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Abstract

The deposits of four caves in western Liguria have been investigated, in particular Tana di
Badalucco (Imperia), Arma degli Zerbi (Savona), Caverna delle Fate (Savona) and Arma delle Manie
(Savona). These are caves already extensively studied in the past, but exclusively from an
archaeological point of view. In this case, the study involved the application of different techniques
aimed at the final objective of obtaining a paleoclimatic and paleoenvironmental reconstruction for
this study area. The techniques used were different, starting from routine bulk analyses, passing from
XRD analysis, and ending, and focusing in particular, on the use of the micromorphological
technique. This allowed us to identify, in detail, the more or less significant changes that occurred in
this region during the last glacial period and the Holocene, and therefore the alternation of more or
less cold and more or less humid conditions of the last 120 kyr.
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1. Aims of the study

The main objective of this work was to give a paleoclimatic reconstruction of the period that goes
from the Last Glaciation to today for western Liguria. In this way, the results obtained would then be
placed within a wider context and compared with what is already known. Indeed, as Courty and
Vallverdu (2001) affirm, this information at the regional scale is indispensable to refine the global
picture we already possess. Most of the knowledge we have comes from studies of ice cores and
marine sediments, but also cave sediments can be considered a reliable proxy for this purpose. The
main features of these infillings, in effect, are the high temporal resolution and the environmental
sensitivity they demonstrate, qualities of great value when trying to reconstruct climates and
environments of the past. It can also help in understanding and deepening how the environment
responds to certain stimuli and climate changes, as well in the long term.

Another important objective was to demonstrate the importance and effectiveness of the use of
micromorphological analysis, always associated with other field and bulk analysis, and within a
multidisciplinary working group. This technique makes it possible to recognize details that the naked
eye cannot, such as fine sedimentary structures, and particular features (pedofeatures) capable of
giving precise information on the process that led to their creation. Furthermore, thanks to its employ,
large quantities of material are not necessary, an aspect that should not be underestimated in a context
where deposits have already been almost completely removed. The distinction between primary or
secondary material, and between syn- and post-depositional processes, becomes easier, if not possible
only in this manner. In this way, it will be possible to have a more complete and faithful image of the
processes occurring on the studied materials, as well as a relative chronology of these. Finally, it is
thus possible to determine the origin of the finer elements, visible only using a microscope, and
determine whether they are of geogenic, biogenic, or of anthropogenic nature.



2. Paleoecology and paleoenvironmental reconstruction from the

Late Pleistocene

The paleoecological and paleoenvironmental reconstruction of the Last Glacial — Interglacial
cycle, in particular for western Liguria, can be considered as the main focus of this thesis.

The Last Glacial - Interglacial cycle occurred around the last 120 kyr b2k (thousands of years
before 2000 AD) (Baumgartner et al., 2014; Kindler et al., 2014), also considering the period just
after the end of the last glaciation, which occurred around 10 kyr b2k, or 11.7 kyr Before Present, BP
(Marchal et al., 2002; Rousse et al., 2006; Baumgartner et al., 2014).
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Figure 1 - International Stratigraphic Chart as released by the International Commission on Stratigraphy in 2020. The red
square indicates the restricted temporal extension of the Quaternary period.

Referring to the Geological Time Scale (Cohen et al., 2013), as presented by the International
Chronostratigraphic Chart, the time frame mentioned above covers a very limited part of the chart
(Figure 1). In fact, the concerned portion does not even include the entire Quaternary period, which
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alone extends from 2.58 Ma to the present day (Cohen et al., 2013). In turn, the Quaternary is divided
into two eras: the Pleistocene (from 2.58 Ma up to 0.0117 Ma) and the Holocene (from 0.0117 Ma to
today) (Anderson, Goudie and Parker, 2013; Cohen et al., 2013). Nevertheless, not the whole

Pleistocene epoch will be considered here.

The Pleistocene (and to a lesser extent the Holocene) was a very unstable era from a climatic and
environmental point of view (Pisias and Moore, 1981; Saltzman and Maasch, 1988; Raymo, 1992;
Greenland Ice-core Project (GRIP) Members, 1993; Saltzman and Verbitsky, 1994; Ding et al., 1999;
Davis et al., 2003; Hemming, 2004; Davis, Menounos and Osborn, 2009). This is known thanks to
the cross-comparison between different proxies, which have allowed a more or less detailed

reconstruction of the climates and environments in different areas of the planet.

Since the late 1940s, the fractionation of stable oxygen isotopes has been used to reconstruct the
paleotemperatures of the last hundreds of thousands years of the Earth (Urey, 1947; Epstein et al.,
1951; Arrhenius, 1953; Emiliani, 1955; Brenchley and Harper, 2010). This is possible thanks to the
ratio between the heaviest stable isotope of oxygen, 120, and the lightest stable isotope, %0, and the
way they behave reciprocally within a system (Urey, 1947; Emiliani, 1955). The equation displayed
here defines how much the isotopic fractionation of a sample can deviate from the prefixed standard
(usually SMOW, Standard Mean Oceanic Water) and thus how much a sample is enriched in 80
(Emiliani, 1955):

180 /150 (sample) — 80 / *°0 (standard)

6 = 1000
189 /160 (standard)

The principle behind this method is that living things deposit a carbonate shell richer in the heavier
isotope (*20), rather than the lighter one (*%0), under colder conditions (Urey, 1947). It has been
demonstrated by Epstein et al. (1951) that there is a relation between these stable isotopes
fractionation and paleotemperature, and it was empirically demonstrated by this formula:

t (°C) = 16.5 — 4.35 + 0.1462

The first works attempting to use this method proposed a reconstruction of paleotemperatures

starting from the ratio of the two isotopes content within bivalves’ shells in marine sediments (Urey,
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1947; Epstein et al., 1951). Although the technique proved to be excellent, it was later realized that
another type of organism was to be preferred, since these are not so easily found and not so often
recurring in the ocean sediments’ column (Emiliani, 1955). It was in this wake of studies that Emiliani
(1955) carried out his analyses on isotope fractionation, considering planktonic Foraminifera instead
of bivalves. Unfortunately, even this choice was affected by certain negative influences: the data were
excessively prejudiced by the so-called "glacial effect”, linked to the Rayleigh distillation
(Shackleton, 1967; Shackleton et al., 2003; Scott et al., 2004). For this reason, the study of the
fractionation of oxygen in benthic Foraminifera began: in this case, despite having the same
variability as planktonic Foraminifera, it was not influenced by glacial and interglacial periods
(Shackleton, 1967).

Already from the first results obtained by Emiliani (1955), it was noted how the isotopic curves
based on planktonic Foraminifera from the Caribbean and the Mediterranean behaved in the same
way and showed the same oscillatory trend, indicative of a fluctuation in global temperatures from
the Pleistocene to today. Again, Emiliani (1955), in his work, quoted (and modified) the chronology
proposed by Arrhenius (1953), the one on which the division in Marine Isotope Stages (MIS) is still
based (Figure 2 and Figure 3). In fact, even then an alternation between warmer "stages™ and colder
"stages” had been noticed (Arrhenius, 1953; Emiliani, 1955). They found it convenient to indicate
with the number 1 the current warm stage and to increase in number going backwards in time, keeping
odd numbers for warmer periods and even numbers for colder ones (Figure 2) (Arrhenius, 1953;
Emiliani, 1955).

«——TIME

/ //\ 1"/-\\
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-

~

TEMPERATURE -

Figure 2 - "Ideal variation of temperature with time, and stage numbers". From Emiliani (1955). The original (and ideal) Marine
Isotope Stages (MIS) as proposed by Emiliani and Arrhenius.

Obviously, since then, the techniques and the obtained results have refined, nonetheless the
underlying principle has remained the same. Currently there are many master archives: ice cores (with
the GRIP and NGRIP projects, for example) (Antoine et al., 2009; Dumitru et al., 2018; Grootes et
al., 1993; Kindler et al., 2014; Mojtabavi et al., 2019; Rasmussen et al., 2014; Schwander et al., 1997;

and others) which return quality information, but only of most recent times; and oceanic sediments
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(ODP, for example) (Raymo, 1992; Waelbroeck et al., 2002, 2008; Drysdale et al., 2004; Dumitru et
al., 2018) which have a more limited temporal resolution, but cover longer time intervals.
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Figure 3 - The reciprocal relationships existing between geochronological and climatostratigraphic units as they are known
today. Figure realized with TS-Creator (2020).

As demonstrated by Emiliani and Arrhenius, MIS did indeed indicate warmer (interglacial) and
colder (glacial) periods (Arrhenius, 1953, 1961; Emiliani, 1955; Anderson, Goudie and Parker, 2013).
Over time, the technique has been applied in different occasions and, with it, the data has become
more detailed (Raymo, 1992; Ding et al., 1999; Waelbroeck et al., 2002; Shackleton et al., 2003). So
much so that it was realized that, even within the same glacial and interglacial periods, it was possible
to recognize minor fluctuations in temperatures, known as stadials and interstadials (Johnsen et al.,
1992; Brook, Sowers and Orchardo, 1996; Hughes, 1996; Ditlevsen, Ditlevsen and Andersen, 2002;
Voelker, 2002; Anderson, Goudie and Parker, 2013; Baumgartner et al., 2014; Rasmussen et al.,
2014; Roberts, 2014). Thus, the behaviour of the recorded temperature in relation to time is very far
from the ideal proposed by Emiliani (1955) and Arrhenius (1953) (Figure 2). Stadials can be
considered as a relative cold phase, with ice sheets expansion, during a glacial period (Johnsen et al.,
1992; Anderson, Goudie and Parker, 2013). Whereas, interstadials are defined as relatively warmer
periods, with ice sheets retreat, still during a glacial cycle (Dansgaard et al., 1982; Anderson, Goudie
and Parker, 2013). Stadials and interstadials have been recognised in Greenland ice cores and are

often referred to as GSs (Greenland Stadials) and Gls (Greenland Interstadials) (Figure 4),
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respectively (Sp6tl and Mangini, 2002; North Greenland Ice Core Project members, 2004; Van
Meerbeeck et al., 2011; Rasmussen et al., 2014). They can only be considered to have occurred in
the northern hemisphere (Brook, Sowers and Orchardo, 1996; Voelker, 2002; North Greenland Ice
Core Project members, 2004; Fluckiger, Knutti and White, 2006; Fluckiger et al., 2008; Steffensen
et al., 2008; Waelbroeck et al., 2008; Cheng et al., 2009; Miller et al., 2011).

Recurring events in the different climate proxies are the Dansgaard-Oeschger and Heinrich events.
The former represents a recurring series of abrupt climate changes of local/regional scale, where
atmospheric and oceanic conditions shifted from milder conditions, typical of interstadials, to more
rigid conditions, typical of stadials (Hughes, 1996; Kjellstrém et al., 2010; Rasmussen et al., 2014).
There are 25 recognized events of this type, with a duration of a few decades and temperature changes
between 5 °C and 16 °C (Rasmussen et al., 2014). The Heinrich events, on the other hand, are large
climatic fluctuations linked to layers of Ice-Rafted Debris (IRD), associated with the Laurentide ice
sheet (Heinrich, 1988; Hemming, 2004). They are documented above all in the North Atlantic records
and occurred during some of the longer stadials of the last glaciation (Hughes, 1996; Fluckiger, Knutti
and White, 2006; Kjellstrom et al., 2010; Rasmussen et al., 2014). The Heinrich events suggest cold
and arid conditions in the North Atlantic and partly in Europe (Heinrich, 1988; Flickiger, Knutti and
White, 2006; Clark et al., 2013). In any case, according to some authors, it is possible to state the
presence of a Heinrich event only in the presence of evident levels of IRD and not only if a cold
period is recognised in the studied record (Lowe et al., 2008; Rasmussen et al., 2014). Unfortunately,
it is still unclear the process or the triggering event behind these episodes, and so also on what can
vary their duration (Flickiger, Knutti and White, 2006; Anderson, Goudie and Parker, 2013; Clark et
al., 2013).

In paleoclimatic and paleoenvironmental reconstruction, there is a complication common to all the
events occurred during the last glaciation: time-transgression (Ruddiman and Mclintyre, 1973; Lowe,
2001; Brown et al., 2013). All the processes occurring on Earth are linked to each other and influence
each other in turn, sometimes triggering new ones in cascade. The same is true for all processes that
trigger climate and environmental changes (Ruddiman and Mclintyre, 1973). Since each region of the
planet has its own characteristics, it will respond differently and with different timing to changes in
the atmosphere, water circulation, air temperatures, and so on (Lowe, 2001; Anderson, Goudie and
Parker, 2013; Lowe and Walker, 2014). It is for this reason that the broad chronologies derived from
the above master records (i.e. ice cores and ocean sediments) do not always find an exact match in
the continental records and it is for this reason that studies like this are necessary (Courty and
Vallverdu, 2001).
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Just considering the European continent, we know that it is a very complex and multifaceted
context (Housley et al., 1997; Sommer and Benecke, 2004; Sommer and Nadachowski, 2006;
Willner, Di Pietro and Bergmeier, 2009; Drees et al., 2010), and the same is true for the
Mediterranean area. The Mediterranean is globally recognized as a peculiar environment that has
played a great role as a refuge for many animal and plant species, but also for man (Carrion and
Sanchez-Gomez, 1992; Figueiral and Terral, 2002; Petit et al., 2003; Habel, Dieker and Schmitt,
2009; Médail and Diadema, 2009; Cheddadi and Khater, 2016; Kog, Svenning and Avct, 2018;
Roberts et al., 2018). Finally, a similar role, but on a smaller scale, was played by the Italian region
Liguria which, being on the sea and limited by the mountains — thus protecting its area from the
harsh climatic changes of North Europe -, acted as a refuge habitat during the last glacial period
(Bahn, 1977; Kaniewski et al., 2005; Casazza et al., 2008; Ricci Lucchi, 2008; Rellini et al., 2013;
Burke et al., 2017).
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Figure 4 — From (Rasmussen et al., 2014). Here it is possible to see the correlation between temperatures and stable isotopes of the last 123 kyr (here reported as ka b2k, i.e. thousand of
years before 2000 AD) as obtained from Greenland ice core studies (and from the GRIP, GISP2 and NGRIP projects, in red, green and blue respectively). All recognized events are
differentiated by colour (white or grey), such as the last interglacial (Eemian) and the various stadials and interstadials.



2.1 Liguria region, and its surroundings, paleoclimate and paleoenvironment

The Last interglacial and the beginning of the Last glaciation (MIS 5)

Marine Isotopic Stage 5 has always been divided into five substages, usually indicated with the
first five lowercase letters of the alphabet (starting from the more recent, a, to the older one, e),

characterised by very different climatic conditions (Shackleton et al., 2003).

MIS 5e approximately coincides with the Last interglacial and sometimes is also referred to as
MIS 5.5 (as in Figure 5). According to an almost disused denomination for the Mediterranean basin,
we can refer to it as the Tyrrhenian period (another chronostratigraphic subunit, Figure 5), during
which the ESL (Estimated Sea Level) was calculated to be between +4 m +9 m above the present
mean sea level (Bardaji et al., 2009; Pascucci, Sechi and Andreucci, 2014; Benjamin et al., 2017).
This information is important with regards to the studied cave deposits, as the considered caves are
all located not too far from the current shoreline and, thus, also their deposits are indirectly influenced
by it (Bar-Matthews et al., 1999; Vesica et al., 2000). Another important piece of information gleaned
from coastal studies - whose indicators include marine terraces, beachrocks, fossils, and tidal notches
(Benjamin et al., 2017) - concerns meteorological events: according to many scientists, at the end of
the Last interglacial there have been important changes in weather conditions, such as an increase in

storminess and runoff (Bardaji et al., 2009), as cold conditions were restoring.

There are not many data regarding the state of vegetation during the last interglacial and even the
few present do not go into great detail. This might be due to the limited resolution of the studied
deposits and to the partial presence and preservation of pollen (Kaniewski, Renault-Miskovsky and
de Lumley, 2005). For what we know, the end of MIS 6 and the beginning of MIS 5e sees the
transition from open vegetation to forests (Ricci Lucchi, 2008). High temperatures and rising sea
levels allow trees to move away from their former refugia and spread (Ricci Lucchi, 2008). During
the last interglacial, species linked to colder climates survive, while, in the meantime, there is an
increase in thermophilous species and Mediterranean taxa at low altitudes and along the coasts (Ricci
Lucchi, 2008). Genera such as Picea, Abies and Quercus, on the other hand, expanded: Picea and
Abies at upper elevations and, mixed with deciduous Quercus, at middle to lower altitudes
(Combourieu-Nebout et al., 2015). With the upcoming end of MIS 5e, there is a disruption of the
continental vegetation cover and a repeated denudation of the valley slopes, probably correlated with
the said meteorological changes (Pascucci, Sechi and Andreucci, 2014). In this way the landscape is
more similar to that of the steppe, even in the Ligurian area, with increasing aridity near the coast,
and a crescendo of humidity as the altitude increases (Kaniewski et al., 2005; Bardaji et al., 2009).
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The faunal data regarding the transition from MIS 6 to MIS 5, and the subsequent development of
the latter, are also rather limited as regards the areas under examination (Defleur and Desclaux, 2019).
In any case, it is known that the climate change between the MIS 6 glaciation and the beginning of
the Eemian period was rather rapid, and it passed from a glacial period to a warmer temperate period
than the present one (Defleur and Desclaux, 2019). The sea level, as mentioned above, was much
higher than today and many sites, such as those of the Balzi Rossi in the SE of France, were located
below sea level, as evidenced by the discovery of many Strombus bubonius shells (Federici and
Pappalardo, 2006; Valensi, 2009; Onoratini et al., 2012; Moussous, Valensi and Simon, 2014).
Therefore we move from faunal assemblages of red deer (Cervus elaphus) and ibex (Capra ibex) to
animals of warmer climates (Valensi and Psathi, 2004; Valensi, Crégut-Bonnoure and Defleur, 2012).
Throughout the MIS 5, a peculiar climate creates, allowing the formation of coastal corridors, capable
of facilitating migration and leading to a redistribution of flora and fauna along the NW Ligurian and

SE French coast (Valensi, 2009). Between MIS 5c¢ and 5a, the typical associations of temperate
16



climates of that time are characterized by the presence of red deer (Cervus elaphus, that survived the
climatic change), fallow deer (Dama sp.), roe deer (Capreolus capreolus), giant deer (Megaloceros
giganteus), straight-tusked elephant (Palaeoloxodon antiquus), narrow-nosed rhinoceros
(Stephanorhinus hemitoechus), asiatic black bear (Ursus thibetanus), among others (Valensi and
Psathi, 2004; Kaniewski, Renault-Miskovsky and de Lumley, 2005; Onoratini et al., 2012; Moussous,
Valensi and Simon, 2014; Defleur and Desclaux, 2019; Brugal et al., 2020).

The Last glaciation (MIS 4 — MIS 2)
The period between the start of MIS 4 (about 75 kyr b2k) and the end of MIS 2 (which

approximately corresponds to the start of the Holocene, 11.7 kyr BP) is considered a generally cold
period, with many and wide fluctuations, in temperatures, in rainfall, and in the estimated sea level
(Figure 5) (Waelbroeck et al., 2002; Pascucci, Sechi and Andreucci, 2014). The Early Pleniglacial
(MIS 4) was relatively short (about 10 kyr) and tended to be a cold and dry period (Moreno et al.,
2012; Pascucci, Sechi and Andreucci, 2014). MIS 3 (between 60 and 28 kyr b2k) was much more
unstable and relatively wetter (Martrat et al., 2004; Sorin et al., 2010; Pascucci, Sechi and Andreucci,
2014; Weber et al., 2018). At the end of this period the onset of the Last Glacial Maximum drastically
took place, leading to extreme drops in temperatures (even of 13 °C) and estimated sea level (- 80 m
with respect to present mean sea level), as well as a decrease in humidity, thus returning to rather arid
conditions (Vesica et al., 2000; Rovere et al., 2011; Pascucci, Sechi and Andreucci, 2014; Benjamin
etal., 2017).

These cold and arid conditions, as well as the extent of their variations over this period of time,
have been vastly underestimated for the Mediterranean basin area (Ramstein et al., 2007). Extremely
cold periods and relatively warm periods (but not as warm as the present ones) have alternated also
in these areas, with the extension of glaciers and areas influenced by the incidence of permafrost,
even at low latitudes (Huijzer and Isarin, 1997; Wohlfarth et al., 2008; Becker et al., 2015; Oliva et
al., 2018). Unfortunately, most of the information from the various studies concerns exclusively the
maximum peak of this phenomenon, i.e. the traces left during the Last Glacial Maximum (LGM)
(Bini, Tognini and Zuccoli, 1998; Bini, 2005). Bini (2005) well explains how it is not possible to
know the exact extension of the various expansions and regressions of ice sheets during the last
glaciation, since the subsequent events have practically eliminated all traces. Therefore only the LGM
signs remain, hence when glaciers in the Alps were at their maximum and a periglacial environment
extended much more than now (Becker et al., 2017; Sessa, Bona and Angiolini, 2021). With the
expansion of glaciers, the extent of the permafrost also accentuated. There are traces of its presence
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in the Pre-Alps, but also in certain parts of the Mediterranean (Oliva et al., 2018). It is well
documented also in Liguria, although, in these cases, it was just a seasonal and discontinuous
permafrost (Van Vliet-Lanoé and Hallegouét, 2001; Rellini et al., 2013, 2014; Oliva et al., 2018)
(Figure 6).
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Figure 6 - Permafrost extension 20 kyr BP, related to the northern European ice sheets and the active networks of ice wedges. In
Van Vliet-Lanoé and Hallegouét (2001).

Another important element that characterized this time period was loess (Fitzsimmons, Markovi¢
and Hambach, 2012; Hosek et al., 2015; Profe et al., 2016). It is usually defined as a silty aeolian
deposit, composed mainly of quartz, feldspar, mica, clay minerals and carbonate grains (Pye, 1984).
It is generally homogeneous, showing no stratifications, but it can be highly porous (Pye, 1984;
Rellini et al., 2009). Generally yellowish, but it can also be grey, red or brown (Pye, 1984; Zerboni
et al., 2018). An important aspect in its definition is its granulometry: it is generally located between
20-40 um, but it can also have a high percentage of sands (> 20%, sandy loess) or clays (> 20%,
clayey loess) (Pye, 1984; Yang, Karius and Sauer, 2020). Finally, it can be considered eventually a
primary loess, if deposited directly from the wind; a reworked loess, as a material reworked from
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primary loess; or weathered loess, if it has undergone weathering, pedogenesis or diagenesis (Pye,
1984). This sediment is particularly important also for the paleoclimatic information it brings with it:
it is now known that the ideal environment for loess deposition is an arid and cold one, with little or
no vegetation at all, where the main source can retraced near or far from the deposit (Cremaschi et
al., 1990; Antoine et al., 2009; Rousseau et al., 2017, 2018; Zerboni et al., 2018). The main deposits
of this material are found in China, Russia and Central Europe, where they can reach thicknesses up
to 30 m (Pye, 1984; Rousseau et al., 2018). In any case, many studies have also considered northern
Italy, in particular the Po Plain loess basin and its surrounding areas (Cremaschi and Van Vliet-Lanog,
1990; Rellini et al., 2009; Cremaschi et al., 2015; Zerboni et al., 2018). Sheets of these sediments
have also been documented for Liguria, where reworked loess has been recognized and studied
(Rellini, 2007; Rellini et al., 2009, 2014).

Thus, the beginning of the last glacial period sees a drastic drop in temperatures and sea level.
Organisms react differently, and more or less promptly, throughout the Mediterranean area. During
MIS 4, the vegetation changes, becoming more open and dominated by Artemisia, accompanied by
Poaceae and Asteraceae, typical steppe and arid environments species (Margari et al., 2009; Biltekin
et al., 2019; Guido et al., 2020). Similar behaviours are found in different countries such as Spain
and Greece, but also in the Ligurian and Tuscan Apennines and in the Ligurian Alps (Kaniewski et
al., 2005; Kaniewski, Renault-Miskovsky and de Lumley, 2005; Ricci Lucchi, 2008; Margari et al.,
2009; Biltekin et al., 2019; Guido et al., 2020). In this way, various episodes of alternation between
steppe environment, mesothermophilous forest and then steppe again, alternated (Burjachs et al.,
2012; Biltekin et al., 2019). In some areas, rather than others, tree species are found throughout the
glacial record, despite the constant climatic changes (Kaniewski, Renault-Miskovsky and de Lumley,
2004; Ricci Lucchi, 2008; Guido et al., 2020). In these cases, this is justified by local factors and
geographical and geomorphological characteristics of the area, which have allowed the creation of
tree refugia (Ricci Lucchi, 2008; Guido et al., 2020), as is the case of western Liguria (Kaniewski,
Renault-Miskovsky and de Lumley, 2004, 2005; Kaniewski et al., 2005). In any case, the pollen, and
flora data in general, agree in indicating the period of MIS 4 as cold and arid, with a grassland-steppic
assemblage (Kaniewski et al., 2005; Margari et al., 2009; Burjachs et al., 2012; Biltekin et al., 2019).
MIS 3 was much more unstable and periods of open woodland interchanged with short periods of
climate improvement (Badino et al., 2020), characterized by species such as Quercus spp., Rhamnus,
Olea-Phyllirea and others (Biltekin et al., 2019). Finally, MIS 2 is documented as the driest period
of the glaciation, during which steppe vegetation prevailed again over all others (Moreno et al., 2012),
although in western Liguria many traces of trees from less rigid environments have been recognized,

too (Kaniewski, Renault-Miskovsky and de Lumley, 2004, 2005; Kaniewski et al., 2005).
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As for the fauna of this period, nearby sites have returned a more or less clear picture of the general
situation. An unequivocal aspect that permeates these works is the fundamental role played by these
areas as a refuge, not only for plant species, but also for animals (Sommer and Nadachowski, 2006;
Valensi, 2009). Furthermore, the data collected from caves’ or shelters’ deposits can be the result of
the influence exerted by man, being the products of hunting and sustenance, and not the exact picture
of the overall spectrum of the fauna population (Tagliacozzo et al., 2012). Moreover, since we are
actually talking about a refuge area, it is important to consider that we will not witness absolute faunal
changes, but rather a change in the proportions of the same species, with the introduction of few more
typical of cold climates (Valensi, 2009). The data regarding MIS 4 are fewer than those of MIS 3 and
2. Finds from the Grotte du Lazaret cave (France) and from the Santa Lucia Superiore cave (Toirano,
Liguria, NW ltaly) indicate a transitional period with the appearance of species associated to colder
climates (Valensi et al., 2008; Valensi, 2009; Onoratini et al., 2012). Therefore we have species like
Elephas antiquus (Falconer and Cautley, 1847) (Mol, de Vos and van der Plicht, 2007; Onoratini et
al., 2012), but also chamois (Rupicapra rupicapra), bison (Bison priscus), deer (Cervus elaphus),
ibex (Capra ibex), and, above all, cave bear (Ursus spelaeus) (de Lumley et al., 2008; Valensi, 2009).
MIS 3 presents a more complex situation, partly due to the aforementioned climatic fluctuations. As
for the previous stage, Elephas antiquus is also reported here, this time flanked to the Mammuthus
primigenius (Blumenbach, 1799) (Onoratini et al., 2012). Around 40 kyr BP, in Western Liguria,
there are signs of forest related species, of relatively humid and temperate conditions, such as
Chionomys nivalis, Microtus arvalis and Microtus (Terricola) gr. multiplex - subterraneus (Riparo
Mochi) (Berto, Santaniello and Grimaldi, 2019), Clethrionomys glareolus, Apodemus (sylvaemus)
and Elyomis quercinus at Riparo Bombrini (Holt et al., 2019). Subsequently, there is a shift towards
a slightly colder and more arid period, with a percentage decrease of Microtus (Terricola) multiplex-
subterraneus and Clethrionomys glareolus (Berto, Santaniello and Grimaldi, 2019). At the beginning
of LGM, Microtus arvalis becomes dominant in Riparo Mochi’s deposits, while, throughout the
region (and not only), cave bear remains are found in large quantities (Valensi, 2009). The LGM
onset terminates with the beginning of MIS 2 and with a general further worsening in climatic
conditions (Obreht et al., 2017). Again, the zone acts as a glacial refugia and exhibits faunal
assemblages typical of generally colder, though not so cold, areas (Sommer and Nadachowski, 2006;
Valensi, 2009). In this case, Arene Candide cave is the best example available: between 25 kyr BP
and 18 kyr BP circa, the fauna that occupied its chambers varied significantly. At the beginning of
this time period, Marmota marmota dominated, but also hyena, cave bear and leopard were present
(Tagliacozzo et al., 2012). At around 23 kyr BP, there is almost an absence of cold species, but hyena

and red deer are reported (Cassoli and Tagliacozzo, 1994). Subsequently (~ 20 kyr BP) a new cold
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regime establishes, with lynx, elk and mammoth, and then return to forest species (Cassoli and
Tagliacozzo, 1994; Royer et al., 2016; Berto, Santaniello and Grimaldi, 2019).

The Holocene (MIS 1)

With the beginning of the Holocene, we witness a slow change towards present day climate and
environment. A marine transgression occurs, leading to a sea level rise of 120 m (Mariotti Lippi et
al., 2007; Carobene, Firpo and Rovere, 2008; Andreucci et al., 2014; Pascucci, Sechi and Andreucci,
2014). For what concerns the Ligurian Sea coast, the sea level rose continuously throughout the
Holocene, slowing down around 7.5 kyr BP and around 3 kyr BP, until it reached nowadays level,
still undergoing limited variations, mainly in the isostatic adjustment (Carobene, Firpo and Rovere,
2008; Vacchi et al., 2016) (Figure 7). At ~13 kyr BP the relative sea level (RSL) is at -45.6 £ 1.2 m,
which quickly goes to -18 + 0.9 m (~9.3 kyr BP), slowing down around ~7.5 kyr BP with values of -
6.1 £ 1 m and slowing even more at ~3 kyr BP with -0.4 £ 0.3m (Carobene, Firpo and Rovere, 2008;
Vacchi et al., 2016).
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Figure 7 - How sea level rose during Holocene. Modified from Vacchi et al. (2016).

As already demonstrated by sea level change, the changes occurring at the beginning of the
Holocene are considerable. For what concerns vegetation, around 11.6 kyr BP, in eastern Liguria,
there is an expansion in the mesophilous woodland, with the increase of Abies and the decline of
Pinus, perhaps mugo (Arobba and Caramiello, 2008; Bellini, Mariotti-Lippi and Montanari, 2009;
Montanari et al., 2014; Guido et al., 2020). Along with these, also grow Quercus, Alnus, Betula,
Corylus and Fagus (Guido et al., 2020). Not long after, a great environmental change takes place (~
9.9 kyr BP) leading to increasingly better climatic conditions, marked by a further decline in species
such as Pinus and Artemisia, leaving behind more space for Quercus, Corylus, Alnus, Fagus, Tilia,

Ulmus Fraxinus and Ericaceae (Bellini, Mariotti-Lippi and Montanari, 2009; Branch, 2013;
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Montanari et al., 2014; Arobba et al., 2018; Guido et al., 2020). In general, throughout the Early and
Middle Holocene, Abies is seen declining in favour of Fagus (Branch and Marini, 2014; Branch et
al., 2014; Arobba et al., 2018). At the same time, the human impact also increases making it difficult
to distinguish between human action and actual climate and environmental changes (Roberts et al.,
2004; Mariotti Lippi et al.,, 2007; Branch, 2013; Branch and Marini, 2014). More and more
anthropogenic taxa are found, in caves and shelters deposits, but also in lake sediments, in the west
as in the east of Liguria, mainly in cereal species (Branch et al., 2014; Arobba et al., 2018). Also the
quantity of microcharcoals found is higher, probably linked to a new need for open and cultivable
land (Branch and Marini, 2014; Guido et al., 2020). The peak of this phenomenon seems to occur
around 3.5 kyr BP, when a good amount of Vitis is found in Ligurian and Tuscan Apennines (Mariotti
Lippi et al., 2007). Finally, in the Late Holocene, the Mediterranean maquis really starts to expand,
perhaps favoured by a different management of the landscape exerted by man (Bellini, Mariotti-Lippi
and Montanari, 2009).

The trend detected by the vegetation is confirmed by the fauna. The beginning of the Holocene
sees an increase in forest cover, thus more forest-adapted species are found, examples are some genera
of bats found in Arene Candide deposits (e.g. Nyctalus lasiopterus) (Salari, 2010). From the mid-
Holocene and on, the animal remains found in cave deposits and other environments studied, always
indicate a greater influence on the part of man (Alhaique, 1994; Cassoli and Tagliacozzo, 1994;
Sommer and Benecke, 2005; Angelone, Moncunill-Solé and Kotsakis, 2020). In this period
pastoralism begins to develop and with it new species of animals linked to man's sustenance are
introduced (Sommer and Benecke, 2005; Angelone, Moncunill-Solé and Kotsakis, 2020). In the M
levels of the Arene Candide cave the most represented animals are: Cervus elaphus, Capreolus
capreolus and Sus scrofa, indicating a strong human influence (Alhaique, 1994; Cassoli and

Tagliacozzo, 1994).

2.2 Present-day climate

The study area present-day climate, as defined by the Kdppen-Geiger classification is Csa, i.e.
temperate, with a dry and hot summer (Kottek et al., 2006; Peel, Finlayson and McMahon, 2007;
Fratianni and Acquaotta, 2017). In general, temperatures are mitigated by the presence of the
Tyrrhenian sea and it is evident the great difference with very close areas, such as the Po Plain
(Fratianni and Acquaotta, 2017). On average, rainfall, especially for the study areas (Figure 8a), is
comprehended between 700 mm and 1000 mm per year (ARPAL, 2013). Summers are hot and dry,

with maximum temperatures above 30 °C and the four hottest months always having an average
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temperature above 20 °C (ARPAL, 2013) (Figure 8b). The minimum temperatures are never really
low and the average temperature of the coldest month (January), in the last sixteen years, has been
7.7 ° C (Regione Liguria, 2021) (Figure 8b). The days with a minimum temperature below 0 ° C (the
so-called “frost days”, Figure 8c) were between 6 and 9 for the Finalese area, and between 15 and 18
for the areas near Pigna (ARPAL, 2013).

2.3 Cave settings

Caves have long been considered as sedimentary traps (Goldberg and Macphail, 2013; Karkanas
and Goldberg, 2017; Nejman et al., 2018), and the deposits, or sediments, inside them — as
consequence - as excellent sedimentary records (Courty and Vallverdu, 2001), or paleoclimatic
archives (White, 2007). This because of two important characteristics they possess: temporal
resolution and environmental sensitivity (Woodward and Goldberg, 2001). Where the latter can be
defined as “the propensity of a system to respond to a minor external change” (Shumm, 1991). All
caves are a combination of deposition environments, sensitive to the outside world at different rates

and magnitudes (Courty and Vallverdu, 2001).

From the cave deposits study, it is also possible to propose a correlation between different sites
stratigraphy and paleoclimatic reconstruction (Woodward and Goldberg, 2001), even if some
difficulties can be found. Local factors can sometime hide the recognition of more general climatic
conditions (Courty and Vallverdu, 2001; Goldberg and Sherwood, 2006; Karkanas and Goldberg,
2017). One way to distinguish local factors (microclimate) from broader climatic factors
(macroclimate) affecting deposits is to use a multidisciplinary approach, employing all the best
techniques of one field and collaborating with experts from other disciplines (Goldberg and Macphail,
2013; Karkanas and Goldberg, 2017).

Cave sediments can be of different origin. They can be geogenic, biogenic or anthropogenic
(Farrand, 2001; Goldberg and Sherwood, 2006; Goldberg and Macphail, 2013; Karkanas and
Goldberg, 2013, 2017) and it is important to be able to recognize each one of these in order to give
the best interpretation possible of the stratigraphies studied. The geogenic, biogenic and
anthropogenic sediments can be clastic or chemical, primary or secondary and endogenous or
exogenous (Goldberg and Sherwood, 2006; White, 2007; Goldberg and Macphail, 2013; Karkanas
and Goldberg, 2017), as shown in Table 1.
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Figure 8 - a) Mean annual rainfall (in mm): the data collected cover the entire period from 1961 to 2010.With two red rectangles
are indicated, starting from the West, the area near Pigna Municipality, where Tana di Badalucco cave is situated, and the Finalese
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area where the remaining three studied caves are located. Modified from ARPAL (2013). b) Mean temperatures (in °C) for the sole
Finalese area, as obtained from the ARPAL site (Regione Liguria, 2021). No data were available for the other area. ¢) Mean annual
frost days, i.e. the days with a minimum temperature below 0 ° C. What was said for a) also applies here. Modified from ARPAL
(2013).

Although cave deposits have the important characteristic of remaining almost unchanged and are
able to keep track of the main changes in the environment for long periods of time, and regardless of
their origin or nature, they undergo diagenesis, a low-temperature post-depositional change
(Goldberg and Sherwood, 2006) and syn- and other post-depositional processes. This processes leave
easily recognizable traces in the sediments and these, in turn, can convey information regarding
particular conditions to which the cave environments have been subjected and, consequently, also the
surrounding area (Karkanas et al., 2000; Goldberg and Sherwood, 2006; Karkanas and Goldberg,

2013). Some examples of these processes can be found in Table 2.

Table 1 - A non-exhaustive table of cave sediments types divided for origin and nature. * indicates high likelihood, - indicates low
likelihood of finding. Modified from (Goldberg and Sherwood, 2006).

Sediment type Endogenous  Exogenous
Clastic sediments
Geogenic:

- Weathering detritus; *

- Block breakdown (éboulis); *

- Grain breakdown by dissolution, abrasion; *

- Entrance talus; * *
- Infiltrates; * *
- Fluvial, glacial, aeolian deposits. *
Biogenic:

- Bird and bat guano; * -
- Gastroliths; * -
- Carnivore, Omnivore and herbivore coprolites * *
and bone;

- Plant residues (grass, wood, pollen); - *
Anthropogenic:

- Microartifacts (bone, lithics, shell,...); - *
- Transported material (soil, sediment, organic - *
material);

- Wood, charcoal, ash. - *
Chemical sediments

Geogenic:

- Carbonates (speleothems, for example); *

- Resistates; *

- Ice. *

Biogenic:

- Oxide, phosphate, carbonate and nitrate *

minerals;

- Guano. *
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Table 2 - A non-exhaustive table of processes occurring inside a cave. Modified from (Goldberg and Sherwood, 2006).

Physical processes

Reworking by wind, water, biological activity, humans;
Slumping and faulting;

Trampling by humans and other animals;

Burrowing by humans and other animals;

Vertical translocation of particles by water and ice;
Dumping of material, midden formation;

Hearth cleaning and sweeping of hearths.

Chemical processes

Calcification;

Decalcification;

Phosphate mineralisation and bone dissolution;
Formation of other authigenic minerals.
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3 Study area

3.1 Tana di Badalucco

Tana di Badalucco is located in NW Italy, in the Pigna (IM) municipality (Figure 9a), not far from
the French border. Rio Corvo and Rio Muratone streams meet in this area, called Marellae, few meters
from this site, significantly shaping the valley below, resulting in a good geographic passage-way
exploited in the past by animals and humans (Chiarenza, 2007). The cave is placed 665 m a.s.l. and
18 m above the Rio Corvo stream. Tana di Badalucco cave has only one entrance, oriented to the
West, oval-shaped, slightly oblique leftwards, and with its main axis 3 m high (Figure 9b). It probably
owes its name to the original owner of the area, but the toponym similarity with another cave (Tana
Bertrand, in the Badalucco municipality) has created many misunderstandings over time (Sessa et al.,
2019). In addition to this, the cave itself has many names and is often found mentioned differently
(e.g., Tana di Barraicu, Sgarbu di Barraico (Calandri, Crippa and Ramella, 1979), Sgarbu di
Barauco, Tana di Ballanco, Grotta Torello, Grotta Tuvetto (Issel, 1908), Grotta Tovello and U’
Garbu de Baraico). Some of the aforementioned names are recorded in the scientific literature, while

others are known only by locals.
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Figure 9 — Tana di Badalucco cave location and geology (a); Tana di Badalucco cave plan and sections, one of its synonyms is

reported (b) (from Calandri et al., 1979).
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Geological and environmental context

The whole area is characterized by a complex karst system and a high number of caves, mostly no
longer active (Calandri and Camprendon, 1982). The cave’s entrance is not far from the Giacheira

cave (Bianchi, Rellini and Traverso, 2015), belonging to the same Kkarst system (Figure 9a).

Tana di Badalucco has formed at the contact between the Eocene calcarenites and the Upper
Cretaceous marly limestone, both belonging to the Dauphinois Provencal domain (Calandri, Crippa
and Ramella, 1979; Calandri and Camprendon, 1982). The second formation reported is the most
represented in the study area (Calandri and Camprendon, 1982); it is called Trucco marls and marly
limestones formation (TUC, Marne e calcari marnosi di Trucco) (Figure 9a). At its top can be found
the Capo Mortola calcarenites formation (NCM — Calcareniti di Capo Mortola), also known in
literature as nummulitic limestone, name attributed for its richness in this Foraminifera genre
(Dallagiovanna et al., 2012). In this area are also present two other formations that influence the cave
development and infillings: the Olivetta S. Michele silty marls (OSM — Marne siltose di Olivetta S.
Michele) and the Ventimiglia flysch (FYV — Flysch di Ventimiglia). The first develops above the
NCM, with a gradual transition from one to the other, and formed during the Lutetian and Bartonian
ages, while the second formed during the Bartonian and Priabonian (Dallagiovanna et al., 2012).

The Provencal Dauphinois domain has been interpreted as the result of the early stages of
subsidence of the Alpine Foreland basin and can be divided into four lithostratigraphic units (Perotti
etal., 2012).

Trucco marls and marly limestones (TUC): This formation crops out only in small portions of the
study area, in particular at the Muratone Pass. These are marly limestones and limestones, typical of
bacinal plain, and of variable thickness (Dallagiovanna et al., 2012; Perotti et al., 2012). Its maximum
thickness can reach up to 600 m, as marly intercalations are present, thicker in the upper part
(Dallagiovanna et al., 2012). Directly above, it is in contact with the nummulitic limestones (NCM).

(Campanian — Lower Maastrichtian)

Capo Mortola calcarenites, or Nummulitic limestone (NCM): Tana di Badalucco formed within
this formation. These calcarenites are the product of the Eocene transgression, with sediments of
terrigenous platform and, in some points, of internal slope, with macroforams remains. Sandstones
range from greywackes to arkoses, in layers from decametric to metric, with bioclasts composed of

nummulitides (Dallagiovanna et al., 2012). The calcarenites alternate with silty-arenaceous and marly
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horizons, which increase in thickness towards the top of the unit, as it passes through the marls of

Olivetta San Michele. (Upper Lutetian — Lower Bartonian)

Olivetta S. Michele silty marls (OSM): This formation is also known in literature as "Globigerina
marls"” (Stani et al., 2009; Dallagiovanna et al., 2012) or “Marnes Bleues” (Joseph and Lomas, 2004)
and it covers a large part of the study area. It is constituted of hemipelagites, represented by bluish
marls, silty marls and calcareous marls, deposited on a slope or distal ramp setting (Joseph and Lomas,
2004; Dallagiovanna et al., 2012; Perotti et al., 2012). (Upper Bartonian—Lower Priabonian)

Ventimiglia flysch (FYV): better known as "Grés d'Annot” and well studied in the last century
(Stanley, 1975; Joseph and Lomas, 2004; Stani et al., 2009). It is present only on the north-eastern
part of the geological map reported in Figure 9a. These are gravity flow deposits (turbidites and debris
flow deposits) that rest on the Marnes Bleues palaeoslope (Joseph and Lomas, 2004), in particular
they are alternations of sandstone and mudstones of grey and brown colour (Dallagiovanna et al.,
2012). This formation well represents the interaction between foreland basin evolution and deep-

marine sedimentation, on both regional and local scales (Joseph and Lomas, 2004).

Previous studies

As already mentioned before, the many names of this cave make it difficult to accurately
reconstruct the first excavations of its deposits. Probably this cave has always been known by the
locals who frequently used its infillings for the fields and its spaces as a shelter for livestock, although
Issel mentions this cave only in 1892. In any case, the first certain exploration was conducted by the
mountaineer Kledgen in 1929 and it is believed that on that occasion many Ursus spelaeus
(Rosenmiiller et Heinroth) remains had been found there (Calandri, Crippa and Ramella, 1979).
Furthermore, some authors (among others Zambelli, 1934), suggest that another excavation, by some
English men, has taken place around 1920, and these would have stolen an entire human skeleton
from the first part of the cave (Calandri, Crippa and Ramella, 1979). However, there is no way to

know this for sure.

Instead, we know with certainty that the excavations under Zambelli’s direction were carried out
between June and July 1933, on behalf of Imperia’s Speleological Group "A. Mochi", and found a
great variety of paleontological and palethnological finds digging the first two internal traits of the
main branch (Zambelli, 1934; Calandri, Crippa and Ramella, 1979).

After WWII, in 1965-1966, the Gruppo ricerche sanremese (Istituto Internazionale di Studi Liguri,

an Italian cultural association aimed at studying the history of Liguria) returned to Tana di Badalucco
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to excavate what was left (Molinari, Montinari and Rossi, 2012). Many lithic tools referable to the
Mousterian industry and about 20 pottery fragments, maybe from Neolithic to late Bronze Age, were
recuperated and, among them, even VBQ (Vasi a Bocca Quadrata, Square-Mouthed Pottery) phase
pottery fragments (Ricci, 1988; Bianchi, Rellini and Traverso, 2015). The current excavations started
in 2012, thanks to Soprintendenza Archeologia della Liguria and University of Genova. On this
occasion, it has been noted that small parts of the deposit, near the entrance and most of the innermost
portion, are still in place (Bianchi, Rellini and Traverso, 2015; Sessa et al., 2019).
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3.2 Finalese area

The study area (Figure 10) is located in western Liguria, in a space whose geographical limits are
the Torrente dell’ Aquila (to the West, near Arma degli Zerbi cave) and the outermost border of the
Manie Plateau (to the East, immediately next to the other two caves indicated on the map in Figure
10). The geomorphological aspects of the area are fundamentally linked to the activity of rivers, slope
processes and meteoric degradation (Dallagiovanna et al., 2011). However, it is evident how the
lithological characteristics of the outcropping rocks and the structural arrangement strongly

conditioned the general morphogenesis (Dallagiovanna et al., 2011).

Figure 10 - Geological and geographical framework of the study area.

Geological context

The geological context of western Liguria derives from a complicated geodynamic process which,
after the subduction of oceanic lithosphere and the subsequent collision between the European and
insubric continental plates, led to the construction of an orogen formed by a set of tectonic units of
continental and oceanic drift (Dallagiovanna et al., 2011). In this area there are three main structural
systems, separated by tectonic surfaces, starting from the geometric top down: the Piedmontese-
Ligurian, the Pennidic and the Dauphinois-Provencal (Perotti, Seno and Vanossi, 1994;
Dallagiovanna et al., 2011). The most interested part, in this case, is that of the Pennidic domain of
the Ligurian Alps, formed by tectonic units that have well recorded the metamorphic history of this

area (Perotti, Seno and Vanossi, 1994; Dallagiovanna et al., 2011). They are of continental relevance
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and belong to the Brianzonese units (Boni et al., 1971; Dallagiovanna et al., 2011; Murialdo, Cabella
and Arobba, 2019).

Here only the tectonic units directly involved in the area, and consequently the cave infillings, will

be reported and a brief presentation will be made.

PRE-PLIOCENE EvoLuTION (Figure 11)

The oldest deposits are of Carboniferous age (or Permian, there is no certainty yet) (Boni et al.,
1971; Biancotti and Motta, 1988; Dallagiovanna et al., 2011). In fact, during the Upper
Carboniferous (or Middle Permian) there is a very intense volcanic activity with consequent
deposition of lavas and pyroclastites, interspersed with terrigenous sediments (Biancotti and Motta,
1988). A weak alpine metamorphism lead to the transformation of acid lavas into porphyroids
(Porfiroidi del Melogno, Figure 10 and Figure 12), while the basic lavas transformed into prasinites
and schists (Formazione di Eze, Figure 10 and Figure 12), and the terrigenous sediments and
pyroclastites in schists, quartz schists and mica schists (Scisti di Gorra, Figure 10 and Figure 12)
(Boni et al., 1971; Biancotti and Motta, 1988).

During the Upper Permian, volcanic activity and sedimentation continued, but then volcanic

eruptions soon stopped (Biancotti and Motta, 1988; Cortesogno et al., 1998; Decarlis et al., 2013).

The Ponte di Nava quartzites (Quarziti di Ponte di Nava, Figure 10 and Figure 12) are the first
term of the Uppermost Permian-Lower Triassic coverage of Briangonnais. They are beach deposits
still bearing the typical structures of these depositional environments. (Biancotti and Motta, 1988;
Decarlis et al., 2013)

A partial or total emergence of the area is probably attributable to the Lower Triassic. It passes
with continuity of deposition to the Dolomites of San Pietro dei Monti (Dolomiti di San Pietro dei
Monti, Figure 10 and Figure 12), even if from time to time there is a surface of erosion between the
quartzites and the latter (Biancotti and Motta, 1988). During the Middle Triassic, a carbonate platform
develops and the deposition of grey dolomitic limestones, grey dolomites and marly limestones
("pseudoflysch™), in some cases dolomitic breccias, ceroid limestones, and, towards the top, marl and
marly limestones takes place (Biancotti and Motta, 1988). The carbonate deposition ceases between
the Upper Triassic and lasts until the Upper Jurassic, creating a deposition gap, when the

Brianconnais anticline formed (Biancotti and Motta, 1988; Dallagiovanna et al., 2011).
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This erosive phase leads, in some areas, to the direct deposition of pelagic limestones (Calcari
della Val Tanarello, Upper Jurassic) on the permo-carboniferous levels (Boni et al., 1971; Biancotti
and Motta, 1988).

Between the Upper Cretaceous and the Eocene, clayey-calcareous sediments of pelagic
environment, belonging to the Caprauna Formation (Formazione di Caprauna), are deposited
(Biancotti and Motta, 1988).

With this last formation the Briangonnais series ends. Subsequently the Alpine orogeny occurred,
it is responsible for the lamination and metamorphism of the previous units, as well as for the

overthrust of the internal Briangonnais on the external one (Biancotti and Motta, 1988).

Between the Lower Oligocene and the Langhian, the Finalese area is occupied by a large bay, in
which the terrigenous, clayey-marly, sandy and conglomeratic sediments are deposited, constituting
the “Pietra di Finale” basal complex (Complesso di Base del calcare di Finale Ligure). The well-
known "Pietra di Finale™ (formation of the Limestone of Finale Ligure, Calcari di Finale Ligure) is
formed during the Langhian-Serravallian, from a new wide gulf, where subsidence and land input
of material are equal (Boni, Mosna and Vanossi, 1968; Boni et al., 1971; Biancotti and Motta, 1988;
Dallagiovanna et al., 2012; Murialdo, Cabella and Arobba, 2019). Finally, the area emerges totally
in the Tortonian (Biancotti and Motta, 1988).

The main formations in the study area will be presented below, starting from the more ancient and

ending with the more recent.

Porfiroidi del Melogno fm.: Small-grained porphyroids deriving from the lamination, during the
Alpine orogeny, of more or less tufaceous rhyolites, riodacites and trachytes. Of the Upper

Carboniferous? - From the Middle Permian?(Boni et al., 1971)

The formation derives from more or less tufaceous acidic volcanic rocks. There are relationships
that are partly heteropic and partly overlapping with respect to the Gorra schists (Scisti di Gorra fm.).
Due to these relations it is difficult to give an exact estimate of the maximum thickness reached by
the formation (perhaps 700 m). The stratigraphic unit above is missing due to erosion. (Boni et al.,
1971)
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Partial chronostratigraphic chart
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Figure 11 — Pre-Pliocene chronostratigraphic chart with focus on the Miocene Epoch. Pliocene, Pleistocene and Holocene are

not reported here.
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Formazione di Eze fm.: Andesite, effusive and hypabyssal; prasinic, chloritic-epidotic schists,

deriving from lamination during the Alpine orogeny. Permian? Carboniferous? (Boni et al., 1971)

The areal distribution of the rocks belonging to this formation is closely connected with that of the
other permo-carboniferous rocks (Figure 10). There are mainly two facies of rocks: one more massive
and one more schistose, both green or green-like in the most massive form and brown or green-reddish

in the most weathered form. (Boni et al., 1971)

Scisti di Gorra fm.: Quartz schists, quartz-sericite schists, chlorite, mica schists, gneissic schists.

Permian? Carboniferous?(Boni et al., 1971; Dallagiovanna et al., 2011)

They derive, like the formations previously listed, from the lamination caused by the Alpine
orogenesis, in this case on arenite-pelitic, tuffaceous-arenaceous and possibly lava materials. The
relationships with the Melogno Porphyroids (Porfiroidi del Melogno fm.) and the Eze Formation
(Formazione di Eze fm.) are difficult to interpret. Therefore, even the thicknesses are uncertain and

can be considered to be between 200 m and 800 m. (Boni et al., 1971; Dallagiovanna et al., 2011)

e a r"’ Tz 3
* Caves Calcari di Val Tanarello
Dolomie di San Pietro del Monti
Hydrographic network
Quarziti di Ponte di Nava

Geological formations Metasedimenti permiani
Alluvium Scisti di Gorra
Quatemary deposits Formazione di Eze
Calcare di Finale Ligure Porfiroidi del Melogno

Complesso di base

Formazione di Caprauna

Figure 12 - Legend of the geological map of the Finalese area. The geological formations are in alphabetical order.

Quarziti di Ponte di Nava fm.: Whitish and greenish quartzites, medium- to coarse- grained,
sometimes schistose, with rare green and purple pelites to the top of the formation. Lower Triassic.
(Boni et al., 1971; Dallagiovanna et al., 2011; Decarlis et al., 2013)

The formation is rather homogeneous in all of the Briangonnais series. Only at roof level it has
alternating quartz and pelitic layers, for up to 30 m. There is an erosional surface in the areas where
the upper limit is represented by the Val Tanarello limestones formation (Calcari di Val Tanarello

fm.). (Boni et al., 1971)
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Dolomie di San Pietro dei Monti fm.: Thick carbonate succession of more or less grey limestone
dolomites, alternating with grey dolomitic limestone and limestone, sometimes with red and green
pelitic interlayers. There are also micaceous, siliceous limestones and dolomites with flint nodules.
In this level there are fossils of: Dadocrinus gracilis (Von Buch), Tetractinella trigonella (Schloth),
Meandrospira dinarica (Kochansky-Devide and Pantic), Glomospira densa (Pantic), Glomospirella
grandis (Salaj), Diplopora uniserialis (Pia) and Diplopora annulata (Schaf.). Middle Triassic. (Boni
et al., 1971; Dallagiovanna et al., 2011; Decarlis et al., 2013)

The formation is mainly composed of limestone in the lower part and dolomite in the upper part.
Its outcrops are generally accompanied by those of the Ponte di Nava quartzite formation (Quarziti
di Ponte di Nava fm.) and have an almost similar distribution. The thickness fluctuates around 200
m. The presence of fossils and so rare, additionally, facilitates the temporal classification. (Boni et
al., 1971; Dallagiovanna et al., 2011)

Calcari della VVal Tanarello fm.: Light, ceroid, well-stratified marble limestones and multicolour
marbles. Locally, at the base, arenaceous limestones and conglomerates, while at the top, sometimes,
rose and almond marbles. Very rare fragments of crinoids, belemnites, ammonites and aptychus.

Upper Jurassic. (Boni et al., 1971; Dallagiovanna et al., 2011)

It is a very characteristic formation, although rather reduced in thickness and, also for this reason,
not very extensive. The thickness is comprised between 10 and 80 meters and, everywhere, the
formation is stratigraphically covered by the limestone schists of the Caprauna Formation
(Formazione di Caprauna fm.). Between these two we can find a hard-ground delineating the
transition to the Upper Cretaceous. (Boni et al., 1971; Dallagiovanna et al., 2011)

Formazione di Caprauna fm.: Calcareous and calcareous-arenaceous schists, or even phyllitic,
dark grey, pale schistose limestones with rare reddish clay levels in the lower part. At times with
nummulites, at times with Globotruncana. Upper Cretaceous? Eocene? (Boni et al., 1971,
Dallagiovanna et al., 2011)

Its facies is more uniform, consisting of calcareous, clayey, and phyllitic schists, dark grey in
colour, characterized by veins of quartz and calcite. The thickness is around 200 m. All the outcrops

are located above the Jurassic limestones already examined above, with sometimes the hard-ground
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in between. The upper limit of the formation is not known. (Boni et al., 1971; Dallagiovanna et al.,
2011)

Complesso di base del Calcare di Finale Ligure fm.: The outcrops are rather limited in extent.
These are arenaceous conglomerates and quarzitic coarse-grained sandstones, with some

heterogeneous breccia beds. Upper Oligocene? - Lower Miocene. (Dallagiovanna et al., 2011)

These facies are located at the stratigraphic base of the Limestone of Finale Ligure (Calcare di
Finale Ligure fm.), separated from it by an erosional surface. In general, the basic complex consists
mainly of marly facies and coarse clastic facies. (Boni et al., 1971) In the study area mainly the former
are present. The following fossils were recognized in this formation by A. Boni et al., (1971) in the
study area: Globoquadrina sellii (Borsetti), Globigerina ampliapertura (Bolli), Cibicides cushmani
(Nuttall), Cibicides mexicanus (Nuttall), Cibicides perlucidus (Nuttall), Stilostomella nuttalli

(Cushman and Jarvis).

Calcare di Finale Ligure fm. (also known as “Pietra di Finale”) (Figure 13): Bioclastic vacuolar
limestones with corals and Codiaceae, white, pink or reddish, with interspersed sandstones in layers
and lenses, massive in the upper part, well stratified in the lower part. (Boni, Mosna and Vanossi,
1968; Boni et al., 1971; Dallagiovanna et al., 2011) The fossiliferous component is very important
and mainly constituted of: macrofauna with Echinoidea and Bivalvia (Chlamys bollenensis (May-
Eym), Chlamys macrotis (Sow.), Chlamys malvinae (Dub.), etc.), Brachiopoda, Elasmobranchii, ...
for the Monte Cucco member, at least. Lower-? Middle Miocene? (Boni et al., 1971; Dallagiovanna
etal., 2011)

In 2019, a Mysticete fossil (Eubalaena glacialis) has been made available to the public of Finale
Ligure (and exposed in Finalborgo, in the Museo Archeologico del Finale) and to researchers. It is
the second marine mammal fossil find, the first being a small fragment of a rib, in the Verezzi

member, possibly attributable to a Sirenia. (Murialdo, Cabella and Arobba, 2019)

This formation can be divided into five different members: Monte Cucco (Figure 13), Rocce

dell’Orera, Verezzi, Torre di Bastia and the Poggio member.

Monte Cucco member is the hugest member and the member within which all three studied caves
can be found. It consists of bioclastic limestones, with calcitic, coarse-grained cement. The inorganic
fraction is slight, it is whitish and the stratification is not always recognizable. Arenaceous or

conglomerate lenses can be found within. It can reach up to 200 m thick. (Boni et al., 1971)
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For an in-depth analysis of these plaques, see the excellent and detailed bibliography (Boni, Mosna
and Vanossi, 1968; Murialdo, Cabella and Arobba, 2019)

Figure 13 - Calcare di Finale Ligure fm. ("Pietra di Finale", Finale Ligure limestone) outcrop. Detail of the Monte Carmo member.
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Site description and previous studies

Three of the studied caves are located within the Finalese area: Arma degli Zerbi, Caverna delle
Fate and Arma delle Manie. Of these three, the last two are the most studied and have generally been
considered together, also for geographical reasons, in fact they are not far apart. All three, however,

until now, have mostly been examined purely from an archaeological point of view.

Arma degli Zerbi

This cave is located 255 m a.s.l. and its entrance is NW oriented (Figure 14a), about 4.20 m wide
and about 5.60 m high (Figure 14b) (Dodero, 2017; Negrino et al., 2018). It consists of a single 22 m
long tunnel, 5 m wide at its maximum point. Like the other caves, it belongs to a no longer active
karst system. Towards the entrance it is possible to recognize the remains of a dry-stone wall,

probably built by local farmers who used the cave as a stable for their cattle.

Figure 14 - a) Plan of Arma degli Zerbi (modified from Farinazzo (1999)). b) The entrance to the cave.

39



The first information regarding this cave dates back to 1884, when Arturo Issel and the Captain
d'Albertis carried out the first investigation (Dodero, 2017). They studied the entrance closest part
and found some fragments of Ovis's horns, fragments of long ruminants bones and teeth of Ursus.

Finding no artefacts there, they desisted from continuing their explorations (Dodero, 2017).

Father Amerano, another of the most distinguished scholars of that era, visited the cave in 1891
and found bones of Ursus spelaeus, as well as traces of human presence (fragments of charcoal,
pottery, etc.). In any case, there are not many materials attesting to further exploration and studies of
the deposits of this cave. Only in the nineties of the last century a collaboration between the Museo
Archeologico del Finale, the Soprintendenza Archeologia della Liguria and a local high school did
make it possible to conduct research on the remaining deposits (Farinazzo, 1999; Dodero, 2017).
Unfortunately, a large part of the cave sediments had been removed during clandestine excavations
and for the creation of terraces outside the cave, making the study of the stratigraphy very difficult
(Dodero, 2017; Negrino et al., 2018).

Previous studies, as mentioned above, have left little information about this cave. For now, the
insights taken into consideration here will mainly be those of our archaeological collaborators. In
concert with them, four stratigraphies, previously exposed by clandestine excavations, have been
recognized (Figure 14a and Figure 15), but new ones will be presented in the results, only to facilitate

the geological approach.

Section 1 Section 2 Section 3 Section 4

Figure 15 - The four sections as drawn by prof. Negrino.
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Leaving out the archaeological context, which is not the aim of this thesis, it can be said that this

cave’s deposits cover a period of time ranging from the most recent phase of the Middle Palaeolithic

to the Neolithic (Dodero, 2017; Negrino et al., 2018). This was ascertained through the study of the

archaeological remains found inside the cave. These assertions were later supported by the dating

provided by the Max Planck Institute (Table 3).

Table 3 - Recognition of the nature of the material (thanks to prof. Arobba, Museo Archeologico del Finale) and dating of coals
from the four studied sections of Arma degli Zerbi cave deposits.

Sample

Sec.1-SU1
Sec.1-SU4
Sec.2-SU7
Sec.3-SU1
Sec.4-SU3

Sec.4-SU4

Material (charcoal)

Quercus t. ilex/coccifera
Pinus t. pinea/pinaster
Pinus t. halepensis
Pinus t. sylvestris/mugo
Pinus sp.

Pinus t. sylvestris/mugo

14C Age (yr BP)

9008+48
14010+90
47070+720
13870+50
48900+970
46980+1290

Calibrated dating (95.4)
(OxCal 4.3) (yr cal. BP)

10249-9935
17355-16664
>50000
17023-16554
>50000
>50000

41



Caverna delle Fate

Caverna delle Fate was discovered by scholars, even though the locals already knew this cave well,
in 1876 by Cap. D'Albertis (Isetti and de Lumley, 1962). The cave is located at 280 m a.s.l., opens to
the SW and extends for 300 m (Bichet, 1987) (Figure 16). It consists of three rooms, connected by
corridors. It is not very far from Arma delle Manie cave: in fact, they are only 500 m apart as the
crow flies (Isetti and de Lumley, 1962). Already in 1962, Isetti & de Lumley (1962) report that the
most important entrance, consisting of a large and luminous hall (Figure 17), must have constituted
an important archaeological deposit, which had already disappeared then, probably to create or
fertilize some agricultural terraces. Furthermore, in recent times, inside the cave, there was a

sheepfold and the entrance was partially closed for this reason (Isetti and de Lumley, 1962).

D'Albertis led Issel and Perrando, in 1876, inside the cave, where they conducted some
excavations, collecting a good amount of material (Isetti and de Lumley, 1962; De Pascale, 2008).
Nevertheless, the first real excavations took place between 1887 and 1889, and they were directed by
Padre Amerano (De Pascale, 2008; De Lumley and Giacobini, 2013a). These mainly involved the
entrance hall and corridor 3, but all the rooms were explored (Psathi, 2003). During these, large
quantities of bear bones were found, as well as archaeological material dating back to at least the
Neolithic (Isetti and de Lumley, 1962; Bichet, 1987; Psathi, 2003). All the material found was
preserved for a long time in museums, until, in the 1980s, bones belonging to some Neanderthal
individuals were recognized among all the bones sampled (Giacobini et al., 1984; Echassoux et al.,
1989; De Lumley and Giacobini, 2013b). This led to a new season of excavations and studies of cave
deposits. A series of studies with different techniques has been undertaken along the years:
anthropological (Arnaud, 2013; Giacobini et al., 1984, among others), archaeological (Echassoux et
al., 1989; Cauche, 2007), faunal (De Marchi, 2003; Psathi, 2003; Quiles & Monchot, 2004; Valensi
& Psathi, 2004, ...), palynological (Karatsori, 2003; Karatsori et al., 2005), but also geological
analyses (Bichet, 1987; Falguéres, Yokoyama and Bibron, 1990).
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a) b D o b)

Figure 16 - a) Plan of the cave, with the arrow indicating the position of corridor 3 (from Bichet (1987)). b) The detail of the
first portion of the cave, including corridor 3, with the reference squares shown.

As already mentioned, among the materials collected by Amerano in 1887 in corridor 3, in 1981
(Giacobini et al., 1984) three Neandertal remains were recognized and then attributed to two
individuals: one adult and a 8-10 year old boy (Giacobini et al., 1984; Echassoux et al., 1989). This
discovery led to an Italian-French collaboration in order to reopen the excavations at the Caverna
delle Fate (De Lumley and Giacobini, 2013b, 2013a). From this new series of excavations, other
elements were found in place and very similar to those already described, making up sixteen elements,
mostly teeth, of Neandertal origin that, still, can be attributed to a minimum of two individuals
(Minimum Number of Individuals, MNI) (Arnaud, 2013; De Lumley and Giacobini, 2013a, 2013b).
They have been attributed to what we refer to as the upper part of section A, in corridor 3 (De Lumley
and Giacobini, 2013a, 2013b) (Figure 18, Figure 19a). These human remains have also been dated to
a period comprised between 72 ka BP and 82 ka BP (Giacobini et al., 1984; Echassoux et al., 1989;
Falguéres, Yokoyama and Bibron, 1990) (Figure 19a).

43



Figure 17 - The entrance hall of Caverna delle Fate. a) Here it is possible to see the detail of the entrance, with the recent wall.
b) The back of the entrance hall.

The archaeological context is not the subject of this thesis, but it could be useful in the subsequent
paleoclimatic reconstruction. Since the first excavations, the lithic industry found was that of
Mousterian type, in large quantities and with many elements in jasper (de Lumley et al., 2008;
Cauche, 2012). Furthermore, it was noted the alternation produced by the cave bear (Ursus spelaeus)
and man, in different levels, but always with not entirely clear dynamics (Isetti and de Lumley, 1962;
Echassoux et al., 1989). Almost all the finds come from corridor 3 (Figure 18): it was already
Amerano, in 1887 (Psathi, 2003), to start excavating in this portion of the cave, this also because the
deposits in the entrance hall had all been removed. Only in later works (Echassoux et al., 1989; de
Lumley et al., 2008) there are mentions of some Acheulean tools found in the portion of the cave
between the entrance hall and the corridor. Finally, we are aware of the discovery of three hearths
remains, with traces of burnt branches associated with them, but still in corridor 3 (Echassoux et al.,
1989).
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Figure 18 - Plan of corridor 3. f1-2-3: hearths. Sections A, B and C are also shown.

Psathi (2003) refers to a fauna with an "archaic and endemic"

% context, in a rather open forestry situation and a certain taxonomic

| richness. It is referred how the cave must have been occupied

alternately by three distinct groups: cave bear, human groups and

several carnivorous species (De Marchi, 2003; Psathi, 2003;

Valensi and Psathi, 2004). Of these, the bear would seem to return

cyclically and systematically in the deposits, while the other two

" ' -z groups - man and other carnivorous animals - have been identified

for rare and short periods. This even though man is present

CAVERNA DELLE FATE
corricoio 3

R - seasonally, mainly for hunting reasons, and in particular in the
second part of the year (Psathi, 2003; Valensi and Psathi, 2004). The main focus has mostly been that
of the presence of Ursus spelaeus, given the large amount of bones found, which probably used the
cave as a nursery (Quiles and Monchot, 2004). Psathi (2003) refers to the stratigraphy identified by
saying that probably the lower part of section A is attributable to the Eemian (MIS 5e, Shackleton et
al., 2003), while the general stratigraphy of Caverna delle Fate covers from the end of MIS 5 to the
first part of MIS 3.

The pollen analysis (Karatsori, 2003; Karatsori et al., 2005) focused exclusively on the upper part
of what will be called here section A (using the Bichet nomenclature (1987), Figure 19a), due to the
insufficiency of pollen in the other levels. From these studies four pollen zones were identified (Fat.1,
Fat.2, Fat.3, Fat.4), delimited according to the nature of the infilling (alternation of speleothem or
clayey levels, or sedimentary discontinuities), indicating time spans of unknown duration (Karatsori
et al., 2005). Starting from the downmost (Fat.1), Pinus is the dominant genre and a semi-closed to
closed landscape, made up of mixed forest vegetation with conifers and deciduous trees, seems the
most likely environment. This changed into a xerophilic and Mediterranean herbaceous vegetation
(Cichorioideae, e.g.), indicating an opening of the landscape and a slight pluviometric deficit.
Between the first two and the last two groups there is a sterile portion. In Fat. 3, ubiquitous herbaceous
plants increase (Scrofulariaceae), deducing that a period of climatic instability, characterized by
abrupt changes, must have taken place. It is suggested that perhaps it was a relatively warm period,
with increasing dryness, perhaps a reflection of an interstadial phase. To end, Fat. 4 is evidenced by
the expansion of Quercus ilex/coccifera type, then with a sudden transit to a closed landscape where
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tree taxa increase in number. The climate would be temperate with a Mediterranean character, and a

summer pluviometric deficit. (Karatsori, 2003; Karatsori et al., 2005)

a) b)

Figure 19 - a) Section A stratigraphy (Echassoux et al., 1989). b) Section B stratigraphy, in red the micromorphological samples
position from Bichet (1987). Modified from (Bichet, 1987).

On section C (Figure 20), analyses on magnetic minerals were also carried out (Bichet, 1987;
Djerrab and Hedley, 2010). Given that only the first 50 cm of this section have been studied in this
thesis and these fit perfectly into the so-called "niveau 1" (level 1) by Djerrab & Hedley (2010), only
this one will be treated here. In the upper part of the infilling, minerals such as magnetite and
maghemite were recognized, in very fine grains, formed by redox reactions of primary iron oxides
under the effect of pedogenesis (Djerrab and Hedley, 2010). Bichet (1987) also adds that the
homogeneity of the spectrum of heavy minerals underlines the invariability of the origin of the

materials, throughout the detrital sedimentation of the filling.
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Figure 20 - Section C stratigraphy, modified from Bichet (1987). In red
micromorphological samples position in (Bichet, 1987).

It is plain to see that there are many studies concerning
these cave deposits, but only a few take into account the
geological context. One above others is the one taken as

reference point here: Bichet (1987). This because he

deeply investigated many geological aspects and tried to

apply, even if not systematically and not with the
sufficient number of samples, the micromorphological technique. It will be useful to confront his data
with those presented here forth.

In Bichet (1987), for the first time, corridor 3 is studied dividing its infillings into three sections:

A, B and C (as depicted in Figure 19 and Figure 20), and here will be done the same.

One of the first aspects that Bichet (1987) underlines is the disparity, at the grain size level,
between the active Kkarst layers and those deposited afterward: the parameters values of the active
karst layers (in section C) seem very unstable, while the levels that he indicates as "occupied” or of

the evolved Kkarst (section B and A) are more homogeneous.

Not considering the descriptions, following Brewer (1964) guidelines, Bichet (1987) affirms that,
from the micromorphological observations, layer XXV (Levels 1 and 2 in our stratigraphy, Figure
42) would seem to present the characteristic traces of the periglacial action (such as vesicles and
coatings) and, in some of its parts, thanks to the sedimentological parameters studied, also
sedimentation by film runoff. This would explain the homogeneity of the layer, although no figures
related to thaw were found. In the layer above, belonging to section B, but considered here as a
continuation of section C, few probably Mousterian tools have been found. Furthermore, it can be
observed that soil fragments, coming from the upper Manie Plateau, infiltrated down to this layer.
Rare hydromorphic conditions have been recognised, but probably they are associated to biological
activity.

Instead, the newformed phosphates identified, thanks to the OIL technique, in the XXIII layer of
section B (Figure 19b), pointed to an high organic matter content of the original deposit. Thus, in

contrast with the previous layer, all the characteristics described, such as the finer materials, the
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biological activity and the absence of periglacial features, state for a climatic evolution towards less

severe conditions but all the same cold.

Moving upward, a speleothem layer is found, indicating a biostatic period, soon followed by not
so harsh conditions, but still cold, so much so that it is not possible to find any faunal trace. In this
layer, it is common to find charcoal fragments and human tools. Other speleothem layers can be
found, such as XVI, XV and XIV in section A (Figure 21). It is suggested the same origin and

paleoenvironmental reconstruction for them, too.
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Figure 21 - Section A as drawn by (Bichet, 1987). Here it is possible to see all layers' names.

At the end of this cold period the formation of speleothem XIII (section A) can be positioned.
Above this, probably, an erosion phase (lacuna) occurred. At level XII, XI, X, IX the climate would
seem to re-establish with temperate and humid conditions. Two of these levels (X1 and X) have been
dated around 78 ka BP (Figure 19a) (Falguéeres, Yokoyama and Bibron, 1990). As for level VIII, the
thickness is reduced and the soil apport is important, so much so that it could be interpreted as an
index of climatic degradation (return to cold conditions). This situation worsens in the next level
(VII), where it is also possible to notice a new phase of fragmentations and collapse of the Manie
Plateau’s soils. This must have affected also levels V1, V, 11l and I1. This climatic degradation phase
seems to end around 40 ka BP (Figure 19a) (Falguéres, Yokoyama and Bibron, 1990) with the return
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to more temperate and humid conditions, such as to allow the formation of the upper stalagmite level

(0.
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Arma delle Manie

The cave of Arma delle Manie (Figure 22) has always been known to the local population, but
only at the beginning of the sixties of the last century it became a very important site for its

archaeological finds.

Figure