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This paper highlights results of a multidisciplinary and multi-analytical study of Holocene archaeological
soils around Cecita Lake (Sila massif, Calabria, southern Italy), which represents a typical upland Med-
iterranean environment. It is focused on assessment of climatic and environmental changes that took
place since late Neolithic to Roman times, trying to discriminate natural from anthropogenic signals.
Based on an integration of archaeological, geomorphological, stratigraphic, pedological, volcanological
and soil charcoal (pedoanthracological) data, the following paleoclimatic/environmental reconstruction
is proposed: a warm and humid, seasonally contrasted climate, with an overall geomorphological sta-
bility suited for soil development, characterized the late prehistoric environment (Holocene climatic
optimum), dominated by a widespread oak forest. The main pedogenetic processes consisted in organic
matter accumulation, clay illuviation, phyllosilicate and short-range order mineral neogenesis from
weathering of granite and volcanic ash, sourced from late Pleistocene—Holocene eruptions of the Aeolian
Islands. One or more mid-Holocene episodes of climate deterioration towards drier conditions (indicated
by a decrease of clay translocation processes and possible irreversible dehydration of poorly-crystalline
aluminosilicates into phyllosilicate clay minerals) promoted intense land degradation. This was in turn
enhanced by increasing human activities for settlement and resource exploitation (among which
deforestation and ploughing for agriculture), which led to a shift of the vegetation cover towards a
dominant pine forest between 3 ka BP and the Roman epoch. Humid and possibly cooler climatic con-
ditions during the late Holocene are indicated by the decrease of clay illuviation, coupled with short-
range order components prevailing over phyllosilicate clays during Roman soil formation.

© 2013 Elsevier Ltd and INQUA.

1. Introduction

Impact of Quaternary climate changes on the environment and
ancient societies is a matter of discussion in both palaeoclimate and
archaeology communities (e.g. Butzer, 2005; Madella and Fuller,
2006; Jalut et al., 2009; Roberts et al., 2011). It was demonstrated
by various authors (Anderson et al., 2007; Turney and Brown, 2007;
Warner et al., 2010; Mercuri et al., 2011) that climate can have
modified human habits since the past and caused civilizations to
adapt to climatic changes.
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The study of climate oscillations during the Holocene is partic-
ularly important because they are in direct temporal continuity
with modern climatic conditions. Moreover, Holocene paleoenvir-
onmental research provides a unique way to reconstruct and un-
derstand how ecosystems respond to climate changes at longer
timescales than short-term bio-geosphere dynamics directly
observed, monitored and often quantified by instrumental methods
in very recent and present times (cf. Overpeck et al., 2003). In
particular, a crucial question exists about role of natural and
anthropogenic forcing, which also underlines the need for reliable
prediction of forthcoming scenarios, mainly in terms of possible
cultural adaptations and responses of modern societies to future
climate change (deMenocal, 2001; Gregory et al., 2006). Use of
other continental proxies, such as soils and charcoals as indicators
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of ecosystem responses to Holocene climatic and environmental
changes in the Mediterranean, is still less explored (e.g. Sadori et al.,
2008; Favilli et al., 2010; Linstddter and Zielhofer, 2010; Vanniere
et al.,, 2011).

The aim of the present work is to investigate the role of soils and
soil charcoal as complementary tools to traditional high-resolution
continental archives, for assessing the main environmental changes
that took place during the Holocene in an upland Mediterranean
area of southern Italy, namely Cecita Lake (Sila massif, Calabria
region) (Fig. 1a and b). This site has already been shown to have an
interesting record of late Quaternary paleoclimatic/environmental
changes, weathering and pedogenetic processes, as well as long-
term geomorphological evolution (e.g. Scarciglia et al., 2005a,b;
2008). It is therefore a potentially good indicator of the regional
environment and still appears as a promising area for further
detailed investigations of the Holocene record in soils developed in
archaeological contexts. For this purpose we applied a multidisci-
plinary, geomorphological, stratigraphic, pedological, volcanolog-
ical paleobotanical and archaeological approach, focusing on
characterization of some archaeological sites in the area around
Cecita Lake, which span from late Neolithic (3800—3600 BC) to the
late Empire Roman Age (5th century AD).

Very few papers have so far dealt with soil charcoal analysis
(pedoanthracology) coupled with soil characterization, mainly
focused on soil morphological description and/or soil chemistry
and organic matter properties (Di Pasquale et al., 2008; Favilli et al.,
2010; Egli et al., 2012). Here an innovative integration of soil study,
including detailed chemical, physical, mineralogical and micro-
morphological analyses, with pedoanthracology was achieved, up
to now not applied in the literature: geomorphic evolution and
terrestrial ecosystem response to changing climatic conditions are
interpreted on the basis of traditional pedological analyses,
whereas diachronic vegetation reconstruction, i.e. evaluation of
past vegetation dynamics through time, is provided by soil charcoal
analysis (Carcaillet and Thinon, 1996; Figueiral and Mosbrugger,
2000; Touflan and Talon, 2009). Both approaches, coupled with
other geoarchaeological indicators (traces of agricultural practices,
exploitation of raw materials, manufacturing, etc.), are also used in
a challenging attempt to discriminate climatic (natural) from non-
climatic (anthropogenic) signals. In a region as the circum-
Mediterranean basin, characterized by a long and variegated his-
tory of human occupation, this effort can be problematic, especially

during the mid to late Holocene transition (e.g. Roberts et al., 2004;
Migowski et al., 2006; Thorndycraft and Benito, 2006). In this
context, also some peculiar features typical of soils developed on
volcanic products, such as clay mineralogy and andic properties
(sensu IUSS Working Group WRB, 2007; Soil Survey Staff, 2010) are
used as (paleo-) environmental/climatic proxies (e.g. Duchaufour,
1982; Buol et al., 1989; Shoji et al., 1993; Frezzotti and Narcisi,
1996; James et al., 2000).

2. Geological, geomorphological, climatic and vegetation
setting

The Sila massif consists of a Paleozoic, high- to low-grade
metamorphic basement (gneiss, amphibolite, schist and phyllite)
of the Calabrian Peloritan Arc (Amodio-Morelli et al., 1976; Van Dijk
et al., 2000), intruded by a late Hercynian Sila batholith (Messina
et al, 1991; Caggianelli et al.,, 2000; Liotta et al., 2008), and in
places covered by Mesozoic and Miocene to Pleistocene sedimen-
tary deposits (Roda, 1964; Critelli, 1999; Van Dijk et al., 2000). The
Sila batholith consists of different, mutually intersecting plutonic
rock intrusions (granodiorite, gabbro and leucomonzogranite).

The landscape of the Sila massif is characterized by gently roll-
ing, dissected limbs of relict planation landforms (paleosurfaces) of
Pliocene—Pleistocene ages, with a chessboard-like spatial pattern,
cut across the crystalline basement rocks and the sedimentary
cover (e.g. Sorriso-Valvo, 1993; Molin et al., 2004; Scarciglia et al.,
2005a, 2005b, 2007). These landforms were displaced by tectonic
uplift above the present base-level at elevation ranges of 800—
1700 m a.s.l. and are bordered by steep slopes with generally high
local relief. Some intramontane tectonic depressions characterize
the Sila uplands, where large, present-day artificially dammed
lakes replace Pleistocene paleo-lakes. The study sites are located
along perimetral terraced shores of one of these basins, namely
Cecita Lake. A mid to late Pleistocene fluvio-lacustrine sedimentary
succession (not less than 15 m thick) represents the paleo-Cecita
basin-fill. It consists of yellowish/greenish to light grey/bluish
lacustrine clays, alternated with silt, sand and fine gravel beds and
dark brown to blackish peaty layers (e.g. Sorriso-Valvo, 1993;
Scarciglia et al., 2005a,b). Three orders of terraces of middle to late
Pleistocene-Holocene ages are carved on it (Scarciglia et al., 2005b)
(Fig. 1b): the higher terrace crops out along the Cecita Valley (to the
east of the lake) at about 1270 m a.s.l., where sands, silts, clays and
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Fig. 1. Location of the study area (a) and geomorphological sketch map of Cecita Lake with the studied archaeological soil profiles (b). Modified from Scarciglia et al. (2005b, 2008).
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minor gravels alternate. The intermediate and lower terraces,
reaching about 1138—1150 and 1127 m a.s.l. respectively, are
morphologically entrenched within these older terraced deposits.
In particular, the former developed on gravelly and sandy alluvial
sediments that overlie the lacustrine silty and clayey facies, across
which the latter are cut.

A widespread soil type, developed on both fluvio-lacustrine
deposits and plutonic bedrock, with a contribution of late Pleisto-
cene to Holocene fine volcanic ash during soil formation and
consequent weak andic properties (sensu IUSS Working Group
WRB, 2007; Soil Survey Staff, 2010), characterizes with lateral
continuity all the area around Cecita Lake (ARSSA, 2003; Scarciglia
et al., 2005a,b; 2008). It represents a geosol, i.e. a pedostratigraphic
marker in the Sila uplands (Scarciglia et al., 2008), which also in-
cludes the archaeological soil profiles of late Neolithic/early Eneo-
lithic and Roman ages studied in the present paper. It is commonly
exposed at surface, but in places it is buried by detrital slope de-
posits, where its latest phases of pedogenesis are dated to
3136 + 19 BP (conventional AMS radiocarbon dating) on the basis of
soil charcoal therein included (Scarciglia et al., 2008).

The study area is characterized by a typical upland Mediterra-
nean climate (Csb-type, sensu Képpen, 1936), i.e. a temperate hu-
mid climate without a particularly prolonged dry summer. Mean
annual precipitation is spread throughout the fall-winter season
(with maxima during December and/or January) and reaches about
1500 mm/year, including snowfall. Mean annual temperature is
around 8—9 °C, with mean monthly values of —1 °C in the coldest
month (January) and of 12—16 °C in the warmest one (August)
(Versace et al., 1989; Colacino et al., 1997; ARSSA, 2003). From a
pedoclimatic point of view (cf. Soil Survey Staff, 2010) the soils of
the Sila uplands are characterized by a mesic temperature regime
coupled with an udic moisture regime (ARSSA, 2003).

The vegetation cover is dominated by grassland used for grazing
and cultivated fields (mainly wheat and potatoes), beech (Fagus
sylvatica) and oak forest (Quercus cerris) and especially high
mountain belt conifers where pine (Pinus nigra subsp. laricio) pre-
vails and fir (Abies alba) occurs subordinately. Most of pines are the
result of recent reforestation policies promoted during the last half
century (Costantini, 1993), coupled with progressive renaturaliza-
tion, after repeated phases of intense forest clearance and crop
activities until the 1950s (Sorriso-Valvo, 1993).

3. Methods
3.1. Soil analyses

Soil samples from three representative soil profiles of the two
archaeological settlements (profile PC, late Neolithic to early
Eneolithic; profiles Arch 1 and Arch 2, Roman epoch) (Fig. 1b) were
described in the field and sampled for different laboratory analyses.
In particular, archaeological findings were used to fix time con-
straints for the studied soils, in addition to other chronological data
already available in the literature (Scarciglia et al., 2005a, 2005b,
2008). Physical and chemical analyses were carried out on soil bulk
samples (fine earth fraction, <2 mm) after air-drying and sieving,
according to standard procedures (MiPAF, 2000): particle size dis-
tribution, pH(NaF) (Fieldes and Perrott, 1966) and pH(H,0), organic
carbon, total carbonate, cation exchange capacity (CEC) and
exchangeable bases were determined.

Clay minerals were identified by X-ray diffraction analysis (XRD)
on air-dried, parallel-oriented specimens (Hughes et al., 1994) of
the clay fraction (<2 pm), using a Rigaku D/MAX-2200/PC instru-
ment (Cu—Ka radiation, 40 kW, 30 mA). The following treatments
were performed: Mg saturation, ethylene-glycol (EG) solvation,
heating at 105 °C, 350 °C and 550 °C (Wilson, 1987; Moore and

Reynolds, 1997). The same samples were analyzed as powders by
Fourier transform infrared spectroscopy (FT-IR) using a Nicolet 380
instrument, equipped with a Smart Orbit accessory, operating in
ATR (attenuated total reflectance) mode. Absorbance spectra were
measured in the mid-infrared region (wavenumbers 400—
4000 cm ™).

Different forms of Al, Fe and/or Si were determined on the fine
earth fraction (<2 mm) using selective extraction techniques, such
as acid ammonium oxalate extractable Al,, Fe,, Sip (Schwertmann,
1964) and sodium pyrophosphate extractable Al, (Bascomb,
1968). Their amounts were measured by atomic absorption spec-
troscopy (AAS). On the basis of these extractions, some indices for
the estimation of short-range order minerals (SROM), such as
allophane, proto-imogolite, imogolite and ferrihydrite, were
calculated: Aly% + 0.5 Feo% (ICOMAND, 1988); (Al, — Alp)/Sio and
Alp/Al, (Parfitt and Wilson, 1985). In particular, the ICOMAND index
proposed by the International Committee on the Classification of
Andisols was used as a proxy for the assessment of andic properties
(IUSS Working Group WRB, 2007; Soil Survey Staff, 2010). This
index is based on the fact that oxalate extraction procedures can
separate aluminium and iron forms occurring in amorphous (and
poorly-crystalline) soil materials, i.e. entering metal-humus com-
plexes and/or short-range order neoformed aluminosilicates. Py-
rophosphate extracted aluminium subtracted from oxalate
extracted aluminium corrects for removal of Al-humus complexes,
thus estimating active Al content incorporated just into allophanic
components (Dahlgren et al., 1993; Garcia-Rodeja et al., 2007).
Allophane content was calculated using the formula published by
Mizota and van Reeuwijk (1989), whereas approximate ferrihydrite
content was estimated as proposed by Childs et al. (1990).

Micromorphological observations were performed on thin sec-
tions (10 cm x 5 cm x 30 pm) from each genetic horizon of soil
profiles Arch 1, Arch 2 and PC, and from an additional buried ho-
rizon (Ab) in another late Neolithic to early Eneolithic soil profile
(see following section on field features). Thin sections were pre-
pared from undisturbed soil samples, after impregnation with a
polyester crystic resin and air-hardening, and described in optical
microscopy according to FitzPatrick (1984).

Scanning electron microscopy analyses, coupled with energy
dispersive spectroscopy (SEM—EDS), were carried out on the same
thin sections to assess possible volcanic components and charac-
terize their chemical composition. A Stereoscan 360 scanning
electron microscope (Cambridge Instruments), equipped with a Si/
Li-SUTWdetector (EDAX, Philips Electronics), was used.

3.2. Charcoal analysis

The pedological study was complemented by soil charcoal
analysis, as a reliable proxy for reconstructing the local woody
vegetation with high spatial detail (Carcaillet and Thinon, 1996;
Touflan et al., 2010).

Analyzed charcoals come from four pedological horizons
belonging to the Roman soil profiles (Ap and A from soil profile
Arch 1 and A from profile Arch 2) and to the late Neolithic/early
Eneolithic one (A, profile PC), as well as from the corresponding
archaeological pedofacies extensively exposed in the excavations.
Following Carcaillet and Thinon (1996), soil samples were taken
through the pedological horizons and sieved by water through a
sieving column with 2 and 0.4 mm mesh size. All charcoal frag-
ments were dried and sorted under a dissecting microscope to be
botanically identified. Taxonomical determinations were made
using an incident light microscope at magnification of 100x, 200x,
500x and 1000x, and after comparison with specialist literature,
wood anatomy atlases (e.g. Greguss, 1955, 1959; Schweingruber,
1990) and the reference collection of the Laboratory of Vegetation
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History and Wood Anatomy (Universita di Napoli Federico II, Por-
tici, Italy).

4. Results
4.1. Archaeology

Evidence of human occupation along Cecita Lake shores spans
from about 5.8 to 1.5 ka BP. In particular, remains of late Neolithic
(3800—3600 BC) to early Eneolithic (3600—3350 BC), Greek (6th to
3rd century BC) and Roman Republican to late Imperial ages (3rd —
1st centuries BC to 5th century AD, respectively) were found during
excavations carried out by the Soprintendenza per i Beni Arche-
ologici della Calabria (Superintendence of Archaeological Heritage
of Calabria). Several prehistoric/protohistoric settlements were
excavated on different limbs of the fluvio-lacustrine terraces along

the southern and eastern margins of the lake, such as Piano di
Cecita-Cuponello (Fig. 2a and b), Campo S. Lorenzo, Forge di Cecita
and Paliati. They mainly consist of pole holes left by wooden huts
and plenty of lithic artefacts, including bowtie-shaped granite
weights for hand-throwing fishing nets (Fig. 2c), and flint or
obsidian tools and weapons. Pottery vases of the same period were
found (Fig. 2d). Well-preserved plough marks with a reticulate
pattern of crossing furrows and ridges were identified at Paliati site.
On the terrace located at Forge di Cecita, a Greek sanctuary was
excavated. In the same area and at Campo S. Lorenzo site Roman
colonization is testified by settlements occupied since Republican
to late Empire age (Fig. 2e). Among the main findings a complex
kiln for pitch extraction and production is noteworthy (Fig. 2f). A
number of coins of different provenance and ages, ranging from
Roman and Greek to Magna Graecia colonies and local Italic people
(Brettii), were identified. Also Roman soils are in places affected by

Fig. 2. Fluvio-lacustrine terraces of Cecita Lake at Piano di Cecita-Cuponello (a), with one archaeological excavation of late Neolithic to early Eneolithic age (b). Bowtie-shaped lithic
artefact representing a weight for fishing net (Piano di Cecita-Cuponello) (c) and early Eneolithic pottery vases at Campo S. Lorenzo site (d). Roman stone wall of Republican age
overlying a buried late Neolithic to early Eneolithic soil (e) and kiln for pitch production (f) at Forge di Cecita site (Superintendence of Archaeological Heritage of Calabria —
Soprintendenza per i Beni Archeologici della Calabria, Ufficio Territoriale della Sila, Crotone, Italy).
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various historical to modern ploughing traces, which often make
quite difficult both an archaeostratigraphic and a pedostratigraphic
distinction between Republican and Imperial facies, frequently
mixed by long-term erosive/depositional and pedogenetic pro-
cesses. Further details on archaeological site description, findings
and chronology are available in Marino and Taliano Grasso (2008,
2010).

4.2. Field features

The three soil profiles studied in this work are located in the two
archaeological excavations of the Neolithic/early Eneolithic (soil
profile PC) and of the Roman epoch (profiles Arch 1 and Arch 2) on
Piano di Cecita-Cuponello and Forge di Cecita terraces, respectively
(Figs. 1b and 3). All soils in the archaeological sites display one or
more brown (10 YR 4/3—5/3) to dark brown (10 YR 2/2) (when
moist) A horizons with typical andic-like field features, such as silt
to sandy loam texture, high porosity, high water holding capacity
near saturation and good drainage conditions, friable and fluffy
consistence, high smeariness, low bulk density, and weak to
moderate thixotropy (cf. Cinque et al., 2000; Terribile et al., 2007;
Scarciglia et al., 2008). In places, they show repeated traces of
ancient to modern ploughing, affecting topsoils (Ap) or sealed in
subsurface A horizons. In particular, the late prehistoric soil profile
is shallow and sandy loam-textured. It consists of a well-structured
(small to coarse angular blocky with prismatic trend), brown A
horizon, overlying a dark yellowish brown Bw horizon (Fig. 3a),
developed on alluvial sands with occasional skeletal fraction
(subrounded fine gravel) of granitic to metamorphic origin. Scarce
clay coatings occur in the A horizon, whereas occasional sub-
vertical, elongated infillings of humus-rich, brown soil material
characterize the underlying pedogenetic horizon. The Roman soil
profiles are poorly to moderately deep, with a surface Ap horizon
(extremely thin in Arch 1, where a tabular structure can be locally
observed in addition to subangular blocky aggregates) and a sub-
surface A horizon (Fig. 2b, c). The latter exhibits scarce clay coatings
in pores and rare to occasional redox pedofeatures (reddish yellow
and black Fe—Mn mottles), probably due to a transient oscillating,
perched water table. These horizons are sandy loam in texture, and
include subrounded, granitoid fine gravel. At the bottom of soil

Table 1

appear to form sheet-like units represented by massive conglom-
erates, suggesting high energy, stream driven depositional events.
An additional soil profile in the Roman excavation of Forge di Cecita
displays a brown humic horizon (Ab) referred to the late Neolithic/
early Eneolithic and developed on coarse fluvial gravel. It is buried
by a Roman stone wall of Republican epoch (Fig. 2e), which in turn
underlies a brown surface A horizon of Roman age. The main
morphological features of these soil horizons are quite similar to
those described in the distinct late Neolithic/early Eneolithic and
Roman soil profiles, respectively. None of above soil horizons
reacted after HCl (10% solution) test on soil matrix. Millimetric to
centimetric black charcoal fragments often occur within the soil
matrix of the humic horizons. No evidence of volcanic parent ma-
terial was found in these soils at field scale.

4.3. Chemical and physical analyses

Table 1 reports results of physical and chemical analyses of the
studied soils. Particle size analysis shows that all soil horizons from
the archaeological sites are dominated by coarse fractions (mainly
sand and subordinate silt) with very low clay content (<8.4% in the
Roman soils but never exceeding 18% as in the Neolithic/Eneolithic
soil profile). Organic matter is generally high, with values always
between 4.9% and 6.5% except in the Bw horizon of profile PC,
where it reaches 3.4%. Soil reaction is generally moderately to
slightly acid in all soil horizons, reaching a minimum pH(H,0) value
of 5.63 in sample Ap from profile Arch 2. In all soil samples pH(NaF)
is always higher than 10. Electrical conductivity is on the whole
low, ranging from 11.5 to 26.0 puS/cm in Roman soils and slightly
increasing in Neolithic/Eneolithic horizons, with values between
31.8 and 47.7 uS cm L Total CaCOj3 in the fine earth fraction is al-
ways null, except in the A horizon of the Roman profile Arch 1,
where it reaches 2%. CEC is moderate to low in the Neolithic/
Eneolithic soil horizons (13.1-19.3 cmol(+) kg~!), whereas its
values are high in Roman soils (between 30.2 and
31.3 cmol(+) kg~ !). Exchangeable bases are low in all samples and
the exchangeable complex is always undersaturated. Higher
amounts (and higher exchangeable Ca, in particular) occur in Ro-
man soils than in the Neolithic/Eneolithic one.

Physical and chemical features of the archaeological soil profiles. E.C., electric conductivity; O.M., organic matter; C.E.C., cation exchange capacity; Ca, Mg, K, Na, exchangeable

bases.

Archaeological Soil profile Soil Particle size distribution pH pH E.C.

ages horizon Sand % Silt% Clay% (H20) (NaF) pS/cm

Roman Age  Arch 1 A 66.1 279 6.0 599 10.65 11.5
Arch 2 Ap 64.5 27.5 8.0 5.63 10.17 26.0
Arch 2 A 64.1 275 8.4 6.19 10.53 15.1

Neolithic PC A 56.9 271  16.0 6.21 11.00 31.8
PC Bw 69.6 124 18.0 6.52 10.85 47.7

CaCO3 % O.M.% C.E.C. Ca Mg K Na
(cmol(+)/kg) (cmol(+)/kg) (cmol(+)/kg) (cmol(+)/kg) (cmol(+)/kg)

6.1 313 4.7 1.2 34 2.6

64 302 4.6 14 35 33

49 30.7 48 13 3.6 23

6.5 193 2.9 0.1 0.1 0.2

3.4 13.1 0.9 0.0 0.1 0.1

profile Arch 1, a >20-cm thick gravel layer (R/C) occurs beneath an
abrupt lower boundary of proper soil horizons. It consists of
pebble- to cobble-size clasts of granitic and metamorphic rocks,
subrounded. They are moderately to poorly sorted and display a
clast-supported texture. Matrix content is generally less than 25%
and consists of a (yellowish) brown sandy material. Conglomerate
fabric is disorganized, although a preferred clast orientation is
observed in places. The longest a-axes of some elongate clasts are
parallel to paleoflow (eastward on average) directions. Grading is
absent but crude inverse grading locally occurs. Conglomerates

4.4. Clay mineralogy

XRD analysis permitted to identify the main clay mineral
assemblage in each soil horizon. These results are strongly consis-
tent with the clay mineralogy of non-archaeological soil profiles in
the surrounding area, also belonging to the above Cecita Lake
geosol (Scarciglia et al., 2008). All samples include halloysite/
kaolinite and illite, with vermiculite and/or chlorite, often in traces
(Fig. 4). The 1:1 phyllosilicate phases were identified on the basis of
the basal reflections at 0.71-0.72 nm, coupled with a weak
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Fig. 3. Soil profiles in the archaeological excavations: late Neolithic/early Eneolithic soil profile (PC) at Piano di Cecita-Cuponello site (a); Roman soil profiles Arch 1 (b) and Arch 2

(c) at Forge di Cecita site.

0.358 nm peak, that completely collapsed (or strongly decreased,
see below) after thermal treatment at 550 °C. Asymmetric and
sometimes broad 0.7 nm peaks (broader in horizons A and Bw of
soil profile PC) support a major presence of dehydrated 0.7 nm-
halloysite (over kaolinite) or disordered kaolinite. The hydrated
1 nm-halloysite form (d = 1.00—1.03 nm) was identified thanks to
the typical 0.34 nm peak and a partial decrease in intensity of the
1 nm peak (also diagnostic of illite, see below) with consequent
reinforcement of the 0.7 d-spacing after heating at 105 °C. Illite was
recognized by the reflections at 1.00—1.03 nm and 0.34—0.35 nm
(the 0.49—0.51 nm peaks often being poorly recognizable within
the background). These peaks persisted after any treatment up to
the 550 °C heating, thus supporting the coexistence of illite with
hydrated halloysite (see above). Basal reflections at 1.43—1.45 nm,
identified on Mg-saturated specimens, indicate the presence of
both vermiculite (when they contracted to and reinforced the in-
tensity of the 1.0 nm peak after heating at 335 °C, and disappeared
at 550 °C) and/or chlorite (when they were maintained after all
treatments). The persistence of the 7.2 nm reflection, though
affected by a significant decrease in intensity after heating at 550 °C
(indicating above halloysite or kaolinite collapse), coupled with the
occurrence of the 0.47 nm and 0.354 peaks, point to the occurrence
of some chlorite. No expansion affected the 1.4 nm-peaks after
ethylene-glycol solvation, which excludes the presence of smectite
components.

Some of these phyllosilicate minerals were also detected in
infrared spectra (Fig. 5). Typical diagnostic peaks of halloysite and/
or kaolinite were identified at 3696 and 3622 cm™! (O—H stretching
vibrations) and sometimes at 3650 or 3656 cm ™! (cf. van der Marel
and Krohmer, 1969), coupled with the 910—912 cm™! band, the
doublet at 796 and 742 cm™~! (often poorly expressed) and variably
defined bands or simple shoulders at 1035 and 1102 cm™~! (this
double silica peak being typical of halloysite; e.g. Meijer et al.,
2007). Such diagnostic absorbance patterns of 1:1 phyllosilicate
clays appear on the whole more developed in soil horizons A and
especially Bw of the Neolithic/Eneolithic soil profile. The presence
of illite with absorbance bands at 3622, 821 and 754 cm™! (more

Table 2

easily detected in the same Bw horizon) is probably obliterated by
the halloysite spectrum. Although difficult to unravel in multi-
phased samples, IR spectra permitted identification of low amounts
of short-range order components, such as allophane and/or imo-
golite. Monomeric (in addition to polymerized) silica can be sup-
posed on the basis of broader and asymmetric Si—0 vibrations
towards wavelengths <1000 cm™!, where shoulders around 965
and/or 946 cm ™! are observed in all A horizons of both Roman soils
and at a minor extent of the Neolithic/Eneolithic one. These results
suggest the occurrence of some imogolite and/or proto-imogolite
(cf. Dahlgren et al., 1993; Meijer et al., 2007). In addition, other
small absorbance bands of short-range order aluminosilicates occur
at 690, 592, 570 andjor 560 cm~' (Basile-Doelsch et al., 2005;
Meijer et al., 2007). In all samples a broad band of absorbance in the
range of 3700—3000 cm™', composed of stretching vibrations of
hydration and adsorbed water, is on the whole poorly expressed,
typical of both SROM and phyllosilicates.

4.5. Selective extractions

Results from selective extractions, together with some
geochemical indices and the allophane and ferrihydrite contents
calculated on their basis, are reported in Table 2. The ammonium
oxalate extractable forms of aluminium, silica and iron (related to
amorphous components or short-range order minerals) are on the
whole low in all samples for each element, all of them being al-
ways <1, with extremely low amounts of Si,. They are very to
moderately homogenous among soil samples for Si, and for Al,
and Fe,, respectively. The Na-pyrophosphate extracted aluminium
(Alp), estimating the amounts of active Al related to organic
components, displays a little more variable values among
different soil horizons, that are always lower than Al,. The ICO-
MAND index Aly% + 0.5 Fey% is rather low, as a whole, and ranges
from 0.80 to 1.19%. The ratio Alp/Al, is always <0.7, with the lowest
value (0.3) in the Bw horizon of soil profile PC, whereas the index
(Al, — Alp)/Sip is on average 3.3 with slight variations among
different soil horizons.

Data from selective extractions, related geochemical indices and SROM content in the archaeological soil profiles. Feo, Alo, Sio, ammonium oxalate-extracted iron, aluminium,
silica; Alp, sodium pyrophosphate-extracted aluminium (Alo — Alp)/Sio index is given as a molar ratio.

Archaelogical ages  Soil profile  Soil horizon Feo% Alo% Sio% Alp% Alo+05Feo% (Alo— Alp)/Sio Alp/Alo  Allophane %  Ferrihydrite %
Roman Age Arch 1 A 0.50 0.92 0.10 0.61 1.17 2.96 0.7 1.2 0.8

Arch 2 Ap 0.66 0.86 0.12 0.44 1.19 3.59 0.5 23 1.1

Arch 2 A 0.35 0.63 0.08 0.34 0.80 3.36 0.5 13 0.6
Neolithic PC A 0.58 0.84 0.12 0.45 1.13 3.25 0.5 1.8 1.0

PC Bw 0.35 0.64 0.13 0.21 0.82 334 0.3 2.0 0.6
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Fig. 4. XRD patterns of clays from A horizons of soil profile PC (a) and soil profile Arch 1 (b).

The allophane content of both late Neolithic/early Eneolithic
and Roman soil horizons is relatively low, ranging from 1.25% to
2.01% and from 1.35% to 2.29%, respectively. Therefore very com-
parable values in the older and younger soils occur. Similarly, the
amount of ferrihydrite is poor and comparable between the pre-
historic and Roman profiles, always resulting equal to or lower
than 1.1%. The highest contents of both allophane and ferrihydrite
were estimated in the Ap horizon of the second Roman soil profile
(Arch 2).

4.6. Micromorphological features: optical and scanning electron
microscopy

The skeletal fraction identified in thin sections is common to
abundant in all soil horizons, with higher amounts in the Bw ho-
rizon of the Neolithic/Eneolithic soil. It consists of granite and mi-
nor gneiss or phyllite rock fragments, coupled with plenty of single
quartz, feldspar and mica grains, as expected from the nature of
underlying sediments and dominant bedrock in the surroundings
(Scarciglia et al., 20053, 2005b). Mineral surfaces appear weakly to
severely weathered in all soil horizons.

Soil microstructure is often very variable in space and ranges
from massive and particularly dense (mainly in the Ap horizon of
soil profile Arch 2 and A of profile PC) to highly porous and aerated
granular/crumby, up to rare single-grain, or (sub)angular blocky
(Fig. 6a). In places, the latter is incomplete, despite well-developed
but not intersecting planar pores. Both in Neolithic/Eneolithic and
Roman A horizons occasional subrounded to subangular blocky
clods were observed (Fig. 6b). They are a few millimetres wide, and
consist of denser, less porous and a little darker soil material than
surrounding matrix and aggregates. Irregular discrete pores to
elongated channels (faunal passages) are frequent in all samples.

All A horizons frequently display unaltered to moderately decom-
posed vegetal tissues, and rare to occasional (more abundant in
Roman soils) black charcoal fragments (200 pm to 2—3 mm in size)
(Fig. 6¢).

The dark brown matrix always exhibits a dominant optically
isotropic and subordinate weakly anisotropic behaviour, with
scarce and small anisotropic domains, in crossed polarized light
(XPL) (Fig. 6d). Only in the Bw horizon of soil profile PC a moder-
ately anisotropic matrix is observed in places. It locally includes
some clusters of subrounded to subangular blocky peds with
isotropic behaviour in XPL, characterized by humus-rich, dark
brown matrix (Fig. 6e).

Overall rare to occasional microlaminated clay coatings occur,
mainly all around skeletal grains (Fig. 6f and g). They are a little
more abundant in late Neolithic/early Eneolithic (3—5%, up to 8—
10% in the Bw horizon of soil profile PC) than in Roman soil hori-
zons (<2%). Their colour is yellow to brownish-yellow, in places
superimposed by red Fe-oxide staining. Typical smooth-banded to
slightly grainy or intensely speckled extinction patterns observed in
XPL indicate a progressive loss of optical anisotropy related to the
original clay particle iso-orientation upon illuviation and therefore
represent post-emplacement degeneration features with more
random rearrangement of clay particles (FitzPatrick, 1984). An
additional thin section obtained from the late Neolithic to early
Eneolithic Ab horizon, buried beneath the Roman soil and associ-
ated building stones (see section on field soil features), displays
very similar micromorphological features to those just described in
the representative late Neolithic/early Eneolithic soil profile,
degenerated clay coatings included.

Occasional silt or silty-clay coatings with a microlaminated,
sorted and graded internal fabric occur in the Neolithic/Eneolithic A
horizon (Fig. 6h). They are elongated or curved and locally
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Fig. 5. FT-IR spectra of the clay fraction from soil horizons of profiles PC (a) and Arch 2
(b). A zoom of the higher wavelength range of all spectra (c).

fragmented into two or more segments by sharp fractures. Optically
anisotropic, striated clay domains may occur (in XPL), parallel to
their outline.

SEM-EDS analysis on the same thin sections permitted identi-
fication of scarce and extremely small volcanic micropumices and
shards (vesiculated and cuspidate glass fragments, respectively),
not detected at field or optical microscopic scales. They range be-
tween about 20 and 200 pum in size, are included within the soil
matrix of all A horizons from both prehistoric and Roman soils
(whereas they lack in the Neolithic/Eneolithic Bw one), and display
varying degree of weathering. Based on their rather homogeneous
chemical composition (assessed on fresh, unaltered portions of
samples and reported in Table 3), rich in silica (72—75%) and with

an alkali content (Na O + K>0) = 8—9%, they can be classified as
rhyolites.

Table 3
Chemical composition of glass fragments from the studied soil horizons obtained by
SEM—EDS analysis.

Sample Si0, % TiO, % Al,03 % FeO % MgO % CaO % Nay0 % K»0 % CLO %

Arch2 Ap 740 03 13.7 1.8 04 08 40 46 05
Arch2 Ap_01 72.1 0.2 154 21 06 06 44 44 04
Arch2 Ap_02 739 0.1 14.1 20 05 06 39 46 03
Arch2 Ap_03 735 0.2 14.6 1.7 05 06 3.7 50 03
Arch2 Ap_04 73.6 0.2 14.5 18 04 06 41 44 03
Arch2 Ap_05 71.6 0.2 16.7 21 07 06 39 39 03
Arch2 Ap_06 738 0.1 149 1.9 06 06 34 44 03
Arch2 Ap_07 742 0.2 13.7 21 04 0.7 35 50 03
Arch2 Ap_08 741 0.2 13.7 20 03 08 42 44 03
Arch2 Ap_09 743 0.0 139 14 03 07 41 49 04
Arch2 A_001 747 0.1 13.6 1.8 02 0.7 3.7 48 04
Arch2 A_0010 74.6 0.1 14.5 1.7 05 0.7 34 43 03
Arch2 A_0011 748 0.1 139 1.7 03 0.7 3.7 46 04
Arch2 A_002 743 0.2 14.0
Arch2 A_003 749 0.1 139 15 03 05 41 45 03
Arch2 A_004 744 0.1 14.0 21 03 06 3.7 45 03
Arch2 A_005 746 0.1 13.8 1.7 03 06 42 44 02
Arch2 A_006 744 0.2 139 1.6 04 0.7 40 45 04
Arch2 A_007 749 0.1 13.7 1.7 03 0.7 39 45 03
Arch2 A_008 749 0.2 13.8 1.7 03 06 37 45 04
Arch2 A_009 741 0.1 14.2 21 03 06 36 46 03
PC A_0011 734 03 14.3 . . . . .
PC A_0012 727 02 14.3 23 10 06 39 46 04
PC A_0013 732 0.1 14.6 24 11 06 39 39 02
PC A_0014 733 0.2 14.0 1.8 1.1 0.7 41 46 03
PC A_001 742 0.2 14.2 1.7 04 0.7 45 39 03
PC A_0010 739 03 14.1 1.8 05 07 39 45 03
PC A_002 749 1.0 135 1.7 03 0.7 39 45 04
PC A_003 734 03 139 20 09 08 38 46 04
PC A_004 718 0.6 133 E . . . .
PC A_005 747 0.2 135 20 03 09 37 44 04
PC A_006 748 0.2 13.6 15 04 0.7 42 44 04
PC A_007 743 0.2 13.8 1.8 04 09 34 48 04
PC A_008 746 0.1 13.9 1.9 04 08 35 44 04
PC A_009 740 0.2 14.2 1.7 04 0.7 40 45 04

4.7. Soil charcoal analysis

Results of the charcoal analysis are summarized in Fig. 7. Soil
charcoals from the late Neolithic/early Eneolithic profile show the
dominance of a mixed deciduous forest with Quercus deciduous
type, Populus and Carpinus, along with scarce amounts of Juniperus
and Pinus sylvestris group. On the contrary, P. sylvestris group pre-
vails among charcoals in the Roman soils. Very few charcoals of
deciduous Quercus occur only in the A horizon of soil profile Arch 2.
In its topsoil horizon Ap, small amounts of Prunus, Rosaceae and F.
sylvatica are present together with dominant P. sylvestris group,
which represents the only taxon identified in the A horizon of
profile Arch 1.

5. Discussion

Most of above geopedological data show a number of analogous
features among the studied soil profiles of different archaeological
periods (late Neolithic to early Eneolithic and Roman epoch), but
also some peculiar differences. In particular, the main dissimilar-
ities suggest a bipartite pattern through time of the Cecita Lake
geosol in the archaeological soils. Both similarities and differences,
coupled with corresponding results of soil charcoal analysis,
revealed to be useful tools for reconstructing the main soil-forming
processes and environments and their changes in response to the
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Fig. 6. Microphotographs of: (a) varying soil matrix and microstructure in the A horizon of soil profile Arch 2 (plane polarized light — PPL); (b) subrounded clod with denser and
darker soil material than surrounding matrix and peds (A horizon, soil profile Arch 1, PPL); (c) charcoal fragment of coniferous wood (probably Pinus nigra subsp. laricio) enclosed in
the soil matrix of the A horizon of profile Arch 1 (PPL); (d) dominant optically isotropic matrix with scarce and small anisotropic domains (A horizon, soil profile Arch 2, XPL); (e)
dark brown, humus-rich subangular blocky peds within a lighter-coloured crumby to single-grained microstructure in the Bw horizon of soil profile PC (PPL); degenerated clay
coatings with dominant grainy to smooth-banded extinction patterns (XPL) in the Bw horizon of soil profile PC (f) and the A horizon of profile Arch 2 (g); (h) curved, elongated and
broken silty-clay coatings showing a microlaminated, sorted and graded internal fabric with optically anisotropic, striated clay domains (A horizon, soil profile PC, XPL). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Results of charcoal analysis in the archaeological soils of Cecita Lake.

major climatic and ecosystem changes occurred during the Holo-
cene on the Sila plateau, including the effects of human pressure
(Fig. 8).

The fact that the studied soil profiles represent mainly surface
soils implies that some imprint of recent pedogenesis and some
post-pedogenic disturbance by anthropogenic activities are prob-
ably recorded. However, their bipartite behaviour is still evident,
though the timing of some post-prehistoric pedogenetic processes
is difficult to unravel. In this respect, the reliability of the main
pedological features and laboratory data is strongly supported by:

(i) the distinct archaeological content and the lateral spatial con-
tinuity of the archaeological layers in the excavations where the soil
profiles were dug, which include preserved in situ remains of
different epochs and permit a clear separation of the late Neolithic/
early Eneolithic from the Roman soil horizons (at one site the late
prehistoric soil is also buried by the Roman one); (ii) the preser-
vation of the main diagnostic pedofeatures (e.g. clay coatings) in
the different horizons and the lack of papules or pedorelicts; (iii)
the recurrence of a similar bipartite pattern between early-mid and
late Holocene soils in another archaeological site of southwestern
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Fig. 8. Synthetic scheme of Holocene paleoenvironmental/climatic changes reconstructed in archaeological soils at Cecita Lake (see text for details).
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Calabria about 130 km far from Cecita Lake (Bernasconi et al., 2010;
Pelle et al., 2013), pointing to a wider, possibly regional, significance
of this change; (iv) the presence of similar pedofeatures in the
Neolithic soil of another site in northwestern Calabria, overlain by
different ones that testify for changing pedoenvironments
(Scarciglia et al., 2009); (v) the concurrent changes of soil features
and charcoal content between Neolithic/Eneolithic and Roman
times; (vi) the additional evidence of a drastic shift in the landscape
response to this transition clearly highlighted by sedimentary
aggradation. More detailed considerations on some of these major
items are discussed in the following subsections.

5.1. Evaluation of andic properties and volcanic input

Geochemical results from selective extractions permitted an
evaluation of andic properties in the studied soil profiles. High
pH(NaF) values (always >10.2) indicate the presence of free Al
incorporated into short-range order minerals and/or humus—
aluminum complexes (Fieldes and Perrott, 1966; IUSS Working
Group WRB, 2007; Soil Survey Staff, 2010). The occurrence of
some amounts of these components is also supported by the ICO-
MAND index, which is lower than 2% in all samples (Aly% + 0.5
Feo% < 1.19%), but always exceeds the minimum requirement (0.4%)
for andic properties (cf. IUSS Working Group WRB, 2007; Soil
Survey Staff, 2010). The moderate amount of oxalate extractable
Al and Fe shown by the index values (in turn indicating vitric
properties, sensu IUSS Working Group WRB, 2007) can be consid-
ered a proxy for lower amounts of poorly-crystalline pedogenetic
minerals. They are comparable to values measured in the wide-
spread geosol of Cecita Lake (Scarciglia et al., 2008). Coherently,
values of Si, always <0.6%, coupled with Al,/Al, ratios >0.5%
(except in the Bw horizon of soil profile PC), indicate that most
samples display alu-andic properties (sensu IUSS Working Group
WRB, 2007). This means that Al pool complexed by organic sub-
stances prevails over Al entering the crystal lattice of SROM (Garcia-
Rodeja et al,, 2007), as in non-allophanic Andisols (Nanzyo et al.,
1993). The molar ratio of Al:Si in short-range order aluminosili-
cates was estimated using the index (Al — Alp)/Sio, which corrects
for organically bound aluminium (Parfitt and Wilson, 1985). It
shows values on average around 3.3 (usually being in the range
between 1 and 2 in allophane and imogolite; Parfitt and Henmi,
1982; Dahlgren et al., 1993), thus supporting the dominance of
Al-rich (versus Si-rich) poorly-crystalline components. Al:Si ratios
>2 may account for an excess of other Al-phases than mere SROM
components extracted by acid oxalate: above humus—aluminum
complexes, some gibbsite or hydroxy-Al-interlayered clay minerals,
opaline silica (Dahlgren et al., 1993; Garcia-Rodeja et al., 2007;
Meijer et al., 2007). The allophane content calculated on the basis of
the (Alo — Alp)/Sio ratio, is on the whole low and ranges between
1.2 and 2.3%, which is in the range of other European soils (Garcia-
Rodeja et al., 2007). These results, along with the contemporary
lower amount of ferrihydrite (always <1.1%), are consistent with
above considerations and confirm an overall low quantity of short-
range order minerals in the investigated soils. Such evidence is
likewise corroborated by mineralogical data. In fact, the presence of
some SROM is shown by FT-IR spectroscopy. These poorly-
crystalline phases occur in all soil horizons together with phyllo-
silicate clays, which are conversely higher especially in the lower
horizon of the late Neolithic to early Eneolithic soil profile PC.
Phyllosilicates are in turn clearly identified by X-ray diffraction
analysis. In particular, halloysite (possibly often coupled with
kaolinite) is ubiquitous in all soil profiles, as indicated by XRD
patterns and infrared spectra, with fairly distinguished diagnostic
IR peaks in sample Bw of profile PC. Both allophanic components
and halloysite represent typical weathering products of volcanic

parent materials (e.g. Dahlgren et al., 1993; Vacca et al., 2003;
Colombo et al., 2007; Gérard et al., 2007) including glass, clearly
identified using electron microscopy. On one hand, more abundant
phyllosilicates than SROM in the Neolithic/Eneolithic Bw horizon
very likely indicate a stronger contribution of neoformed clay
minerals from underlying granite parent rocks than from wind-
blown volcanic glass. In particular, it is well-known that kaolinite
and vermiculite are common weathering products of feldspars and
micas (e.g. Barnhisel and Bertsch, 1989; Kretzschmar et al., 1997,
Taboada and Garcia, 1999; Sequeira Braga et al., 2002), whereas
chlorite represents a typical accessory primary mineral of granit-
oids. A mixed nature of parent materials as sources of different
types of neogenic mineral phases in the soils of the Sila uplands was
already highlighted by Scarciglia et al. (2008). Such results are
consistent with the lack of micropumices shown by SEM observa-
tions in the Bw horizon (late Neolithic/early Eneolithic soil profile),
whereas they were found in all the other more recent and/or upper
soil horizons, where IR peaks of phyllosilicate clays are less
expressed. Possible shifts in (pedo)climatic conditions could have
promoted such mineralogical differences (see next subsection).
Finally, the dominance of poorly-crystalline components especially
in all A horizons is supported by micromorphological analyses. The
prevailing isotropic optical behaviour of the soil matrix under
crossed polarized light testifies for dominance of short-range order
minerals and/or amorphous humic substances. In contrast, the
small and generally scarce, anisotropic domains (a little more
common in the Bw horizon of soil profile PC) highlight a simulta-
neous presence of some crystalline clays (relatively more abundant
in the same soil profile).

As expected, the rhyolitic chemical composition of the volcanic
pumices is similar to that assessed in the Cecita Lake geosol, which
indicates a provenance from possibly different late Pleistocene to
Holocene eruptions from the Aeolian Islands (Scarciglia et al.,
2008). Very likely they represent the equivalent distal, wind-
blown products of more proximal fine ashes with rhyolitic
composition identified in other Holocene soils along the southern
Tyrrhenian coast of Calabria (Bernasconi et al., 2010; Pelle et al.,
2013). The most likely volcanic events predating late Neolithic/
early Eneolithic and Roman soil formation are the Pollara eruptions
(24—13 ka) from Salina (Keller, 1980; Calanchi et al., 1993), those
forming the Valle Muria synthem (42—22 ka) and the earliest
products (<11 ka) of the Vallone Fiume Bianco synthem from Lipari
(Crisci et al., 1991; Tranne et al., 2002; De Rosa et al., 2003), among
which the Gabellotto-Fiumebianco eruption (~8.5 ka BP;
Zanchetta et al., 2011). As the archaeological soil profiles studied
are exposed at topographic surface, the volcanic ash therein
included could have been also emplaced by more recent rhyolitic
eruptions than corresponding archaeological ages, up to the his-
torical events of Mt. Pilato (AD 800) and Rocche Rosse (AD 1230)
from Lipari (Tanguy et al., 2003; Arrighi et al., 2006). Progressive
assimilation of micropumices into the soil profiles (possibly
encouraged by biological and agricultural activities; see below) and
their easy weathering led to a relatively rapid soil buildup. Rates of
soil formation were higher than those of simultaneous (though
certainly pulsing) volcano-sedimentary input, leading to an almost
complete transformation and homogenization of fresh volcanic
parent material into the partly formed soil profile, without any
clear lithological and pedogenetic discontinuity (cf. accretionary
soils, sensu Catt, 1998; Kemp, 1998; and continuous (regular) syn-
lithogenic pedogenesis, sensu Tursina, 2009). Surface exposure
could have even caused at least partial overprinting of features
related to more recent pedogenetic processes (e.g. leaching) over
the past ones, and thus possibly obliterated some climatic signals
related to the past. This could explain the lack of more marked
differences (except some still distinct features already discussed in
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this and following subsections) between the soils of the two
different epochs.

5.2. Climatic changes

SROM formation is influenced chiefly by macro- and micro-
environmental factors (e.g. soil pH, leaching, organic carbon con-
tent) together with the mineralogical and physico-chemical
composition of parent materials (with consequent different
release and availability of Si and Al), in turn controlled by climate,
topography, drainage, vegetation, tephra thickness, depth of burial,
etc. (cf. Parfitt, 2009). On the whole, their formation is usually
promoted by weathering of volcanic ash (glass) under prolonged
moisture availability, mainly (but not exclusively) in soils with udic
moisture regimes and with good drainage (Duchaufour, 1982; Buol
et al,, 1989; Parfitt and Kimble, 1989; Shoji et al., 1993). Both short-
range order aluminosilicates and halloysite form in Si-rich envi-
ronments (Parfitt and Wilson, 1985; Dahlgren et al., 1993; Colombo
et al,, 2007). At the study sites they are strongly enhanced by the
weathering of both granite rocks and rhyolitic pumices. Imogolite is
more stable than halloysite over a wide range of Si activity, whereas
above a certain level of such an activity, halloysite becomes more
stable than imogolite (Parfitt, 2009). The above discussed domi-
nance of Al-rich (rather than Si-rich) allophanes, as well as their
overall low amount, is consistent with the acidic soil reaction and a
relatively low Si content in the soil solution (Parfitt and Kimble,
1989). This could be related to a severe leaching environment
(promoted by the high rainfall rates in the study area and the well-
drained udic moisture regime of the soils, in turn confirmed by
their undersaturated exchangeable complex), that causes Si
removal from the soil solution, thus partly inhibiting neogenesis of
short-range order aluminosilicates, or a young pedoenvironment
(Parfitt and Wilson, 1985; Shoji et al., 1993; Colombo et al., 2007),
coherent with the archaeological ages.

As recently reviewed by Parfitt (2009), halloysite can form
directly from volcanic glass when Si activity in the soil solution is
high, but it is also thought to derive possibly from weathering of
allophane in relatively old tephra, under similar silica availability.
This transformation is particularly enhanced from Si-rich (rhyolitic)
tephric material, as the present case. Proto-imogolite allophane
may weather to halloysite following a rearrangement of crystal
structures, which only takes place after dissolution and
reprecipitation.

The different relative amounts of SROM and phyllosilicates
highlighted by geochemical/mineralogical results can be also
related to different time spans of soil formation. On the whole
higher SROM content in the Roman soils than in the Neolithic/
Eneolithic one suggests earlier stages of pedogenic development, as
phyllosilicate minerals may also derive from transformation of
poorly-crystalline phases. Moreover, SROM vs. phyllosilicates can
be also interpreted in terms of climatic and pedoclimatic changes.
Actually, allophanic components are favoured by high water
availability and free drainage (mainly udic soil moisture regime). In
contrast, more seasonally contrasted climatic conditions, such as
warm and humid or definitely drier, weakly leached environments
(possibly ustic to xeric up to aridic soil moisture regimes), enhance
the formation of phyllosilicate clays and specifically halloysite
(Parfitt et al,, 1984; Dahlgren et al.,, 1993; Egli et al., 2008). In
particular, the presence of dehydrated halloysite together with
allophane can be considered as an indicator of climatic changes
towards drier environments (Dubroeucq et al., 1998).

The presence of some clay coatings in the Neolithic/Eneolithic
soil profile, their ageing and relict (present-day inactive) signifi-
cance proved by their degeneration features, along with the
archaeologically determined soil-age, suggest their formation

during the late early-middle Holocene climatic optimum (cf.
Rossignol-Strick, 1999), during which the latest phases of signifi-
cant clay illuviation are documented across wide mid-latitudinal
European and peri-Mediterranean areas (Catt, 1989; Cremaschi
and Trombino, 1998). Emplacement of clay coatings in this period
is also recorded in other sites of northern and southern Calabria
(Scarciglia et al., 2009; Bernasconi et al., 2010; Pelle et al., 2013),
including the nearby non-archaeological, buried pedofacies of the
Cecita Lake geosol (Scarciglia et al., 2008). Although clay illuviation
may occur under varying climatic conditions with high moisture
availability, their higher abundance in the same soil profile PC,
where phyllosilicate clay minerals (and specifically halloysite)
prevail over SROM components, suggests a warm and humid (pedo)
climate characterized by some seasonal contrast. These conditions
can enhance clay particle stacking within pores, as a response to
capillary water evaporation or evapotranspiration promoted by
plant uptake. The presence of Quercus deciduous forest strongly
supports this interpretation. The decrease of clay coatings in Roman
soils was probably a consequence of climate drying, as decreased
water availability inhibited clay particle illuviation. Phyllosilicate
clays could have at least partly formed after irreversible dehydra-
tion of poorly-crystalline aluminosilicates under drier climatic
conditions. Various drought phases towards or after the end of the
Holocene climatic optimum (about 5.5, 4.2, 3 and 2 ka BP, though
with different chronological shifts in their start/end ranges ac-
cording to peculiar site responses) could have been potentially
responsible for such a climate change, as already documented by
different proxies, both in Italy and at wider Mediterranean scales
(e.g. Frezzotti and Narcisi, 1996; Huntley et al., 1999; Roberts et al.,
2001; Sadori and Narcisi, 2001; Allen et al., 2002; Hunt et al., 2004;
Bernasconi et al., 2006; Sadori et al., 2008; Costantini et al., 2009;
Di Rita and Magri, 2009; Jalut et al., 2009; Peyron et al., 2011;
Magny et al., 2012b).

Although probably less straightforward, a different hypothe-
sis could be taken into account to explain the post-Eneolithic
decrease of clay coatings recorded in Roman soils, possibly not
excluding but coupling above interpretation. At least temporary
temperature decrease after the Neolithic age still under humid
conditions could have caused a diminished seasonal contrast,
that could have been less suited for illuvial clay particle stacking
within soil pores, as also observed in a southernmost archaeo-
logical site of Calabria (Piani della Corona) located on a coastal
terrace close to the town of Palmi (Bernasconi et al., 2010; Pelle
et al., 2013). The prevalence of neogenic allophanic products over
phyllosilicate clays in the Roman soil horizons with respect to
the Neolithic/Eneolithic ones is in agreement with a pedoenvir-
onment characterized by overall prolonged moisture availability.
The relevance at a wider spatial scale of this feature is supported
by mineralogical/micromorphological data obtained at the Palmi
site, where a more pronounced increase of SROM vs. phyllosili-
cates is recorded at the transition from the late Neolithic to the
post-late early Bronze age (Bernasconi et al., 2010; Pelle et al.,
2013). This behaviour, which is apparently in contrast with a
general drying trend of the late Holocene with respect to its mid
part, generally accepted to have been moister (e.g. Jalut et al,,
2009; Peyron et al, 2011; Magny et al., 2012b), could be
explained by the mountainous environment of the study area
(also at present very cool and rainy) and by the orographic bar-
rier effect of the coastal cliff (facing the Tyrrhenian Sea) on
rainfall at the Palmi site, respectively, which could have atten-
uated the efficacy of some drought events recorded in other
Mediterranean sites. These results are coherent with repeated
phases of higher lake levels recorded during the late Holocene
(Dramis et al., 2003; Giraudi, 2007; Giraudi et al., 2011; Magny
et al., 2012a), although their timing cannot be resolved in our
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soils. Various climatic indicators also highlight the occurrence of
late Holocene cool climatic conditions (Sauro et al., 2003; Di
Donato et al., 2008). In particular, a persistence of moist condi-
tions throughout the Holocene without any pronounced mid- or
late-Holocene aridification trend is documented by vegetation
dynamics reconstructed in two lakes from the SE coast and the
NE mountain belt of Sicily, southern Italy (Tinner et al., 2009;
Bisculm et al., 2012).

5.3. Environmental changes and human impact

Soil charcoal data are generally considered to provide accurate
local information on vegetation cover, since charcoal fragments
buried in soils are the result of fires in local woody vegetation
(Carcaillet and Thinon, 1996). The same local, ecological conditions
can be reflected also by dispersed charcoal in archaeological hori-
zons resulting from long-term activities and processes (Figueiral
and Mosbrugger, 2000). Charcoal data from the archaeological
soil profiles at the study sites provided some important insights
into environmental changes and human impact.

A severe change from late prehistoric to Roman soils at Cecita
is indicated by corresponding soil charcoal data. The Neolithic/
Eneolithic vegetation cover, dominated by a deciduous oak forest,
is almost completely substituted in Roman epoch by a mountain
pine forest of P. sylvestris group, which includes P. nigra,
P. sylvestris and P. mugo. Although wood anatomy does not allow
to reach species-level identification, P. sylvestris and P. mugo can
be ruled out because they do not grow in this region (Pignatti,
1982). In this case we can ascribe these charcoals to P. nigra
subsp. laricio, because this species is an endemic and very
widespread tree in the mountain vegetation of Calabria, between
800 and 1800 m a.s.l. (Pignatti, 1982). Above vegetation change
testifies for a prominent deterioration of the environment after
the Neolithic. In fact, it is very likely that pine colonization
should have followed a strong degradation of previous deciduous
forest, because P. nigra subsp. laricio is a pioneer and heliophilous
tree, able to colonize open ground (Pignatti, 1982; Quézel and
Médail, 2003).

Despite a chronological gap of about three thousand years
between the late Neolithic/early Eneolithic and Roman age soil
profiles, an overall landscape stability with important soil for-
mation is recorded at Cecita site until about 3 ka BP, at least. This
is clearly testified by the nearby pedologic profile (located on the
same fluvio-lacusrine terrace), where the latest phases of soil-
formation of the analogous, well-developed late Pleistocene—
late Holocene soil buried by slope deposits, were dated to that
time by radiocarbon (see above Cecita Lake geosol and Scarciglia
et al., 2008). As suggested by the same authors, the overlying,
younger detrital deposition (which overlies the geosol in other
sites of the Sila uplands than the sole surroundings of Cecita
Lake) records a drastic change towards geomorphologic insta-
bility and strong land degradation since 3 ka BP onward, pre-
sumably caused by increasing human pressure, namely forest
clearance.

Clear disturbances in forest ecosystems have been recorded
since ca. 4000 a BP at Lago Trifoglietti (about 50 km NW from
Cecita), where pollen data record a forest reduction that can be
related to the combined effects of the mid to late Holocene climate
drying and the increasing impact of growing populations (Joannin
et al., 2012). In this record it is also interesting to note the scar-
city of Pinus pollen, which probably occupied extremely restricted
surfaces: in this respect we stress the higher spatial resolution of
charcoal data able to detect local populations.

Anthropogenic environmental changes during the same pe-
riods are documented also in other papers for the same study area

and its surroundings (Sorriso-Valvo, 1993; Dimase et al., 1996) or
for other sites in southern and central Italy (e.g. Allen et al., 2002;
Sadori et al., 2004; Piccarreta et al., 2011). During Roman times,
intense deforestation was carried out in Sila uplands to exploit
wood resources for houses, ships and any other building purposes.
Certainly, Neolithic people already initiated deforestation
(Sorriso-Valvo, 1993), possibly also using slash-and-burn tech-
niques, to gain space for agricultural crops. This is demonstrated
by field evidence of multi-story plough traces in the studied
archaeological soils, ranging from late prehistoric to modern
times. Moreover, the broken, sorted, striated and laminated silt
coatings identified in thin sections in the late Neolithic/early
Eneolithic A horizon (despite their not univocal and often
disputed origin; e.g. Usai, 2001; Kiihn et al., 2010) may represent
typical agricutans (sensu Jongerius, 1970) or agro-striated b-fabric
(cf. Huisman et al., 2009), related to tillage. Each of the internal
microfabrics described in such textural pedofeatures can be
related to some of the following processes in connection with
agricultural activities: shear forces and particle compaction with
development of striated laminae (possibly plough-pans), their
following rupture and/or disaggregation, and repeated slaking of
coarse and fine material from bare, structurally unstable soil
surface, with consequent washing of particles through the soil
profile to form graded, laminated silt (and silty-clay) coatings
(Wilson et al.,, 2002; Adderly et al.,, 2010). The occurrence of
subrounded to subangular blocky clods of dense soil material in A
horizons suggests some disturbance (Huisman et al., 2009) by at
least partly post-pedogenic processes. These may have been
possibly caused by biological activity or more likely by reworking
phenomena linked to cultivation practices. Similar considerations
can explain the high heterogeneity of the microstructure observed
in thin sections (Adderly et al., 2010) and the coexistence of pri-
mary minerals with differential weathering (Pang et al., 2006).
The dark brown humic, optically isotropic, subrounded/sub-
angular peds identified at the microscale in the Bw horizon of soil
profile PC suggest some reworking of soil material from the
overlying A horizon, partly within subvertical tongues possibly
left by decayed roots, as indicated by the macroscale humus-rich
infillings. Moreover, remnants of subsoil exposed at the ground
surface, as the occurrence of clay coatings in typical topsoil (A)
horizons suggests, indicating that they are partly truncated by
erosion processes, are often documented in old, intensely eroded,
cultivated fields (cf. Montgomery, 2007). Finally, some amount of
CaCOs found in one of the Roman soil profiles can be explained in
the context of carbonate-free parent materials of the Sila uplands
by modern soil amendment and fertilization superimposed on the
ancient soil features.

On the basis of these results, we think that an anthropogenic
degradation of the soil-vegetation cover during the Holocene plays
a prominent role in the Cecita area, where a mutual superimposi-
tion and reinforcement between the effects of climatic changes and
those operated by man'’s activities probably occurred. However, real
effectiveness of above drought phases in such a mountainous
environment with present-day high rainfall rates and past water
availability recorded in various soil features (see previous subsec-
tion) is difficult to estimate. We wonder they were probably not
strong enough to allow a so severe response of vegetation from
deciduous to pine forest after the Neolithic climatic optimum.
However, their cyclical repetition during the late Holocene could
suggest a sort of “cumulative” effect on the natural environment
through time. Among the major drying episodes, the older ones, at
5—5.5 ka BP (Colombaroli et al., 2007; Marchetto et al., 2008) and at
4—4.2 ka BP (e.g. Drysdale et al., 2006; Zanchetta et al., 2012), could
have had a mere “preparatory” role in the vegetation shift, because
at about 3 ka BP an overall geomorphic stability is still recorded in
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the Cecita area (see above). Therefore, it can be supposed that a
significant role in such a vegetation change besides the prominent
effects of human activities could have been also promoted by one or
both the younger drought episodes, i.e. those around 3000 or 2000
years BP.

In an indirect way, the volcanic input concurring to soil forma-
tion could have been relevant for environmental changes in the
Cecita area. Nutrient availability in the soil ecosystem favored by
rapid weathering of volcanic glass (see first subsection of present
discussion), coupled with suited climatic conditions, water avail-
ability, vegetation cover and accumulation of soil organic matter,
probably promoted high soil fertility since late Neolithic times (and
even before). These characteristics very likely influenced the choice
of the sites in different prehistoric to historical epochs for various
settlements and progressively more extensive exploitation of raw
materials and any other natural resource for building and people
subsistence (stones, land for crops, water, fish, wood and pitch).
Land use modifications caused by forest clearance, slash-and-burn
and agricultural practices probably also indirectly affected plant
diversity and dynamics through time, because significant vegeta-
tion changes certainly affected the main properties of the soil
(organic matter content and its preservation, soil productivity and
nutrient cycling, aggregate stability, exposure to raindrop impact
and surface water runoff, soil thickness, drainage and infiltration,
etc.) as plant-sustaining natural ecosystem. In turn this soil
response, possibly leading to its impoverishment, overexploitation
or loss, could have influenced some natural vegetation changes, in a
strict mutual feedback mechanism.

6. Conclusions

The multidisciplinary study of Holocene archaeological soils in
the upland Mediterranean site of Cecita Lake (Sila massif, Calabria,
southern Italy) was revealed to be very powerful for reconstructing
mid to late Holocene paleoenvironmental changes in response to
climate and human impact. Based on their main features and lab-
oratory results, two distinct environments can be delineated for
these epochs. Warm climatic conditions with high water avail-
ability and some seasonal contrast characterized the late prehis-
toric period (during the Holocene climatic optimum), under an oak-
dominated (deciduous Quercus) forest. These conditions promoted
humus accumulation, clay illuviation and phyllosilicate neogenesis
(prevailing over short-range order components) in soils, partially
developed on very fine, distal volcanic ashes sourced from late
Pleistocene to Holocene eruptions of the Aeolian Islands. This phase
of overall geomorphological stability was followed by a severe land
instability and degradation, presumably caused by mid-Holocene
climate drying (evidenced by clay coating decrease) and strongly
reinforced by increasing human pressure since the last 3 ka BP,
culminated during Roman times (forest clearance and wood
exploitation, pitch extraction, field cropping and tillage). Severe
anthropogenic disturbance promoted an almost complete substi-
tution of oaks by a pine forest dominated by P. nigra subsp. laricio.
Ongoing soil charcoal analysis on further selected soil profiles will
clarify the timing of these vegetation changes. Finally, late Holo-
cene soils record a restoration of overall humid and possibly cooler
climatic conditions, indicated by dominance of short-range order
aluminosilicates over phyllosilicate clays as neoformed products.
This behaviour can be explained by the specific mountainous, very
humid environment of the study area, where the effects of possible
arid events recorded elsewhere could have been strongly attenu-
ated. The absence of a clear drying trend from the mid to the late
Holocene at this site represents a very relevant result in the long-
lasting, controversially debated issue of Holocene climate pattern
both in Italy and the Mediterranean area.
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