation for this ancient age is the fact that the sample dated in
1979 by Biddittu et al. may have been, by mistake, sampled in Unit
FR2 that is associated to the Pozzolane Rosse unit (~457 ka). Indeed,
the thicknesses of the various sedimentary layers recorded at
Fontana Ranuccio vary in the studied area and in some places Unit
FR4 is directly in unconformity on Unit FR2.

Isoletta and Lademagne, located only 5 km each other and
previously interpreted as part of the same fluvial unit, display very
coherent results. 40Ar/39Ar, ESR on bleached quartz and ESR/U-
series data gave in fact all identical ages within uncertainties
(Figs. 7 and 10). They clearly demonstrate that the two sites are
coeval spanning the 405e375 ka period (MIS 11 to MIS 11/10
transition (Fig. 10). The two oldest units in these two sites share an
identical age (405± 9 ka and 403± 8 ka, for Lademagne and Isoletta
respectively) suggesting that these sequences and archaeological
remains can be assigned to the end of MIS 11 interglacial and to the
MIS 11/MIS 10 glacial transition (Fig. 10). It is worth mentioning
that the regional palaeoenvironmental records from Ohrid (Sadori
et al., 2016) and ODP 975 (Mediterranean Sea, Girone et al., 2013)
both sea surface temperature and pollen records, although punc-
tuated by short stadial events, indicate relative warm and wet
conditions similar to typical “interglacial” conditions during most
of the MIS 11 period. It is only after the period that chronologically
matches the Tufo Lionato eruption age (TL, 365± 4 ka; Fig. 10) that
the climate in the Mediterranean region changed toward drier and
colder conditions, as clearly shown by the sharp decrease of arbo-
real pollen in the Lake Ohrid. The ages obtained in both Lademagne
and Isoletta suggest that the lithic and palaeontological assem-
blages are slightly younger than those found at Fontana Ranuccio,
as all archaeological layers are found in units younger than 405± 9
ka and 403± 8 ka, respectively. On the whole, the chronological
similarity and the geographic proximity of the Lademagne and
Isoletta suggest that these two sites are contemporaneous. For
these two sites, the multimethod approach has been essential to
understand the chronological framework of the archaeological se-
quences, as we could not find any primary volcanic deposit. Our ESR
ages have thus reinforced the dates provided by the 40Ar/39Ar
technique on reworked pumices.

The age of Cava Pompi succession is more difficult to assess as
we only have one 40Ar/39Ar age (i.e., 397± 10 ka) for the palaeosol
formation below the human occupation layer. As human occupa-
tion (i.e., archaeological level 3) is stratigraphically just above this
palaeosol (Fig. 2), these remains are younger than 397± 10 ka (see
Figs. 2 and 7). However, taking into account the pedostratigraphic
setting, the faunal remains and our new chronological information,
we could attribute the soil formation to the late MIS 11 pulling
toward the hypothesis that the Cava Pompi occupation was
contemporaneous with the late MIS 11 and/or MIS 11e10 transition
periods, that is chronologically close to the other studied sites. We
therefore consider hereafter Cava Pompi as coeval to the other
investigated sites.

The new chronological framework summarized in Fig. 10 shows
that the occupations of Fontana Ranuccio, Lademagne, Isoletta, and
Cava Pompi are pene-contemporaneous. They all started during the
first part of theMIS 11, that is characterised by stable wet and warm
interglacial conditions, and extended over the second part of MIS 11
(climatically more unstable) until the transition toward the MIS 10,
which marks the definitive establishment of full glacial conditions
(Fig.10). It corresponds to a brief period of time comprised between
408± 8 ka and 375± 10 ka (i.e., 33± 13 ka).

Our geochronological results legitimate thus the inter-
comparison between palaeontological and lithic assemblages
recorded in these sites. Concerning the Campogrande localities it is
worth mentioning that the CG 10 and CG 9 assemblages are all
deposited above the volcanic layer dated by Nomade et al. (2011) to
353± 8 ka and thus younger than this age. These assemblages are
therefore substantially younger than those considered in this study
and likely developed under different environmental conditions (i.e.,
drier/colder).

The regional palaeoclimatic record (Girone et al., 2013) showed
in Fig. 10 suggests, like in several studies (e.g., Conard et al., 2015;
Oliveira et al., 2016; Moncel et al., 2017), that the MIS 11 was an
unusually long “interglacial” period followed by a relatively short
glacial period (i.e. MIS 10). According to Moncel et al. (2016), the
short duration of the MIS 10 could be responsible for a poor
documentation of sediments related to this glacial period in
Europe. However, archaeological remains and testimonies of the
continuous occupation of the Frosinone region during MIS 10
period are found (e.g., Campogrande or Ciampate del Diavolo
footsteps; Nomade et al., 2011; Scaillet et al., 2008). Pollen diagram
available for the Lake Ohrid (Albania/Macedonia, Sadori et al., 2016)
supports a short MIS 10 with no significant reduction of the arbo-
real taxa suggesting a persistence of woodland and temperate
environment in the Mediterranean during this stage. In several
studies the Mediterranean area has been shown to be a warm spot
during the glacial periods (Tzedakis, 2007; Orain et al., 2013). These
particular conditions could explain the attractiveness of the terri-
tory for the large mammal herds and persistence of occupations of
hominid populations.

The peculiar palaeoenvironmental conditions of the Latium,
jointly with the opportunity that this region offers of applying
robust geochronological techniques, make it a key-area in Europe
for understanding the cultural and biological evolution of the
hominins and their interplay with climate-environmental changes
during the MIS 11 and MIS 10 periods. This unique and favourable
circumstances are also applied to palaeontological studies, that can
equally benefit of these numerous sites that are now precisely and
accurately dated in order of refining the MIS 11-MIS 10 bio-
chronology of the Central Italy, as shown in recent studies (e.g.,
Marra et al., 2014; Marra et al., 2016).
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6.2. Regional and extra-regional comparison: preliminary hints on
the Acheulian variability

In order to frame our finding on a wider scale, we compare the
present results with the other regional and extra-regional sub-
coeval Acheulian sites. By Acheulian groups we consider hominin
groups able to perform bifacial technology. The quantity of artefacts
collected at Campogrande (CG), Isoletta (GA6Z) and Lademagne
localities differs, with globally little series when compared to other
localities such as Colle Avarone or Selvotta (~600m from Ceprano)
(Biddittu and Segre, 1977). Despite the low number of artefacts,
technological and morphological features demonstrate common
strategies in all the investigated records of the Frosinone province,
suggesting regional traditions that seems to persist over the MIS 11
interglacial and the MIS 10 glacial period (i.e. ~ 50 ka). Despite the
fact that pieces are mostly made on poorly preserved local lime-
stone with smooth edges and often covered by patches of breccia,
making impossible the identification of land-use patterns over
territories, we are able to underline some common intra-site fea-
tures. Retouched fragments of large mammal bones from Isoletta
(GA6Z), Fontana Ranuccio and Campogrande suggest more similar
types of occupation than those of the slightly younger sites of Torre
in Pietra (Villa et al., 2016) and maybe Castel di Guido, showing the
exploitation of elephants and other large herbivores carcasses and
bones fragments (Biddittu et al., 1979; Biddittu and Segre, 1982;
Ascenzi et al., 1996; Naldini et al., 2009; Anzidei et al., 2012;
Boschian and Sacc�a, 2015). Lithic series are mainly made on fine-
grained limestone generally of poor quality, punctually associated
to flint, quartzite and quartz of higher quality. Some bifaces are
made on large flakes obtained from cobbles that were rarely
abandoned, except in the upper level of Lademagne. On these sites,
types of raw materials differ between the pieces produced by core
technology or by shaping; limestone is the main one for bifaces and
heavy-duty component, while flint and quartz are mainly
employed for flaking. Few bifaces made on flint and quartzite were
however found at Campogrande and Lademagne. Core technologies
demonstrate common technological rules with cores basically
small, on flint nodules, except at Lademagne where bigesize
limestone cores are found. Cores are never prepared and the
“d�ebitage” is systematically related to the support form. It affects
one or two faces (unifacial, bifacial or orthogonal) with unipolar
removals. Some round pebbles produced “slices”. Levallois core
technology is absent, except at Lademagne where one “Levallois-
type” flake was found in the lower archaeological occupation level
(see Figs. 2 and 9). Taking into account our new chronological data,
this “Levalloisetype” flake is coeval or older than the main volcanic
eruption recorded in the level Lad Inf. and dated by 40Ar/39Ar at
Fig. 9. “Levallois-type” flake from the low
405± 9 ka. This flake could indicate a punctual practice of this
technology like recently highlighted in the neighbour site of Guado
San Nicola (Molise) dated to MIS 11/10 transition (Peretto et al.,
2016; Pereira et al., 2016) and in the Acheulian site of Rosaneto
(Calabria) (Biddittu et al., 1984). The presence of this kind of tech-
nology supports the long transition phase hypothesis between the
Lower and Middle Palaeolithic and the relatively long coexistence
of these two entities in Europe but also in Asia and Africa during
this period (Richter et al., 2017; Akilesh et al., 2018).

On the whole, the core technology of our series is similar to
what is observed at Torre in Pietra (layer “m”), dated to the MIS 10/
MIS 9 transition (Villa et al., 2016), but also to the younger butchery
site of La Polledrara di Cecanibbio (MIS 9, 325± 6 ka; Pereira et al.,
2017). These assemblages on small flint nodules in the Latium
suggest no clear changes of the technology betweenMIS 11 andMIS
9 in this region.

The heavy-duty tools are the main component of the collected
lithic series. Three types of heavy-duty tools are common to the
series but in different ratios:

(1) Elongated tools, named bifaces, characterised by a whole
bifacial shaping and thin tips. When the cross-section is
symmetric, the single series of removals is never rectified by
final retouches. Edges are sinuous. When the cross-section is
asymmetrical, removals are more numerous and there is a
final retouch sometimes rectifying the edges.

(2) Partial tools, named bifacial tools, made by series of removals
on the upper part of the tool and the tip. The cross-sections
are mainly asymmetric with a preserved back.

(3) Heavy « scrapers », « rabots » on pebbles and pebble-tools.

It is worth mentioning that the shaping mode is not linked to
the raw material nature. The few bifaces made on flint, despite
intensively shaped, share the same technological features. The
partial bifacial tools are mainly made on flakes (easily identified)
and on half or entire flat pebbles. These tools are sometimes more
bifacial rectilinear scrapers added to a bifacial tip allowing a
resharpening of the tool without modifying the general form. It is
not the case for the bifaces, where the general bifacial volume
suggests tools where size, weight, and the pointed tip are more
fundamental than the peripheral edges, which stay sinuous.

The three categories are not stages into a shaping process, but
clear distinct types of tools made on supports of various sizes. Most
of them are asymmetric tools in cross-section. The whole-worked
bifaces are elongated and symmetric in form while the partial
bifacial tools are frequently short and asymmetric in form.

Mode of shaping at the studied localities indicates again that
er archaeological level of Lademagne.



Fig. 10. Ages provided in this study compared with climatic records from the ODP 975 (SST �C Mediterranean surface; Girone et al., 2013) and Lake Ohrid (pollen profile spanning
between 250 and 480 ka; Sadori et al., 2016). PR (Pozzolane Rosse): 457± 8 ka, PN (Pozzolane nere): 407± 8 ka (Karner et al., 2001), TF (Tufo Lionato): 365 ± 4 ka (Marra et al.,
2009). The PR eruption is recorded in the Ohrid sequence (Leicher et al., 2016). Ages and location of selected sites highlighting similar industries as the ones described in our
study are correlated. CDG: Castel di Guido; TIP: Torre in Pietra; GSN: Guado San Nicola.
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common and distinct features existed during the MIS 11e9 period
in Italy in terms of shaping processes andmorphological results. For
instance, at Torre in Pietra layer “m”, bifaces are similar to the ones
we investigated in this study, demonstrating an asymmetric cross-
section. Equally, at Guado San Nicola (Peretto et al., 2016) bifaces,
representing a total 3e4% of the series, are mademainly in flint and
rarely silicified limestone, on slabs and some flakes. The raw ma-
terial does not influence the shaping mode leading to asymmetric
pieces. We furthermore observe a careful shaping of the tips,
including final retouches and a limited technical investment.
Finally, at Castel di Guido (Boschian and Sacc�a, 2015), bifacial tools
on elephant bones and on pebbles (various stones) indicate first
common shaping strategies on this site, whatever the raw mate-
rials. For instance, the partial bifacial tools characterised by a main
management of the bifacial tip, with addition of a lateral bifacial
scraper.

Our lithic series attest that regional trends existed in the Frosi-
none region during MIS 11 to MIS 11/10 transition, with bifaces,



A. Pereira et al. / Quaternary Science Reviews 187 (2018) 112e129 127
bifacial tools and cores managed in the sameway. Bifacial tools and
bifaces are in general longer than in other Italian sites although
sharing common technological strategies. It could be linked to the
available raw materials size itself or maybe to the nature of activ-
ities for which these tools were predestined. Detailed palae-
ontological analyses should provide more information about the
types of habitat and activities requiring flaking and bifacial tech-
nologies. They could help us in future studies to explain the
quantitative and qualitative differences observed between the se-
ries even if they could also be due to taphonomical processes.

Finally, the Latium presents the particularity to document
several well dated sites spanning the MIS 11e9 period, highlighting
bones retouched industries, made of elephant fragments of bones
such as at Fontana Ranuccio, Isoletta, Lademagne, Cava Pompi,
Torre in Pietra, Rignano Flaminio (Segre Naldini et al., 2009;
Biddittu et al., 1979, 2012; Biddittu and Segre, 1982; Villa et al.,
2016; Petronio et al., 2017), Castel di Guido and La Polledrara di
Cecanibbio (Sacc�a, 2012; Anzidei et al., 2012; Pereira et al., 2017).
The Latium is not an isolated case in the Western European area.
Some sites of the Mediterranean region from the same time period
(i.e. MIS 11e10), for examples Terra Amata (de Lumley et al., 1976)
or Gran Dolina TD 10 (MIS 10, Atapuerca; Rosell et al., 2015;
Falgu�eres et al., 2013) yielded similar industries suggesting a
widespread diffusion of such behaviours in a short period of time
starting during MIS 11. The inter-comparison of these industries
will be now possible thanks to the better chronological framework
obtained for the Frosinone Province and the Latium in general.

7. Conclusion

The multimethod geochronological approach applied in this
study, including the use of radio-isotopic (40Ar/39Ar on single
crystal) and palaeodosimetric (ESR on quartz and ESR/U-series on
teeth) dating methods, as well as tephra geochemical finger-
printing, demonstrates that the archaeological sites of Fontana
Ranuccio, Lademagne, Isoletta, and Cava Pompi are sub-coeval and
cover a relatively short period of time between 408 and 375 ka,
spanning the MIS 11 climatic optimum to the transition toward the
full glacial period MIS 10. Comparison with Mediterranean palae-
oclimatic records suggests that the human occupation of the Fro-
sinone province was likely promoted by the particular favourable
climatic conditions of the MIS 11, which led in this area to the
establishment of a rich terrestrial ecosystem with a great abun-
dance of large mammals, including human, as testified by the
richness of archaeological and palaeontological sites of this period.

Hints from the preliminary technological study of small corpus
of pieces from Isoletta and Lademagne, but also of the neighbour
site of Campogrande, compared with data available in the literature
for sites of the Latium, clearly show common strategies during the
period comprised between MIS 11 and MIS 9 (410e325 ka)
including retouched industries made of elephant bones. It also
highlights the specificity of some technological features found only
in the Frosinone Province, like bifacial tools relatively big in size,
compared to other regions, suggesting particular regional behav-
iours in Central Italy in this period. Furthermore, the presence of
Levallois evidenced in the oldest layer of Lademagne (older than
405± 9 ka) indicates perhaps a punctual practice of this technology
as suggested in the neighbour site of Guado San Nicola (Molise) as
early as MIS 11 in Central Italy. The emergence of such a techno-
logical innovation during MIS 11 in this region of Italy (e.g. bones
industries, Levallois-like technologies) may, at least to some extent,
be seen as a cultural adaptation to the relatively long and stable
interglacial-like environmental-climatic conditions, which likely
offered unprecedented opportunities for the subsistence and
development of the hominid populations.
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