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A B S T R A C T

Grotta Battifratta cave is a key archaeological cave located along a travertine escarpment in the Farfa Valley 
(Rieti, central Italy), within the middle Tiber catchment. Recent interdisciplinary investigations by Sapienza 
University of Rome have documented a well-preserved stratigraphic succession spanning from the Middle 
Palaeolithic to the post-Medieval period, with particularly detailed evidence for Neolithic and Bronze Age ac
tivity at the cave entrance. This study integrates archaeological excavation with sedimentological, micromor
phological, geochemical, mineralogical, micropalaeontological and radiocarbon analyses to reconstruct the 
Holocene cave infill and its links to human use. Neolithic deposits (end of the 6th–beginning of the 5th millennium 
BCE) accumulated through short-lived depositional and erosional events driven by alternating slope stability, 
surface runoff and episodic karst reactivation. Bronze Age evidence is more spatially restricted and reflects 
episodic use, likely linked to pastoral practices, during a phase of hydrological reorganisation of the karst system 
followed by low-energy carbonate sedimentation. Post-Medieval ceramics in the uppermost deposits provide a 
terminus post quem for final infilling, which falls within the Little Ice Age phase of hydroclimatic instability. 
Overall, Grotta Battifratta cave shows how Holocene cave deposits record the intertwined effects of environ
mental processes and human activities, providing a geoarchaeological archive of human-karst landscape in
teractions in inland central Italy.

1. Introduction

Caves are widely recognized as archives of natural and anthropo
genic processes, offering reliable insights into long-term environmental 
change and human occupation (White, 1988; Farrand, 2001; Cremaschi 
et al., 2005, 2014; Goldberg and Sherwood, 2006; Ford and Williams, 
2007). Owing to their relatively stable microclimates and sheltered 
conditions, which favour the preservation of stratified deposits despite 
intense outside weathering, caves have significantly advanced our un
derstanding of past climatic fluctuations, depositional processes, and 
cultural practices throughout the Quaternary, enabling reconstructions 

of socio-environmental dynamics from the Palaeolithic onwards 
(Goldberg and Sherwood, 2006; Angelucci et al., 2009; Cremaschi et al., 
2014; Mallol and Goldberg, 2017; Spinapolice et al., 2022). Their 
sedimentary successions, spanning from the daylight zone to deeper 
chambers, can capture subtle traces of past human behaviours and 
environmental transformations (Hunt et al., 2015; Goldberg and Sher
wood, 2006).

Caves function as major sedimentary traps within karst landscapes. 
Sediment sources are highly diverse and include products of bedrock 
physical weathering, such as flaking, spalling, exfoliation, and granular 
disintegration, together with colluvial and alluvial inputs transported 
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from outside the cave and along the karst network, as well as aeolian 
material, biogenic accumulations, and anthropogenic debris (Goldberg 
and Sherwood, 2006; Carroll, 2012; Hall et al., 2012; Karkanas et al., 
2021; Zerboni et al., 2022). As a consequence, archaeological cave 
studies have long represented a key domain for geoarchaeological 
research, integrating sedimentology, micromorphology, geochemistry, 
and, more recently, molecular approaches to disentangle site formation 
processes, refine chronologies, and assess the nature and intensity of 
human presence within dynamically evolving depositional environ
ments (Farrand, 2001; Cremaschi et al., 2005, 2014; Ghinassi et al., 
2009; Nicosia and Stoops, 2017; Massilani et al., 2022; Morley et al., 
2023; Aldeias and Stahlschmidt, 2024; Costanzo et al., 2024). In this 
framework, geoarchaeological analyses have proven essential for dis
tinguishing geogenic deposits from anthropogenic components, 
including combustion residues and stabling-related accumulations, 
thereby allowing a more precise reconstruction of depositional processes 
and activity patterns within cave environments (Angelucci et al., 2009). 
This methodological refinement has substantially improved our under
standing of how caves were used over time, their role within foraging 
and pastoral systems, and the ways in which these functions responded 

to climatic variability and cultural change.
Recent decades have seen a marked growth of cave-based geo

archaeological research across the Mediterranean and Europe. In this 
wider framework, Italian karst systems offer multiple stratified se
quences from the Palaeolithic to the Bronze Age (Cremaschi and Ferraro, 
2007; Rellini et al., 2013, 2020; Boschian et al., 2017; Angelucci et al., 
2019; Moroni et al., 2019; Cremaschi et al., 2005, 2022, 2026; Pier
uccini et al., 2022; Spinapolice et al., 2022; Ryan et al., 2024).

Applications of geoarchaeological approaches to cave contexts in 
peninsular Italy have highlighted the complexity of Holocene infill se
quences, where anthropogenic inputs such as combustion residues, dung 
accumulations and trampled surfaces alternate with slope-derived sed
iments and water-lain deposits (Boschian et al., 2017; Cremaschi et al., 
2020, 2026).

These stratified archives have proven particularly valuable for 
reconstructing land-use dynamics and for clarifying the interaction be
tween natural processes and cultural activity in karst environments, 
contributing to broader reconstructions of paleoenvironmental change, 
site formation dynamics, and human behaviour in Holocene Mediter
ranean landscapes (Cremaschi et al., 2005, 2020, 2026 ; Cremaschi and 

Fig. 1. A) Google Earth imagery of the study area with the location of the Grotta Battifratta (42.209876 N, 12.792541 E). B) DTM of the area surrounding Grotta 
Battifratta (DTM elaborated in QGIS 3.34; freely downloaded from https://tinitaly.pi.ingv.it/; Tarquini et al., 2023). C) Geological map of the area in which the main 
geological formations are reported (H, Holocene deposits; UVC, Castelnuovo di Farfa Syntem; UPM, Poggio Moiano Syntem; UMS, Monteleone Sabino Synthem; CDZ, 
Scaglia Cinerea Detritica Fm.; VAS, Scaglia Variegata Fm.; SAA, Scaglia Rossa Fm.) (modified from Servizio Geologico d'Italia, 2009; sheet 357 Cittaducale). D) 
Pedological map of the study area, in which are reported the main pedological features (modified from Carta dei Suoli del Lazio). In detail, B4b refers to terraces and 
transitional slopes on travertine and reworked volcanic deposits, with Haplic Luvisols and Calcaric Cambisols. B4d indicates slopes on gravel and marine sands, 
featuring Endoskeletic Cambic Calcisols. B4e includes slopes and summit areas on cemented sandy gravel, with Endoskeletic Cambic Calcisols, Calcaric Skeletic 
Epileptic Phaeozems, and Calcaric Cambisols. B4g covers slopes on sandy gravel, with Calcaric Skeletic Epileptic Phaeozems, Calcaric Cambisols, and Calcaric 
Regosols. H4d describes hillsides on limestone–marl alternations (6–35% slope), with Calcaric Epileptic Regosols, Calcaric Skeletic Epileptic Cambisols, and Calcaric 
Regosols. H4e refers to hillsides on limestone–marl alternations (>35% slope), with Rendzic Leptosols, Endoskeletic Cambic Endoleptic Phaeozems, and Epileptic 
Rendzic Phaeozems.
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Ferraro, 2007; Iaconis and Boschian, 2008; Boschian et al., 2017; Rellini 
et al., 2020)

Within this Mediterranean cave framework, the present research 
focuses on Grotta Battifratta (Rieti, central Italy), where a wide and 
cross-disciplinary geoarchaeological approach is employed to investi
gate the Holocene sedimentary infilling in relation to climatic vari
ability, karst hydrology, and human land use. By integrating 
archaeological data with sedimentological, micromorphological, 
geochemical, mineralogical and micropaleontological analyses, we 
reconstruct the processes controlling sediment accumulation and pres
ervation and evaluates their implications for human occupation from an 
understudied inland sector between the central Apennines and the Tiber 
Valley.

2. Study area: geology, soils and climate

Grotta Battifratta cave (42.209876◦ N, 12.792541◦ E, 370 m asl) is a 
travertine cave system located approximately 40 km northeast of Rome, 
within the municipality of Poggio Nativo (Rieti), in the southern foot
hills of the Sabina Mountains, which are part of the central Apennine 
fold-and-thrust belt that primarily developed during the Neogene 
(Fig. 1A and B). The local bedrock complex surrounding the cave is 
composed of the Mesozoic to Cenozoic sedimentary succession 
belonging to the Umbria–Marche–Sabina shelf-to-pelagic domain that is 
overlain by Plio-Pleistocene continental deposits (Servizio Geologico 
d'Italia, 2009; Cosentino et al., 2010). Specifically, the lithostratigraphic 
succession comprises Upper Cretaceous to Lower Eocene reddish marly 
limestones with chert (SAA), Paleocene to Lower Eocene marls and 
bioclastic marly limestones, and Middle Eocene marly limestones and 
marls intercalated with violet to black chert (VAS and CDZ), overlain by 
the Plio-Pleistocene succession. This includes conglomerates and san
dy–silty layers (UMS), calcareous tufas and travertines (UPM) (hosting 
Grotta Battifratta and other caves and rockshelters), medium-to fine-
grained sands, and, at the top, Holocene slope, fluvial, and colluvial 
deposits with local levels of volcanic deposits (H) (Fig. 1C). The pedo
logical cover in the study area reflects diverse soil-forming processes 
shaped by variations in parent material and topography. The maps soil 
units B4b, B4d, B4e, B4g, H4d, and H4e (Fig. 1D), representing distinct 
litho-topographic associations, each supporting specific soil types clas
sified according to the World Reference Base (WRB, 2015) and docu
mented in the Carta dei Suoli del Lazio (1:250,000 scale) (Napoli et al., 
2019). Overall, soils of the area display coherent degrees of alteration of 
the marly/limestone and travertine bedrocks, with catenas of regosols, 
cambisols, luvisols, and phaeozems forming according to lateral changes 
in slope, substrate texture, substrate compaction, and arboreal cover.

The present-day climate experiences a Mediterranean to sub- 
Mediterranean regime with strong precipitation seasonality: rainfall is 
concentrated in autumn–winter, whereas summer is comparatively dry 
(WMO, 2017; ISPRA, 2022). Mean annual precipitation falls in the 
700–1000 mm class in the main valley/foothill areas and increases to 
1000–1500 mm across the Monti Sabini ridge, while annual tempera
tures are around 12–14 ◦C (Tmean) with ~18–20 ◦C (Tmax) and 
~6–8 ◦C (Tmin), implying a marked thermal range inland. This seasonal 
contrast links directly to geomorphic responses: summer drought fa
vours fuel drying and fire susceptibility, and the first intense autumn 
rains promote event runoff and slope erosion when ground cover is 
reduced (ISPRA, 2022). Present land cover is a mosaic of agricultural 
patches (including permanent crops) and extensive broad-leaved/mixed 
forests; vegetation belts are dominated by thermophilus deciduous oak 
forests (e.g., Quercus pubescens s.l., Q. cerris, locally Q. frainetto), with 
chestnut and beech at higher elevations (Biondi et al., 2014; Bottacci 
and Clauser, 2022).

3. The karst system of Grotta Battifratta

Grotta Battifratta opens on the left slope of the Riano Valley, a 

tributary of the Farfa River in the Tiber River basin (Fig. 1A). The karst 
system develops within Middle Pleistocene travertine deposits of the 
Poggio Moiano Synthem (UPM), dated to >350 ka (Manfra et al., 1976;
Servizio Geologico d'Italia, 2009; Cosentino et al., 2010) (Fig. 1C). The 
UPM consists of encrusting limestones and bioinduced lacustrine lime
stones formed by calcium carbonate precipitation from flowing waters 
over vegetated substrates. Surrounding the cave, laminated to 
thin-bedded, non-cemented brownish limestones composed of calcar
eous silt or silty sand are Interbedded with travertines, and likely 
represent palaeosols or sediments deposited in flooded depressions or 
small ponds.

Grotta Battifratta is an epigenic karst system (sensu De Waele and 
Gutiérrez, 2022) with a wide cave entrance, transitioning through a 
narrow cave mouth into an internal conduit network developed along 
fractures and bedding planes in the travertine (Figs. 2 and 3). The cave 
entrance, originally a cave chamber exposed by slope retreat, is marked 
by a remnant stalactite (Fig. 3), and measures 18 m in width, 8.5 m in 
depth, and 6 m in height. Its size and shape are controlled by structural 
discontinuities and further modified by mechanical collapse (e.g., 
freeze-thaw cycles) and biological processes (e.g., root etching, 
micro-pitting). In earlier phases, the area likely functioned as a cave 
mouth, influenced by a spring discharge point that periodically 
reworked the deposits via floodwaters. The internal cave system displays 
a linear to angular, eastward-oriented cave profile, with a large chamber 
filled with silty-clay sediments and speleothems linked to recharge zones 
(Fig. 3). The main conduit (~60 m long) exhibits keyhole morphology, 
with an upper rounded phreatic tube entrenched by a vadose canyon, 
infilled with reddish-brown clays and collapse debris (Fig. 3). This dual 
morphology indicates hydrological shifts from phreatic to vadose con
ditions, related to discharge variations and water table lowering due to 
climatic changes (Ford and Williams, 2007; De Waele and Gutiérrez, 
2022). The cave alternated periods of active and passive hydrological 
phases (Woodward and Goldberg, 2001). During active phases, 
high-energy conduit flows transported coarse, organic-rich sediments. In 
passive phases, autogenic recharge through the epikarst, slow percola
tion, seasonal dripwater, and local ponding favoured the winnowing of 
silts and clays, often with illuvial features (Sasowsky and Mylroie, 
2007).

Morphological variations (e.g., constrictions, bends, roughness) and 
sedimentation influenced flow velocity and hydraulic gradient, pro
ducing sedimentary facies with marked lateral and longitudinal vari
ability. Major recharge events can erode earlier deposits and redistribute 
sediment along the karst system, whereas quieter phases favour the 
settling of fine-grained material in ponded areas and the development of 
illuvial features driven by slow percolation and seasonal dripwater. 
(Ford and Williams, 2007; De Waele and Gutiérrez, 2022).

4. Archaeological background

Archaeological evidence for the earliest phases of human occupation 
in the Sabina mountain area remains fragmentary, despite its central 
position within the network of routes connecting the Tiber Valley, the 
Central Apennines and further east, the Sibillini Mountains and the 
Adriatic coast. Nevertheless, the available record, primarily from surface 
survey and sporadic excavations, documents long-term human presence 
spanning Prehistory and Protohistory (Acanfora, 1962; Albertini et al., 
2019; Bulgarelli, 1979;Guidi and Santoro, 2012; Filippi and Pacciarelli, 
1991; Rolfo et al., 2016). Within this framework, the Farfa Valley and its 
tributaries stand out for the concentration of caves and rock shelters 
with a high archaeological and paleoenvironmental potential (Conati 
Barbaro et al., 2024a).

Grotta Battifratta (Poggio Nativo, Rieti) was first investigated in the 
1980s, when exploratory soundings carried out by the Italian Institute of 
Human Palaeontology identified two principal occupation phases at the 
cave entrance, attributed to the Neolithic and the Bronze Age (Segre 
Naldini and Biddittu, 1985, 1988). Middle Bronze Age (MBA) pottery, 
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associated with scattered human remains in the inner corridor, sug
gested funerary use during this phase (Segre Naldini and Biddittu, 
1985).

Archaeological investigations resumed in 2021 within the Farfa 
Valley Project. Caves, People, and Past Environments, directed by Depart
ment of Antiquity Sciences at Sapienza University of Rome (Conati 
Barbaro et al., 2024a). Excavations focused on the cave entrance and the 
adjacent internal sectors, exposing a long stratigraphic sequence span
ning from the late Pleistocene to the early modern period (Figs. 4 and 5). 
This investigation has documented an older phase of occupation at the 
cave entrance (Trench A) dating to the Upper Pleistocene (Fig. 2). This 
as indicated by a lithic assemblage employing the Levallois technique, in 
association with faunal remains, including large mammal bones such as 
Bos primigenius (Conati Barbaro et al., 2024a).

Trench B (TB), located at the cave mouth, yielded a Neolithic strat
igraphic succession where the material recovered is homogeneous and 
consistent with the radiocarbon dates obtained so far (see Table 3 in §

6.4), thereby allowing the occupation of the site to be securely placed 
within a relatively short chronological span of a few centuries. The use 
of the cave seems to be closely linked to the presence of a seasonal water 
source.

The pottery assemblage includes vessels and decorative motifs 
characteristic of both the central Adriatic (Ripoli-style and Catignano 
cultures) and Tyrrhenian areas (Incised-lines ware). The presence of a 
Fiorano-style mug decorated with incised motifs further suggests cul
tural interactions extending to the Po Plain. Moreover, the predomi
nance of closed shapes such as mugs, carinated vases, and jars indicates 
a functional emphasis on water-related activities (Conati Barbaro et al. 
2024a, 2024b) (Fig. 5).

The lithic assemblage is characterized by a substantial presence of 
bladelets, cores, and other elements linked to the laminar chaîne 
opératoire, indicating that knapping activities took place on-site. The use 
of high-quality raw materials, especially fine-grained chert obtained 
from both primary and secondary deposits (Carletti et al., 2026), points 

Fig. 2. A) UAV acquisition of the cave entrance of Grotta Battifratta and the travertine escarpment. B) Plan and profile cave survey (modified from the cave survey 
made by the Gruppo Speleo Archeologico Vespertilio) with the position of different sectors of the cave. The blue and light blue colour are the main archaeological 
excavation areas.
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to diverse procurement strategies involving both local and non-local 
sources (Carletti et al., 2025a, 2025b) (Fig. 5).

The discovery of well-preserved, partially articulated human re
mains of a nonadult (SU45) and of an adult male (SU71/SU60) 
(Thompson, 2024), in two overlapping stratigraphic units, suggests that 
the cave was also used as a burial site. A clay figurine, a bone pendant, 
and a fragmented stone bracelet found in proximity to the nonadult's 
remains; however, their primary association as burial offerings remains 
tentative, as the stratigraphic context appears to have been disturbed by 
post depositional water-flow alterations (Conati Barbaro et al., 2025) 
(Fig. 5).

Human occupation of the cave appears to have ceased at the 
beginning of the 5th millennium BCE, with no evidence of subsequent 
activity until the Bronze Age, between the 18th and 14th centuries BCE. 
During this period, Middle Bronze Age (MBA) groups reoccupied the 
site, utilizing the inner part of the cave as a funerary space. In contrast, 
the area near the cave entrance likely served domestic or pastoral 
functions, such as the sheltering of livestock or food preparation, sug
gested by the presence of a combustion feature.

Segre Naldini and Biddittu (1985) reported the presence of scattered 
human remains in association with MBA 3 ceramics within the internal 

corridor, confirming the cave's use for burial during this phase. The 
ceramic assemblage is dominated by jars, mugs, and carinated bowls, 
decorated primarily with incised or excised geometric motifs such as 
meanders and zigzags filled with dots, often enhanced with white inlay. 
These decorative features are typical of MBA 3 contexts in central Italy.

During the Bronze Age, the cave may have been used by pastoral 
communities moving through the Riano River Valley along seasonal 
transhumance routes, with Grotta Battifratta serving as one of several 
temporary stopovers along their journey to or from the Apennines. 
During this phase, MBA groups reoccupied the site, utilizing the inner 
part of the cave as a funerary space (Segre Naldini and Biddittu, 1985). 
In contrast, the area near the cave entrance likely served domestic or 
pastoral functions, such as the sheltering of livestock or food prepara
tion, suggested by the presence of a combustion feature excavated in the 
cave mouth area (Conati Barbaro et al., 2024a) (Fig. 4).

The most recent occupation is documented by a maiolica jug found at 
the top of the sequence, dated to the first half of the sixteenth century CE 
and comparable to material from the Crypta Balbi in Rome (Conati 
Barbaro et al., 2024a) (Fig. 5).

Fig. 3. A) Field picture of the cave entrance of Grotta Battifratta. Red polygon indicates remnant fossil stalagmites and the yellow polygon the outer sector of the cave 
mouth (TB); B) Detail of the inner chamber area filled with fine sediments, with speleothems visible in the background (red arrows). C) Detail of the conduit area and 
fine sediments (red arrows). D-E) The outer sector of the cave mouth (Trench B).
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5. Materials and methods

Our study investigates the cave mouth area, which preserves evi
dence of Neolithic and Bronze Age occupations. For analytical purposes, 
the cave mouth was subdivided into two sectors: the Outer Cave Mouth 
(OCM) and the Inner Cave Mouth (ICM) (Figs. 2 and 3). The OCM cor
responds to the portion of the cave closest to the dripline and is therefore 
more directly influenced by external agents such as rainfall, temperature 
fluctuations, and sedimentary inputs from slope wash or surface runoff. 
The OCM sector was investigated through the archaeological excavation 
of Trench B (TB).

The ICM, by contrast, lies further inside the cavity and is less affected 
by these exogenous processes, representing a more sheltered environ
ment where depositional dynamics are modulated by internal cave 

conditions and attenuated external influences. The ICM sector was 
investigated through the excavation of Trench D (TD). The stratigraphic 
investigation of the archaeological cave deposits at Grotta Battifratta 
focused on TB and TD, which were systematically sampled for a range of 
laboratory analyses.

Sediment samples for grain-size analysis, and for the measurements 
of organic and inorganic carbon content and X-ray diffraction (XRD) 
were collected at 10 cm intervals, as these analyses required larger 
amounts of material and provided a broader resolution characterization 
of the exposed sedimentary succession. In contrast, samples for micro
palaeontological analysis (ostracods) and were collect at 5 cm intervals 
to obtain higher-resolution insights into the microenvironmental 
changes. In addition, undisturbed blocks for thin-section micromor
phology were extracted from selected stratigraphic units, and selected 

Fig. 4. A) Excavation areas located in proximity to the cave entrance and cave mouth at Grotta Battifratta (see also Fig. 2). B) Detail and orthophoto of the main 
combustion feature (Bronze Age) identified highlighted by red dashed outlines. C) Detail of the excavation area at the cave mouth showing the exposure of Neolithic 
pottery fragments visible on the surface (yellow arrows. D) Final stratigraphic section (TB) at the cave mouth showing the Neolithic deposits overlain by Bronze Age. 
The dashed red line marks the boundary between the Bronze Age deposits and the underlying Neolithic sequence.
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samples for provenance analysis were collected from both the TB and TD 
sections. A total of seven samples for radiocarbon dating were obtained 
from sections TB and TD.

5.1. Stratigraphy, sedimentology and geochronology

Archaeological excavation was carried out according to stratigraphic 
units (SUs) in both TB and TD.

Each SU was field described in detail and assigned a colour using the 
Munsell Soil Colour Chart (Munsell Color Company, 1994). Strati
graphic profiles in both TB and TD were subdivided based on distinct 
pedo-sedimentary characteristics. Major erosional surfaces within both 
profiles were also identified. Subsequent sampling was performed for 
sedimentological analysis, with samples collected at 10 cm intervals or 
according to SU thickness and interfaces. 12 samples were analysed from 
section TB and 9 from section TD. Grain-size (GS) analyses were con
ducted using the laser diffraction technique to determine Particle Size 
Distribution (PSD) (Eshel et al., 2004).

Seven samples from TB and TD were selected for AMS-radiocarbon 
dating and were sent to the Dating and Diagnostic Center (CEDAD) of 
Salento University (Italy). Radiocarbon dates were calibrated with 
OxCal (https://c14.arch.ox.ac.uk/oxcal.html) using the IntCal20 cali
bration curve (Reimer et al., 2020) (see Table 3), and the archaeological 

chronology was established with reference to the regional framework 
proposed by Palmisano et al. (2021).

5.2. Geochemical and mineralogical analysis

Organic and inorganic carbon contents were analysed on 38 samples 
collected at 5 cm intervals, both TB and TD, to obtain high-resolution 
data on Total Carbon (TC), Total Organic Carbon (TOC), and Total 
Inorganic Carbon (TIC). Samples were oven-dried (~50 ◦C), dis
aggregated manually, and sieved to retain the <2 mm fraction. This was 
then ground into powder for analysis.

TC was measured by weighing aliquots in tin capsules to six decimal 
places and combusting them in a Thermo Fisher Flash 2000 Elemental 
Analyzer. Gases were separated and quantified by thermal conductivity, 
yielding TC values in weight percent. TOC was determined on 
carbonate-bearing samples after pre-treatment with 18% HCl to remove 
inorganic carbon. Powdered samples were acidified in silver capsules 
until effervescence stopped, dried at 65 ◦C, sealed, and analysed. TIC 
was obtained by subtracting TOC from TC.

For XRD analysis, 19 representative samples from trenches TB and 
TD were powdered with an agate mortar. Powders were packed into 
standard holders (Bragg–Brentano geometry) using the backfilling 
technique to minimise preferred orientation. X-ray diffraction was 

Fig. 5. A-D) Neolithic materials: A, Painted Ripoli- style vase (scale bar 5 cm); B, polished stone ring (scale bar 2 cm; B, tools, débitage elements, core (scale bar 
5 cm); D, clay figurine (scale bar 1 cm). E-F) Bronze Age pottery (scale bar 2 cm for E and 5 cm for F). G) 16th century CE glazed maiolica jug (scale bar 2 cm).
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performed using a Panalytical X'Pert Pro diffractometer (Cu-Kα, 
λ = 1.5406 Å; 40 kV, 40 mA), scanning from 5◦ to 70◦ 2θ, with 0.033◦

steps and 0.5 s/step. Mineral phases were identified using Panalytical 
X'Pert HighScore software (Degen et al., 2014) by comparison with 
reference patterns from the internal database.

5.3. Thin section micromorphology

A total of 10 undisturbed sediment blocks were collected for 
micromorphological analysis: four from TB, five from TD, and one from 
a Bronze Age combustion feature (see § 4). Sampling was carried out on 
freshly cleaned stratigraphic profiles using standard procedures to pre
serve the internal structure and minimise disturbance. Attention was 
paid to maintaining the original orientation and integrity of each block, 
which were carefully wrapped and stabilised for transport.

Thin section preparation was performed by the laboratory Massimo 
Sbrana, Servizi per la Geologia (Piombino, Italy), following the protocol 
described by Murphy (1986). Samples were air-dried, impregnated with 
polyester resin under vacuum, sliced, mounted on glass slides, and 
polished to 30 μm-thick sections measuring 55 × 95 mm.

Micromorphological observations were conducted using an Olympus 
BX41 microscope equipped with 2x, 4x, 10x, and 40x magnifications 
and an Olympus E420 digital camera for documentation; observations 
were performed under plain polarized light (PPL) and cross-polarized 
light (XPL). Descriptions followed the terminology and classification 
criteria of Stoops (2021), with interpretative support from reference 
works and illustrated atlases including Nicosia and Stoops (2017), 
Macphail and Goldberg (2018), and Stoops et al. (2018).

5.4. Compositional analysis

Samples from TB (TB40 and TB50) and from TD (TD40, TD50, and 
TD70) sections were selected for compositional analysis. Sand samples 
were dry-sieved to isolate the 125–500 μm fraction, chosen to represent 
the typical grain-size range of the studied deposits and to provide a 
dataset complementary to the micromorphological observations. The 
selected fractions were impregnated with resin and prepared as polished 
thin sections for petrographic analysis.

Framework grain composition for samples TB40, TB50 and TD70 was 
determined following the Gazzi-Dickinson point-counting method 
(Ingersoll et al., 1984), in which each grain is classified according to its 
mineralogical identity at the scale of individual crystal fragments. 
Counted grains were grouped into monomineralic and polymineralic 
categories. Raw proportions were calculated based on total counts, and 
percentages were recalculated to 100% to obtain standardized compo
sitional parameters, including QFL (quartz–feldspar–lithic) proportions, 
QmKP (monocrystalline quartz–feldspar relationships), and LmLvLs 
(volcanic–sedimentary lithic subpopulations).

5.5. Ostracod analysis

A total of 37 samples from TB and TD were processed for micropa
leontological analysis. Each sample was soaked in a 5% H2O2 solution 
for 24 to 48 h to disaggregate the sediment, then wet-sieved using a 
0.063 mm mesh and air-dried. The dried residues were hand-picked to 
collect both juvenile and adult ostracod valves. Identification of adult 
ostracod valves and other biological remains was conducted under a 
stereomicroscope and supplemented by Scanning Electron Microscope 
(SEM) imaging. Abundant and well-preserved ostracods were recovered 
from only four samples, including both adult and juvenile forms. The 
approximate juvenile-to-adult ratio of 8:1 suggests in situ assemblages 
(following Whatley, 1988; Boomer et al., 2003). The presence of very 
early-stage moults further indicates a low-energy depositional 
environment.

6. Results

6.1. Field description of the outer cave mouth section TB and the inner 
cave mouth section TD

Excavation of the outer cave mouth sector revealed a shallow 
north–south-aligned depression, approximately 4 m in length and be
tween 0.5 m and 2 m in depth, at the base of the Neolithic sequence.

It is bounded to the west by a ramp of roof-fall blocks that isolates it 
from the adjacent cave entrance. Repeated collapse events created a 
natural sediment trap, preserving a stratified archaeological sequence 
dated to the Neolithic, Bronze Age, and historical period.

Three stratigraphic sections (TB-North, TB-South, and TB-East) were 
cleaned and sampled during the excavation. Despite general lateral 
consistency, minor intra-unit variations reflect local topography, roof- 
fall clasts, and human disturbance. TB-South (in the previous chapters, 
TB) was selected as the main reference profile (Fig. SI 1).

TB reveals a vertically continuous succession of fine-grained cave 
sediments, subdivided into eight stratigraphic units (from top to bottom 
SUs 12-25-26-24-44-45-57-60), each marked by distinct pedo- 
sedimentological properties and archaeological features.

The SUs 12-25-26 are the uppermost part of the sequence, consisting 
of cross-laminated sand, sandy silt, and silty clay, showing evidence of 
erosive surfaces, roof-fall blocks, and a fining-upward trend (Fig. 6). 
From SU 24 downwards, the TB shows much evidence of anthropogenic 
influence. SU 24 and SU 45 are rich in charcoal, faunal remains, and 
pottery sherds with some evidence of preferential orientation. SU 44, by 
contrast, is archaeologically poor, featuring voids with clay illuviation 
and manganese coatings. Lower units (SU 57-60) include silty sand to 
clay-rich sediments, often with dispersed charcoal, carbonate concre
tions, and travertine clasts (Fig. 6).

In the inner cave mouth sector, trench TD (in the previous chapters, 
TD) was excavated to expose the stratigraphic sequences of the internal 
corridor, which was subsequently correlated with the succession iden
tified in the OCM. TD reveals an 80 cm-thick unit deposited within a 
narrow conduit, featuring three scours on bedrock correlated with 
distinct sedimentary episodes (Fig. 7). The confined morphology sug
gests that deposition was strongly influenced by channelled flows.

The TD stratigraphic succession comprises 5 vertically stacked units 
(SUs 36-37-38-39-40) that show massive and laminated fine-grained 
sediments. The passage among these units can be locally gradually or 
sharp.

SU 36 consists of dark brown silty clay with a weak sub-angular 
blocky structure and scattered centimetric limestone clasts at the top, 
becoming laminated and sandier toward the base (Fig. 7). SU 37 fills a 
concave erosional depression and is composed of pale brownish-grey 
silty clay with yellowish mottles and moderate blocky structure; a 
large limestone block ais embedded. SU 38 forms the main clay-rich cave 
fill and is subdivided into three sub-units, with massive structure. In SU 
38b, discontinuous charcoal laminae occur. SU 39 occupies a shallow 
erosional depression within SU 38b and is made up of yellowish-brown, 
weakly laminated clayey silt with dispersed charcoal and a fine sand lens 
at the bottom. At the base, SU 40 fills a narrow erosional trough incised 
into SU 38c and consists of black to dark brown silty clay with a massive 
structure and abundant charcoal (Fig. 7).

6.2. Sedimentological, geochemical, and micropaleontological analyses

The sedimentological and geochemical characterisation of TB was 
carried out on the eight sedimentary units (SUs 12 to 60).

The general trend in GS analyses along the TB section (Fig. 8A) in
dicates that the upper part of the profile, corresponding to SU 12 and SU 
25, is dominated by sandy-sized particles. In these units, sand is the main 
fraction, with silt and clay occurring in minor proportions. However, a 
marked increase in fine particles is recorded at the top and base of SU 12. 
From the base of SU 26 downward, there is a gradual increase in clay and 
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silt, which become the dominant components of the sediment 
throughout the rest of the succession. A fine-grained GS characterizes all 
underlying units. A localised increase in sand is observed at the base of 
SU 44, where the sandy fraction temporarily rises before the return to a 
predominantly silty-clayey matrix.

Within SU 24, a distinct and localised increase in gravel content is 
recorded, clearly standing out against the overall fine-grained 
background.

From the top of the succession down to 70 cm, including SU 12, SU 
25, and SU 26, TOC and TIC remain relatively stable, with moderate 
values and no marked fluctuations. At SU 24, both TOC and TIC begin to 
increase, with TOC reaching its main peak and TIC at the SU 24–SU 44 
boundary. Within SU 44, both TOC and TIC decrease markedly. In SU 
45, TIC increases moderately, while TOC rises sharply between 90 and 
100 cm, reaching a second high peak. In SU 57, both TOC and TIC 
decrease again, reaching their lowest values in the lower part of the 
profile (Fig. 8A).

Compositional analysis indicates that the samples from the TB sec
tion (TB40 and TB50) display a sedimentaclastic, feldspa
tho–quartzo–lithic composition with a clear dominance of 
monomineralic grains (>50%), mainly quartz and feldspar. Lithic grains 
form a subordinate component composed mainly of micritic to sparitic 
carbonate fragments, partly silicified, together with minor siltstone and 
argillite, and rare felsic volcanic lithics. Accessory minerals include 
micas (muscovite and biotite <0.8%) and opaque heavy minerals 
(<1.6%), whereas bioclasts and organic debris (gastropod fragments, 
coprolites, bone, and charcoal) are rare (<1%). Intrabasinal components 
are abundant (IL = 30–39%), mainly calcareous tufa intraclasts, 
clay–silt aggregates, and mud clasts (Fig. 10). The recalculated frame
work composition (QFL) indicates quartz contents between 54 and 64%, 
feldspar 24–31%, and lithic fragments 11–15%. Monocrystalline quartz 
(Qm = 60–70%) dominates, and feldspars are largely plagioclase-rich 
(KF/(KF + P) ≈ 0.33–0.35). Lithic fragments (L) account for less than 

15% of framework grains and are overwhelmingly sedimentary (Ls =
85–100%), with rare volcanic fragments (Lm < 7.4%, Lv < 8.7%).

X-ray diffraction analysis of samples from trench TB reveals the 
presence of quartz, K-feldspars, plagioclase, and hydrous micas 
(muscovite and/or illite; see also Thompson and Ukrainczyk, 2002). 
Calcite is detected in all samples except TB 40, where the absence of the 
characteristic peak at ~29.4◦ 2θ indicates it lacks. The relative intensity 
of this peak varies across the TB section, suggesting differences in calcite 
abundance. A weak, broad peak around 12◦ 2θ in sample TB 100 may 
also indicate the presence of kaolinite (Fig. SI2).

The micropaleontological analysis on 24 samples from TB section 
indicates that the basal portion of the succession, from samples from 
55 cm to 115 cm and 45 cm to 0 cm was barren. Sample from depth 
50 cm revealed an abundant ostracod assemblage, dominated by Ilyo
cypris bradyi, with Candona sp., Bithynia fragments, and opercula also 
present (Fig. SI3).

The general trend in GS results along the TD section (Fig. 9B) shows 
that SU 36 is characterised by fine-grained sediments, with silt and clay 
as the dominant fractions at the top and a moderate presence of sand at 
the bottom. In SU 37, the GS becomes more heterogeneous, with higher 
sand proportions and a decrease in clay, while silt remains consistently 
present. A return to fine GSs is observed in SU 38a, where the sediments 
are predominantly composed of silt and clay with a degree of sand 
content. In SU 39, a slight coarsening trend is evident, with an increase 
in the sandy fraction and a concurrent decrease in silt, while clay re
mains stable. At the base of the profile, SU 40 is almost entirely 
composed of fine sediments, with a strong dominance of silt and clay and 
very low sand content.

From the top of the section to the base of SU 36, TOC values are 
moderate and stable, while TIC remains consistently low. In SU 37, TIC 
shows a marked increase, reaching its highest values in the profile, 
whereas TOC remains low throughout the unit. In SU 38a, TOC values 
are stable and slightly higher than in the overlying unit, while TIC 

Fig. 6. A) Photograph of the TB section. B) Line drawing of the TB section showing the internal stratigraphic units; the red box indicates the position of the 
stratigraphic log in Fig. 8. The adjacent panels show close-up photographs of the individual stratigraphic units (SUs), as described in Section 6.1.
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decreases but still shows moderate variability. In SU 39, TOC reaches its 
peak in the profile, while TIC remains moderate and stable. At the base 
of the sequence, in SU 40, TIC values decrease to their lowest levels, 
while TOC remains relatively low but exceeds TIC (Fig. 8B).

From a compositional point of view the TD70 sample exhibits a 
feldspathic–quartzose–lithic framework dominated by sedimentary 
lithics. Monocrystalline quartz (Qm = 62.2%) remains the main 
framework grain, while feldspar shows KF/P (K-feldspar/plagioclase) 
ratio of 0.48. Lithic fragments are exclusively sedimentary (Ls = 100%), 
comprising micritic and sparitic carbonates, minor clayey siltstone, and 
reworked pedogenic aggregates. Intrabasinal grains are particularly 
abundant (IL ≈ 57%), dominated by tufa and mud intraclasts, clay ag
gregates, and nodules, which locally obscure the primary depositional 
fabric. Accessory phases include rare micas (<1%) and sporadic opaque 
minerals, while bioclasts and organic remains are virtually absent. The 
recalculated QFL and QmKP proportions are Q = 61%, F = 33%, L = 6% 

and Qm = 62%, KF = 18%, P = 20%, respectively. The TD deposits differ 
markedly, being intrabasinally dominated and characterized by abun
dant carbonate intraclasts and tufa fragments (Fig. 9).

X-ray diffraction analysis reveals a slightly more complex mineral
ogical assemblage compared to TB (Fig. 8). Quartz and hydrous micas 
(muscovite/illite) are consistently present, with K-feldspars also detec
ted except in TD 40. Unlike TB, plagioclase is absent in TD 10, TD 20, 
and TD 40. Weak, broad peaks at ~12◦ 2θ in TD_50 to TD_80 suggest 
possible kaolinite presence (Fig. 9). Calcite, identified mainly via the 
(104) reflection (~29.4◦ 2θ), is absent in TD 10 and TD 70, and only 
weakly present in TD 30. Conversely, it dominates in TD 40, where 
additional reflections [(012), (006), (202)] confirm its abundance. In 
this sample, only quartz, hydrous micas, and calcite were identified, 
indicating a distinct mineralogical composition (Fig. SI2).

In Trench TD, 13 samples were analysed for their micro
palaeontological content. The lowermost part of the sequence was 

Fig. 7. Exposed stratigraphic succession of the TD section. Photo (A) and interpretative drawing (B) of the section TD; the red box indicates the position of the 
stratigraphic log in Fig. 8. The adjacent panels show close-up photographs of the individual stratigraphic units (SUs), which are described in detail in Section 6.1.
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Fig. 8. Stratigraphic succession of TB (A) and TD (B) sections with associated micromorphological and compositional samples, radiocarbon dates, particle size 
distribution (PSD), samples with ostracods and carbon content (TIC and TOC). The coloured lines on sections TA and TB indicate the correlating surfaces common to 
both. Coloured lines highlight the main stratigraphic surfaces identified in the TB and TD sections and are used to facilitate correlation between the two trenches. 
Solid lines represent erosional surfaces, whereas dashed lines indicate depositional contacts between stratigraphic units.
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barren, but beginning at approximately 70 cm depth the deposits yielded 
layers rich in plant remains and Bithynia opercula. The sample taken at 
65 cm contained a well-developed ostracod assemblage dominated by 
Cyprideis torosa, representing a distinctly oligotypic community. Sam
ples between 60 cm and 50 cm similarly produced plant debris together 
with abundant Bithynia opercula (Fig. SI3). A marked environmental 
shift is evident in the sample at 40 cm, which contains abundant car
bonate concretions and a microfossil assemblage dominated by Candona 
angulata along with numerous charophyte gyrogonites.

6.3. Micromorphological investigation

6.3.1. Thin sections from TB
Micromorphological analyses of the selected SUs of section TB are 

summarized in Table 1, whereas main aspects are reported in the 
following part. The coarse mineral fraction is consistent throughout the 
succession, with a prevalence of subangular and subrounded sand-sized 
quartz grains followed by other fine-grained siliceous and volcanic 
mineral grains inherited by the local lithologies and soil cover, namely 
chert, orthopyroxenes, feldspars, and micas. Their input within the cave 
is compatible with interstitial colluvium washing the particles down
wards through the fissures in the travertine bedrock, with relative 
abundances varying slightly, likely because of ultra-local variations in 
their availability. Heterometric travertine fragments showing varying 
degrees of roundedness and solutional alteration are common 
throughout the deposit.

Organic inclusions are dominated by heterometric charcoal frag
ments ranging from silt size to sub-centimetric, generally subangular to 
subrounded due to water traction and mostly situated within SU 24 
(partially eroded and redeposited at the bottom of SU 26). Bone frag
ments exist in varying concentrations and are generally sand- and 
gravel-sized and sometimes burned and phosphatised. However, the 

larger diagnostic osteological remains were mostly recovered during 
archaeological excavation for dedicated processing. Small ceramic 
fragments and lumps of grog and partially fired clay are sometimes 
observed in association with bone-bearing layers, but likewise, the 
larger fragments were collected during excavation. Lesser amounts of 
shell fragments (terrestrial gastropods) and phosphatised coprolite 
fragments (unidentified) are found in association with the former 
elements.

The analysis of the groundmass revealed a hidden feature related to 
the overall accretion of the deposit: the fine-grained fraction identified 
with the GS analysis (clay silt) is composed of rounded aggregates highly 
varying in size (medium sand up to centimetric) divided into a light 
yellow (Type 1) and a dark brown (Type 2) variants, interpreted as two 
separate kinds of pedorelicts. These two intermix, producing an overall 
yellowish brown groundmass colour throughout the succession. Their 
provenance, as for the coarse mineral grains, is to be reconducted to 
karst dynamics and sediment source. Type 1 pedorelicts are interpreted 
as rip-up clasts eroded by flowing water from the sediment deposits 
found in cave interior conduits (Fig. 3). Type 2 pedorelicts reflect colour 
and textural characteristics typical of humic soils and likely inherited 
from the overlying soil cover injected from the epikarst. Type 1 and 2 
pedorelicts display a certain degree of mechanical durability, as they can 
be observed as discrete textural entities that became part of the very 
depositional structures of the layers. This is extremely evident, for 
example, in the upper half of thin section TB M2 (Fig. 10A–C), where 
they associate with mineral grains to form well-preserved fining-up
wards trends created by low-energy water discharge at the outlet of the 
cave (Fig. 10B).

Primary depositional structures, however, have been locally 
disturbed by compaction and anthropic presence that resulted in partial 
welding of pedorelicts (Fig. 10D and E), heavy deformation of the de
posits, and enrichment in charcoal, bone fragments, and the other 

Fig. 9. Photomicrographs of sand-sized deposits from Battifratta Cave. (A–C) Samples from Trench B (TB40–TB50) showing the predominance of extrabasinal 
siliciclastic grains and clay-related pedogenic features. Monomineralic grains include quartz (Qtz), feldspar (KF), and minor volcanic lithics (Lv). Lithic fragments (Lc, 
Lsa) are mainly micritic to sparitic carbonate grains, partly silicified. Common features include clay rims surrounding detrital particles, clay–silt aggregates, and pyr 
(pyroxene) grains, indicating limited transport and post-depositional alteration. Clay coatings and sericite rims document in situ weathering and redistribution within 
the upper cave–soil interface. Scale bars: 1 mm and 200 μm. (D-F) Samples from Trench D (TD 70) characterized by abundant intrabasinal carbonate grains, including 
tufa and travertine fragments, calcitic intraclasts, and clay–silt aggregate intraclasts. Detrital quartz, feldspar (Plag) and carbonate lithic fragments (Lc) are sparse 
and typically coated by clay films. Locally, Fe-oxide nodules and gastropod shell fragments occur within the micritic matrix. The predominance of reworked tufa 
fragments, peloids, and intraclasts reflects low-energy sedimentation in cave pools and episodic roofspall reworking. Scale bars: 500 μm and 200 μm.
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biogenic and anthropogenic elements previously described (thin section 
TB M4, Fig. 10F–J). Clay dissolution caused by ambient water (likely 
dripwater) contributed to the partial textural, structural, and chromatic 
homogenization of the same layers (Fig. 10G–I).

Porosity is high throughout the deposit, expressed as planes and 
fissures with rare vughs and vesicles in the laminated strata reflecting 
desiccation, textural discontinuities, and syn-depositional incomplete 
degassing (Fig. 10A), and packing voids and bioturbative channels and 

chambers in the anthropized layers (Fig. 10E).

6.3.2. Thin sections from TD
Micromorphological analyses of the selected SUs of section TD 

(Table 2), as for those of section TB, corroborate field observations and 
find remarkable correlation with the former, albeit with slight structural 
differences imparted by local channelization (Fig. 7).

The coarse mineral fraction is again consistent throughout the 

Fig. 10. Selected thin section scans and microphotographs from section TB. A) Scan of sample GB21 TB M2 comprising the upper and lower portions of SU 25. The 
white dashed line indicates a stratigraphic transition identified in thin section but not during excavation and sampling. Slack water laminae and fining-upward trends 
are recognizable in the upper half, while the lower half is characterised by fragmented and loosely packed aggregates of welded and vughy silty clay. Note the 
desiccation fissures in the laminated deposit, accompanied by degassing vesicles, and the loose chaotic packing void in the lower-level B) Magnified detail of fining- 
upward structures in SU 25 top, indicated by the upright arrows. C) Plane polarized light (PPL) detail of the Type 1 and 2 rounded pedorelicts (yellow and brown, 
respectively) constituting the fining-upwards structures of SU 25, in association with same-sized mineral grains dominated by quartz. D PPL detail of SU 25 bottom. 
The deposit is composed of welded brown clay speckled with brighter-coloured Type 1 pedorelicts (white arrow) and enriched with transport-rounded biogenic 
components such as the bone fragment and presumed phosphatised coprolite (yellow arrows). E) Scan of sample GB21 TB M4 comprising the bottom of SU 26 and the 
top of SU 24, separated along a probable erosion/frequentation surface. The blue dashed line refers to the same discontinuity reported in Fig. 8. Both SUs are 
characterized by loosely packed subrounded silty clay aggregates and abundant charcoal, bone fragments, and anthropogenic material, such as the red ceramic 
fragments at the top of the section (red arrow). F) PPL detail of SU 26, showing charcoal with a rounded and altered bone fragment (centre of the picture). G-I) PPL/ 
XPL details of SUs 26 24, showing a localized and partially mineralized ash deposit (G), convoluted laminated clay coatings within channels and chambers (yellow 
arrows) (H), and a large Type 2 pedorelict (white arrow), welded with brown clay aggregates and charcoal, and collectively wrapped in laminated clay coatings 
(yellow arrows) (I).
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Table 1 
Micromorphological descriptions of the TB section. Particle size and frequency of components are reported after Stoops (2021) as follows. SIZE: G (gravel); VC (very coarse 
sand); C (coarse sand); M (medium sand); F (fine sand). FREQUENCY: + (very few); ++ (few); +++ (common); ++++ (frequent).

Sample SU Mineral coarse 
components

Biogenic and 
anthropogenic 
coarse components

Groundmass Voids C/F related 
distribution, B- 
fabric

Aggregation, 
microstructure

Pedofeatures and sedimentary 
features

GB21 
TB 
M1

12 Quartz (M) ++++

Limestone 
fragments (G to F) 
+++

Chert fragments 
(M to F) +
Volcanic minerals 
(ortopx, K-felsp, 
micae)(M to F) ++

Bone fragments (M 
to VF) +
Charcoal (M to F) +

Yellowish 
brown silty 
loam

Channels +
Structural 
+++

Vughs 
+++

Close to double 
spaced porphyric 
Crystallitic

Moderate 
Vughy

Illuviation clay coatings with 
internal convolute 
laminations 
++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated organic 
soil fragments) (M to F) +
2) Yellow rounded clay 
aggregates (endogenic rip-up 
clasts) ++

Rolled Fe-Mn nodules (cs -fs) 
+++

GB21 
TB 
M2a

Top 25 Quartz (VC to F) 
++++

Limestone 
fragments (G to F) 
+++

Chert fragments 
(M to F) +++

Volcanic minerals 
(ortopx, K-felsp, 
micae)(F) ++

Bone fragments (M 
to VF) +
Microcharcoal (F to 
VF) ++++

Charcoal (M to F) 
+++

Plant remains +

Yellowish 
brown sandy 
loam

Channels 
++

Structural 
+++

Vesicles 
+++

Planes 
+++

Double space 
porphyric, 
locally monic 
Crystallitic, 
locally speckled

Well developed 
Angular blocky 
to platy

Fining upward sequences 
composed of medium to fine 
mineral sand and silt, and 
sorted rounded pedorelicts 
Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated organic 
soil fragments) (M to F) +++

2) Yellow rounded clay 
aggregates (endogenic rip-up 
clasts) ++++

Illuviation clay coatings +
Rolled Fe-Mn nodules (cs -fs) 
+++

GB21 
TB 
M2b

Bottom 
25

Quartz (VC to F) 
++++

Limestone 
fragments (G to F) 
+++

Chert fragments 
(M to F) +++

Volcanic minerals 
(ortopx, K-felsp, 
micae)(F) ++

Bone fragments (M 
to VF) +
Microcharcoal (F to 
VF) ++++

Charcoal (M to F) 
+++

Non combusted 
plant remains +
Ceramic fragments 
+

Yellowish 
brown sandy 
loam

Channels 
++

Structural 
+++

Vesicles 
+++

Planes 
+++

Double space 
porphyric, 
locally monic 
Crystallitic, 
locally speckled

Well developed 
Angular blocky

Illuviation clay coatings: ++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated organic 
soil fragments) (M to F) ++

2) Yellow rounded clay 
aggregates (endogenic rip-up 
clasts) +++

Rolled Fe-Mn nodules (cs -fs) 
+++

GB21 
TB 
M3

Top 26 Quartz (VC to F) 
++++

Limestone 
fragments (G to F) 
+++

Chert fragments 
(M to F) +++

Vulcanic minerals 
(ortopx, K-felsp, 
micae)(F) ++

Bone fragments (G 
to M) ++

Charcoal (M to F) 
+++

Shell fragments ++

Ceramic fragments 
locally burned (G to 
VC) +

Dark yellowish 
brown sandy 
loam

Channels 
++

Chambers 
+++

Structural 
+++

Close to open 
porphyric 
Speckled, locally 
crystallitic

Well developed, 
Subangular 
blocky

Illuviation clay coatings ++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated organic 
soil fragments) (M to F) ++

2) Yellow rounded clay 
aggregates (endogenic rip-up 
clasts) +++

Rolled Fe-Mn nodules (cs -fs) 
+++

GB21 
TB 
M4a

Bottom 
26

Quartz (C to F) 
+++

Limestone 
fragments (G, VC 
to F) +++

Chert fragments 
++

Volcanic minerals 
(ortopx, K-felsp, 
micae)(M to F) ++

Bone fragments (G 
to MS) ++

Charcoal (G to F) 
++++

Coprolite fragments 
(G to MS) +
Shell fragments +
Ceramic fragments 
+

Plant remains ++

Grog paste +

Dark yellowish 
brown sandy 
loam

Chambers 
++++

Vesicles 
++++

Structural 
++++

Planes 
+++

Open to close 
porphyric 
Crystallitic

Weakly 
developed 
Subangular to 
crumby

Illuviation clay coatings with 
internal convolute 
laminations +++

Infilling of voids 
(bioturbation) 
Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated organic 
soil fragments) (M to F) +
2) Yellow rounded clay 
aggregates (endogenic rip-up 
clasts) +++

Rolled Fe-Mn nodules (cs -fs) 
+

GB21 
TB 
M4b

24 top Quartz (C to F) 
+++

Limestone 
fragments (G, VC 
to F) +++

Chert fragments (G 
to M) +
Volcanic minerals 
(ortopx, K-felsp, 
micae)(F) +

Bone fragments 
locally burned (G to 
MS) +
Charcoal (CS to F) 
++++

Microcharcoal (F to 
VF) +++

Local ash 
accumulations +

Brown sandy 
loam

Chambers 
+++

Vesicle 
+++

Structural 
+++

Moldic ++

Open to close 
porphyric 
Crystallitic, 
locally speckled

Weakly 
developed 
Crumby to 
spongy

Illuviation clay coatings with 
internal convolute 
laminations ++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated organic 
soil fragments) ++

2) Yellow clay aggregates 
(endogenic rip-up clasts), 
large and deformed by 

(continued on next page)
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succession with the same characteristics as section TB, dominated by 
sand-sized subangular to subrounded quartz grains in varying pro
portions with lesser fine-grained siliceous and volcanic mineral grains 
inherited from the epikarst.

Type 1 and 2 pedorelicts are dominant in the making of the 
groundmass. In the upper strata, these form highly porous deposits with 
a fining-upward trend and with occurrence of chitonic clay pellicles 
produced by slight clay illuviation coating mineral grains and pedor
elicts (Fig. 11A and B). Conversely, in the lower strata they appear 
constipated, deformed, and welded together, with convoluted and 
laminated clay illuviations partially filling bioturbative voids and still 
producing chitonic pellicles coating surviving individual grains and 
aggregates (Fig. 11E–L). Contact surfaces between SUs are slanted as a 
result of channelization and confinement, sometimes presenting local
ised slickensides resulting from compaction along tilted planes. Charcoal 
fragments occur in tight correlation with section TB, with the highest 
concentration found in SU 40 (corresponding to section TB's SU 45). As 
will be further explored in the Discussions, charcoal is likely entering the 
cave together with interstitial soil colluvium from the epikarst, deriving 
from episodes of forest fires that promoted slope erodibility and 
enhanced downward charcoal-enriched sediment flux. Other biogenic 
and anthropogenic components remain present, yet in overall lesser 
amounts compared to section TB because of the greater distance from 
the main occupation area of the cave. SU 37 (Fig. 11 A–C-D) has a 
different composition, being a deposit of dissolved and re-cemented 
travertine that produced a channel-confined crust of limestone micrite 
with a very limited content of coarse mineral grains. The crust has a 
massive structure and a high content of broken and dispersed gastropod 
shell fragments, especially in its upper stratigraphic interface, where the 
still soft micrite mingles with the incoming sediment, forming SU 36, 
producing interdigitated horizontal platy structures. This suggests the 
temporary permanence of a confined small pond of lime-saturated 
water, followed by precipitation of micrite, later buried by an endo
karst discharge event before complete solidification.

6.3.3. Thin section analyses of the combustion feature
In addition to the Neolithic sequence, the archaeological levels 

attributed to the Bronze Age were also investigated. Evidence related to 
this phase is spatially restricted and concentrated in a limited area of the 
cave entrance. This area corresponds to the channel associated with the 
water outspring, developed during a phase of karstic reactivation 
affecting the cave mouth (Figs. 2 and 4).

Within this sector, an anthropogenic structure was identified and 
documented. The feature, stratigraphically defined as SU 43, cuts into 
the uppermost portion of SU 24. It consists of a shallow sub-circular 
negative structure containing abundant burnt material and has been 
reported during excavation as a combustion feature (Fig. 12). Micro
morphological analyses of SU 43 identified abundant burnt macro- 
botanical remains, taxonomically attributed to Acer sp., Fraxinus sp., 
Ostrya carpinifolia, and Quercus ilex (Conati Barbaro et al., 2024a). 
Observation under the microscope revealed also burnt bone fragments, 
rubified rock clasts, ash-rich lenses, and compacted burnt dung remains 
(Fig. 12F and G). The latter were identified through the presence of 
siliceous plant fibres associated with faecal spherulites (Fig. 12G), which 
are diagnostic of bovids and ovicaprines (Canti, 1997).

6.4. Radiocarbon dating

In Trench B, 4 radiocarbon dates from charcoal and one from bone 
were analysed.

A charcoal sample from SU 26 (LTL22173) gave a calibrated age of 
7167–6950 cal yr BP (2σ), while a second charcoal sample from SU 24 
(LTL22174) returned 7165–6930 cal yr BP (2σ). Charcoal from SU 45 
(LTL31725) was dated to 7167–6956 cal yr BP (2σ). A bone fragment 
from the bottom of SU 60 (LTL33852) provided a consistent result of 
7165–6940 cal yr BP (2σ). Also sample from the top of SU 24 
(LTL22170), dated to 3454–3332 cal yr BP (2σ) (Table 3).

In Trench D, charcoal from the top of SU 37 (LTL22169) yielded an 
age of 3210–3002 cal yr BP (2σ), while a sample from the bottom of the 
same unit (LTL22175) gave 3700–3465 cal yr BP (2σ). Charcoal from the 
bottom of SU 40 (LTL22171) was dated to 7158–6882 cal yr BP (2σ) 
(Table 3).

The most recent archaeological chronology is based on the analysis 
of pottery, namely a 16th century CE maiolica jug recovered from the 
upper units, which provide a terminus post quem for this phase (Fig. 4).

7. Discussion

7.1. Evolution and formation of the Middle Holocene deposit

The Middle Holocene sedimentary infill of Grotta Battifratta reflects 
the interplay between karstic processes, hydroclimatic fluctuations, and 
anthropogenic activity. Stratigraphic records from the inner and outer 
cave mouth sectors document short-lived depositional and erosional 
phases during the Middle Neolithic (7165–6882 cal yr BP) with episodic 
human occupation, abandonment, external disturbance, and sediment 
remobilization. Radiocarbon dates indicate a brief and intense sedi
mentary phase, reflecting a local example to regional climatic variability 
and land use from the Neolithic onward (Kelly and Huntley, 1991; 
Mercuri et al., 2002; Colombaroli et al., 2007; Drescher-Schneider et al., 
2007; Vigliotti et al., 2010; Vannière et al., 2008; Brown, 2013; Stoddart 
et al., 2019).

At the base of the successions, SU 38c (TD) and SUs 57 and 60 (TB), 
analyses highlighted slope wash events that transported mature, pedo
genised soils aggregates into the cave through a combination of gravi
tational fast to slow soil injection, surface runoff, and epikarstic 
percolation that winnowed the fine particles (see e.g., Ford and Wil
liams, 2007; Sasowsky and Mylroie, 2007). The deposition occurred in a 
ponding setting fed by dripwater, and seasonal discharge favoured the 
development of slack-water sedimentary facies (Fig. 13A). As external 
sedimentary flow or soil injection entered the cave, it moved from 
narrow internal joints, fractures and conduits (inner cave mouth) to the 
broader outer cave mouth sector, where collapse roofspall blocks and 
ramp-like morphologies acted as sediment traps, leading to the deposi
tion of laminated sediments promoted by gradual energy dissipation.

A subsequent erosional phase is evident as a shallow scour at the base 
of SU 40 (TD) and as an erosional surface in SU 45 (TB) (Fig. 13B). 
Brown soil round aggregates dominates the groundmass composition of 
SU 40, and the absence of fine-grained slack water laminations testifies 
high-energy chaotic releases (Fig. 11J–L). The great amount of large and 
rounded charcoal fragments embedded within this deposit may attest 
the occurrence of forest fires in the catchment area of the cave, 

Table 1 (continued )

Sample SU Mineral coarse 
components 

Biogenic and 
anthropogenic 
coarse components 

Groundmass Voids C/F related 
distribution, B- 
fabric 

Aggregation, 
microstructure 

Pedofeatures and sedimentary 
features

Ceramic fragments 
(G to VC) ++

diagenesis and mechanical 
pressure 
Rolled Fe-Mn nodules (cs -fs) 
+
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Table 2 
Micromorphological descriptions of the TB section. Particle size and frequency of components are reported after Stoops (2021) as follows. SIZE: G (gravel); VC (very coarse 
sand); C (coarse sand); M (medium sand); F (fine sand). FREQUENCY: + (very few); ++ (few); +++ (common); ++++ (frequent).

Sample SU Mineral coarse 
components

Biogenic and 
anthropogenic 
coarse components

Groundmass Voids C/F related 
distribution, B- 
fabric

Aggregation, 
microstructure

Pedofeatures and 
sedimentaryfeatures

GB21 
TD 
M1

36 Quartz (M to F) 
+++

Limestone 
fragments (C to 
F), ++

Chert, locally 
burned (M to F) 
+++

Volcanic 
minerals (ortopx, 
K-felsp, Micae) 
(M to F) ++

Bone fragments (M) 
+

Charcoal (C to F) 
+++

Shell fragments ++

Ceramic fragments 
+

Yellowish 
brown silty 
loam

Compound 
packing voids 
+++

Monic to close 
porphyric 
Crystallitic

Moderate 
Crumby to sub- 
angular blocky

Illuviation clay coatings 
with internal convolute 
laminations 
++++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated 
organic soil fragments) (M 
to F) + +

2) Yellow rounded clay 
aggregates (endogenic rip- 
up clasts) +++

Rolled Fe-Mn nodules (cs -fs) 
+++

GB21 
TD 
M2a

36 
bottom

Quartz (M to F) 
+++

Limestone 
fragments (C to 
F), ++

Chert, locally 
burned (M to F) 
+++

Volcanic 
minerals (ortopx, 
K-felsp, Micae) 
(M to F) ++

Bone fragments (M) 
+

Charcoal (C to F) 
+++

Shell fragments ++

Ceramic fragments 
+

Yellowish 
brown silty 
loam

Compound 
packing voids 
+++

Monic to close 
porphyric, locally 
chitonic 
Crystallitic

Moderate 
Crumby to sub- 
angular blocky

Illuviation clay coatings 
with internal convolute 
laminations 
+++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated 
organic soil fragments) (M 
to F) +++

2) Yellow rounded clay 
aggregates (endogenic rip- 
up clasts) ++++

Rolled Fe-Mn nodules (cs -fs) 
++

GB21 
TD 
M2b

37 top Quartz (M to F) 
++++

Limestone 
fragments, 
locally 
weathered (C to 
F), ++++

Chert (M to F) 
++

Volcanic 
minerals (ortopx, 
K-felsp, Micae) 
(M to F) +

Bone fragments (G) 
+

Charcoal (G to M), 
angular and locally 
fragments +++

Coprolite fragments 
+

Shell fragments +

Light greyish 
brown silty 
loam and 
micrite

Chambers ++

Structural 
+++

Planes ++

Channels +

Close porphyric, 
locally chitonic 
Speckled to 
crystallitic

Moderate 
Complex, crumby 
to sub-angular 
blocky and platy

Illuviation clay coatings 
with internal convolute 
laminations 
++++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated 
organic soil fragments) (M 
to F) ++

2) Yellow rounded clay 
aggregates (endogenic rip- 
up clasts) +++

Local fining-upward 
sequence of fine sand to silty 
clay +
Rolled Fe-Mn nodules ++

GB21 
TD 
M2c

37 Quartz (M to F) 
++

Chert (M to F) 
++

Bone fragments (M 
to F) +
Charcoal (G to M) 
++

Shell fragments 
+++

Light yellowish 
grey micrite

Vughs +
Channels +

Open porphyric 
Crystallitic

Well developed 
Massive

Occasional clay papulae +
Rounded Fe-Mn nodules and 
zonal impregnation ++

GB21 
TD 
M3a

37 
bottom

Quartz (M to F) 
++

Chert (M to F) 
++

Bone fragments (M 
to F) +
Charcoal (G to M) 
+++

Shell fragments ++

Light yellowish 
grey micrite

Vughs +
Channels +

Open porphyric 
Crystallitic

Well developed 
Massive

Occasional clay papulae +
Rounded Fe-Mn nodules and 
zonal impregnation ++

GB21 
TD 
M3a

38a top Quartz (C to F) 
+++

Limestone 
fragments (G, VC 
to F) +++

Volcanic 
minerals (ortopx, 
K-felsp, Micae) 
(M to F) ++

Bone fragments (G) 
++

Charcoal (G to M) 
+++

Shell fragments ++

Brown sandy 
loam

Chambers 
+++

Vesicles +
Structural 
+++

Planes +++

Close to open 
porphyric 
Crystallitic, 
locally 
porostriated and 
granostriated

Well developed 
Subangular blocky

Illuviation clay-silt coatings 
++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated 
organic soil fragments) (M 
to F) +++

2) Yellow rounded clay 
aggregates (endogenic rip- 
up clasts) ++

Local fining-upward 
sequence of fine sand to silty 
clay +
Rolled Fe-Mn nodules 
++++

(continued on next page)
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promoting slope instability and remobilization of soil fragments and 
burnt plant remains (see e.g., Drescher-Schneider et al., 2007; Vannière 
et al., 2008; Stoddart et al., 2019). At current knowledge, whether such 
fires were spontaneous or intentionally produced to manage local 

deforestation, it is impossible to say.
A period of reduced water flow is observed in SU 38b (TD) and SU 44 

(TB). These units exhibit well-laminated silts with minor sand and clay, 
scattered charcoal, and micromorphological features that are indicative 

Table 2 (continued )

Sample SU Mineral coarse 
components 

Biogenic and 
anthropogenic 
coarse components 

Groundmass Voids C/F related 
distribution, B- 
fabric 

Aggregation, 
microstructure 

Pedofeatures and 
sedimentaryfeatures

GB21 
TD 
M5a

39 Quartz (M to F) 
++++

Limestone 
fragments (G to 
F), ++++

Chert (M to F) +
Volcanic 
minerals (ortopx, 
K-felsp, Micae) 
(F) +

Bone fragments (G 
to M) +
Charcoal (G) +

Light brown 
sandy loam

Chambers ++

Channels +
Structural 
+++

Close porphyric 
Crystallitic

Weakly developed 
Crumby

Illuviation clay-silt coatings 
with internal convolute 
laminations 
+++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated 
organic soil fragments) (M 
to F) +
2) Yellow rounded clay 
aggregates (endogenic rip- 
up clasts) +
Slickensides +
Rolled Fe-Mn nodules +
Dissolution and micro- 
pitting of limestone 
fragments ++

GB21 
TD 
M5b

39 
bottom

Quartz (M to F) 
++++

Limestone 
fragments 
(mainly 
travertine) (G to 
F), ++++

Chert (M to F) 
++

Volcanic 
minerals (ortopx, 
K-felsp, Micae) 
(M to F) +

Charcoal (M to F) 
++

Terrestrial 
gastropod shell 
fragments +

Brown silty 
loam

Structural 
+++

Chambers ++

Single space 
enaulic, locally 
chitonic 
Random striated

Weakly developed 
Complex, vughy to 
crumb and 
chamber

Illuviation clay-silt coatings 
with internal convolute 
laminations 
++++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated 
organic soil fragments) (M 
to F) ++++

Rolled Fe-Mn nodules ++

GB21 
TD 
M5c

38b top Quartz (M to F) 
++++

Limestone 
fragments 
(mainly 
travertine) (G to 
VC), +++

Chert (M to F) 
++

Volcanic 
minerals (ortopx, 
K-felsp, Micae) 
(M to F) +

Charcoal (G, VCS to 
F) ++

Light brown 
sandy loam

Chambers 
+++

Structural 
++++

Single space 
enaulic, locally 
chitonic 
Crystallitic, 
locally speckled

Weakly developed 
Complex, vughy to 
crumb and 
chamber

Illuviation clay-silt coatings 
with internal convolute 
laminations 
++++

Pedorelicts: 
2) Yellow rounded clay 
aggregates (endogenic rip- 
up clasts) +++

Rolled Fe-Mn nodules +

GB21 
TD 
M5d

38b Quartz (C to F) 
++++

Limestone 
fragments (M to 
F), +++

Chert (C to F) 
+++

Volcanic 
minerals (ortopx, 
K-felsp, Micae) 
(M to F) ++

Charcoal (G to F) 
++

Brown silty 
loam

Chambers ++

Channels +
Structural 
++++

Chitonic to 
double spaced 
coarse enaulic 
Granostriated

Moderate 
Bridged grain

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated 
organic soil fragments) (M 
to F) ++++

Rolled Fe-Mn nodules (m-f) 
++

GB21 
TD 
SU40

40 Quartz (C to F) 
++++

Limestone 
fragments (M to 
F), +++

Chert (C to F) 
+++

Volcanic 
minerals (ortopx, 
K-felsp, Micae) 
(M to F) ++

Bone fragments (M 
to F) ++

Charcoal (C to F) 
++++

Dark brown 
silty loam

Chambers 
+++

Vesicles +++

Structural 
+++

Close porphyric, 
locally chitonic 
Crystallitic

Moderate 
Chamber

Illuviation clay-silt coatings 
with internal convolute 
laminations 
+++

Pedorelicts: 
1) Brown subrounded clay 
aggregates (infiltrated 
organic soil fragments) (M 
to F) ++++

2) Yellow rounded clay 
aggregates (endogenic rip- 
up clasts) ++

Rolled Fe-Mn nodules (cs -fs) 
+++
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of slackwater deposition with only seasonal spring discharge. Structured 
voids, weak aggregation, and laminated illuvial coatings point to pro
longed ponding and percolation, with intermittent clay wetting and 
drying cycling. Such features are typical of a passive karst system, where 
slow epikarstic percolation and localised standing water dominate the 
sediment input, localized calcite precipitation, and the slow illuvial 
relocation of birefringent clays as observed trough the micromorpho
logical and compositional analysis (Fig. 13C).

A renewed, stronger erosional phase is marked by erosional surfaces 
at the bottom of SU 39 (TD) and SU 24 (TB) with a localized phase of 
roof spall collapse at outer cave mouth. SU 24 shows a fining-upward 
trend with high TOC values and increased silt-clay content, reflecting 
decelerating floodwater and rapid sedimentation from sediment-laden 
flows. Micromorphological features, include laminated clay coatings, 
rounded charred plant remains, rolled Fe-Mn oxy-hydroxides nodules, 
and pedorelicts, and are indicative of short-lived, high-energy deposi
tional events that reworked accumulated cave interior and epikarst 
sediments mixed with archaeological material. The archaeological 
assemblage suggests that these sediments were deposited during a phase 
of scattered human frequentation of the cave, with the surrounding 
landscape being more favoured for exploitation (Fig. 13D) (see e.g., 
Stoddart et al., 2019).

The uppermost preserved unit in the TD, SU 38a, shows a return to 
moderate sedimentation with seasonal ponds, as indicated by the 
identified ostracods, followed by a new erosional phase. The terminal 
middle Neolithic phase is characterized by SU 38a (TD) that correlates 
with SU 26 (TB). The absence of SU 25 in inner cave mouth is related to a 
channelled erosional event (Bronze Age phase, see next chapter). SU 26 
and SU 25 are the best representations of the rhythmic sedimentation 
that characterizes the low-energy flood events at Grotta Battifratta cave. 
These events show well-defined fining-upward trends with sand-silt-clay 
laminae recognizable macroscopically, and further characterizable 
under the microscope as being, once again, composed of epikarst and 
endokarst reworked minerals and clay aggregates transported through 
the cave system to the outer cave mouth. Partial erosion of underlying 
archaeological strata and previously lain charcoal-rich sediments is 
responsible for the slight radiocarbon age inversion (SU 25; see Table 3) 
(Fig. 13E). During the deposition of SU 25 and SU 26, the cave was likely 
exploited only temporarily: the episodic flooding events that created the 
ephemeral ponds at the cave mouth, as also evidenced by the abundant 
ostracod assemblage, made it a strategic location for short-term access to 
fresh water. However, the same process made it unsuitable for stable 
occupation.

Overall, for the Middle Holocene, alternating low to moderate 
erosive inflows and depositional phases reflects not only changes in the 
biome of the external soil mantle on the slope, possibly even human- 
induced as a result of ancestral land management, but also episodic 
hydrological activation of the cave's passive drainage system, a pattern 
that is documented for other Holocene Apennine cave contexts (e.g. 

Tana della Mussina cave, Cremaschi et al., 2020, 2026). Clastic sedi
ments were mobilised from the surrounding catchment during rainfall 
events capable of generating surface runoff and soil erosion and entered 
the cave through karst conduits and fractures. Under the microscope, 
these deposits consist mainly of soil aggregates (pedorelicts), Fe–Mn 
nodules, laminated coatings, and dispersed charcoal, pointing to the 
repeated mobilisation of pedogenetic material from charcoal-enriched 
cambisols and phaeozems developed outside the cave (see Napoli 
et al., 2019). These morphological and compositional signatures provide 
the sedimentary framework within which the Neolithic assemblage of 
pottery, lithic artifacts, and faunal remains was deposited, resulting in a 
palimpsest where cultural and natural components are closely inter
twined, a process that is documented for several Neolithic cave sites in 
peninsular Italy, where slope wash and seasonal runoff, driven by warm 
and humid climate conditions often intensified by human-induced 
landscape disturbance, led to the rapid accumulation of fine sediments 
(see e.g., Boschian et al., 2017; Cremaschi et al., 2020; Rellini et al., 
2020). These slope wash processes are consistent with broader palae
oecological evidence of increased fire activity, soil erosion, and vege
tation disturbance since the middle Neolithic in central Italy. Charcoal 
and pollen records from sites such as Lago dell’Accesa indicate peaks in 
fire frequency around 7000 cal BP (Drescher-Schneider et al., 2007; 
Vannière et al., 2008), while multiple lake-pollen sequences reflect 
small-scale swidden agriculture and anthropogenic woodland clearance 
(Kelly and Huntley, 1991; Drescher-Schneider et al., 2007; Vannière 
et al., 2008; Stoddart et al., 2019). In our record, the presence of 
rounded brownish pedorelicts with a large amount of charred plant re
mains suggests a potential role of forest fires in destabilising slope soils, 
though we interpret these signals as indirect evidence of external firing 
episodes, rather than direct slash-and-burn activity at the site (see also 
Kelly and Huntley, 1991; Mercuri et al., 2002; Colombaroli et al., 2007; 
Vannière et al., 2008; Stoddart et al., 2019). During the Middle Neolithic 
(8000–6600 cal BP), central Italy underwent significant ecological 
changes driven by the interplay between climate variability and 
expanding human land-use (Mercuri et al., 2002; Vannière et al., 2008). 
Regional paleoclimate proxies indicate the climate was generally warm 
and humid, with occasional cooler and wetter oscillations (Stoddart 
et al., 2019 and reference therein). These conditions favoured the 
development of dense deciduous forests (Quercus, Fagus, Carpinus) and 
promoted stable soil formation processes on the surrounding slopes 
(Magri, 1999; Magri and Sadori, 1999; Mercuri et al., 2002; Guilizzoni 
et al., 2002; Drescher-Schneider et al., 2007; Sadori, 2018). Palae
oecological records from numerous lacustrine basins demonstrate an 
increasing anthropogenic footprint: the first appearances of Triticum, 
Hordeum, and Cannabaceae pollen precede or coincide with micro
charcoal peaks and the rise of nitrophilous herbs (Plantago, Urtica), 
suggesting that fire was used deliberately to create and maintain open 
areas (Kelly and Huntley, 1991; Mercuri et al., 2002; Colombaroli et al., 
2007; Vannière et al., 2008). This anthropogenic disturbance was 

Fig. 11. Selected thin section scans and microphotographs from section TD. In the scans, the white dashed lines indicate a stratigraphic transition identified in thin 
section but not during excavation and sampling, and the coloured solid lines refer to the same discontinuities reported in Fig. 8. A) Scan of sample GB21 TD M2 
comprising SU 37 and the lower portion of SU 36. “SU 37 top”, as defined during excavation, is an interdigitation produced during the wet deposition and subsequent 
compaction of SU 36. B) Plane polarized and cross polarized light (PPL/XPL) detail of SU 36, composed of loosely packed Type 1 and 2 pedorelicts (respectively, 
white dots and red dots) and mineral grains (yellow dots) bound by a thin coating of highly birefringent chitonic illuvial clay (white arrows). C-D) PPL details of SU 
37 and its contact zone with SU 36. Gastropod shells are very common in SU 37 (D), broken and dispersed within a low porosity micrite paste. E) Scan of sample GB21 
TD M5 comprising the bottom of SU 39 and the top of SU 38b, each subdivided into 2 sub-layers recognized during micromorphological analysis. Throughout the 
layers, bone fragments and other biogenic components are rare, and charcoal/ashy spots occur occasionally. F-I) PPL/XPL details of section M5, showing common 
traits along the intercepted stratigraphy. (F) and (H) show a groundmass composed of homogenized Type 1 and 2 pedorelicts giving an overall light brown colour to 
the deposit, rich in mineral grains with dominant medium sand-sized quartz. Convoluted laminated clay coatings are common within large channels (yellow arrows). 
(G) and (I) show discrete Type 1 and 2 pedorelicts (respectively, white dots and red dots) with a dominance of the latter (brown clay aggregates), loosely packed and 
partially welded, bound by a thin coating of highly birefringent chitonic illuvial clay (white arrows). J) Scan of sample GB21 TD SU40 comprising SU 40 only. Large 
charcoal fragments are extremely common and represented the main marker for SU 40 during excavation. K) Detail of SU 40's charcoal fragments that appear well- 
integrated within the welded silty clay groundmass and coated by illuvial clay along structural voids (white arrows) shared with the welded clay aggregates. L) Detail 
of Type 2 pedorelicts composing differentiated groundmass patches. Like in the overlying strata, these are loosely packed, partially welded, and bound by the same 
coating of highly birefringent chitonic illuvial clay.
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moderate and spatially limited, leading to a mosaic-like landscape 
composed of forest patches, cleared plots, and secondary grasslands that 
Stoddart et al. (2019) interpret, for its early phase, as one of “initial 
engagement” with the landscape, characterised by small-scale clearance 

within an otherwise forested matrix.
Comparable couplings between fire activity, accelerated hillslope 

erosion, and the expansion of agropastoral land use have also been re
ported in other European and eastern Mediterranean contexts. Several 

Fig. 12. Thin section scan and selected photomicrographs of the fireplace. (A) Scanned thin section. SU24 is the host substrate; SU43 is the fireplace. B) Photo of the 
sliced resin-consolidated block. Included within the burnt mass are several limestone plaques (white dots) alongside calcined bones (yellow dot) and rubified 
limestone (red dots). C-E) Plane polarized and cross polarized light (PPL/XPL) details of the feature's burnt inclusions, comprising large charcoal fragments (white 
dots), calcined bones (yellow dots), and recrystallized ash (green dots), occasionally sparry (blue dot in (D)). Convolute and laminated clay illuviation is common, 
wrapping and coating soil lumps and burnt inclusions (yellow arrows). F) PPL view of a lump of partially burnt dung, possibly used as fire starting fuel. G) XPL detail 
of faecal spherulites (white arrows) found in the dung, suggesting caprovine origin.
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well documented case studies link mid-Holocene increases in fire ac
tivity and soil erosion to human land use practices in the northern 
Apennines (Italy), the eastern, western and south eastern Iberian 
Peninsula (Spain, Portugal), and the French Pyrenees and Prealps (e.g., 
Maggi et al., 1997; Iriarte, 2009; Bal et al., 2010; Gil Romera et al., 2010; 
Vescovi et al., 2010; Rius et al., 2011; Compostella et al., 2013; 
Simonneau et al., 2013; Branch and Marini, 2014; Tallón Armada et al., 
2014; Revelles et al., 2015; Walsh et al., 2019; Simões et al., 2020; 
Cremaschi et al., 2026), as well as in Greek catchments and eastern 
Adriatic karst settings (Croatia) (e.g., Van Andel et al., 1990; Karkanas, 
2001; Farrand, 2003; Forenbaher et al., 2013; Lawson et al., 2013; 
Berger et al., 2016; Glais et al., 2017; Kaniewski et al., 2018; Dean et al., 
2020; Rousseau et al., 2025; Smrkulj et al., 2025).

7.2. Cave deposit infill formation from the Late Holocene to the 16th 

century CE

The Late Holocene depositional dynamics at Grotta Battifratta cave 
indicate a reorganisation of sedimentation patterns in response to shifts 
in hydrological characters and the influence of confined karst 
morphology.

In the inner cave mouth, this phase is marked by a well-defined 
erosional surface at the base of SU 37, where a U-shaped incision sug
gests the transit of an energetic flow capable of eroding and reworking 
previously deposited Neolithic sediment. Field observations indicate 
that this high-energy floodwater event was confined to a limited portion 
of the outer cave mouth sector, where it carved through SUs 25 and 26, 
exposing the top of SU 24 (Fig. 14A).

A radiocarbon date from bottom of SU 37, thus pertaining to the 
immediate infilling of the freshly carved channel, places this event in the 
Middle Bronze Age (3700–3465 cal yr BP; Table 3). After this erosional 
event, the inner-outer cave mouth interface was partially dammed by a 
roof collapse that temporarily impounded water and promoted localized 
ponding in the inner cave mouth, leaving, however, drier ground at the 
outer cave mouth (Conati Barbaro et al., 2024a). The archaeological 
record during this phase is limited to the outer cave mouth area and 
comprises scattered faunal remains, fragmentary ceramics, and the 
combustion feature dated to 3454–3332 cal yr BP. Establishing its 
function is complex because, although it contains abundant burnt ma
terial, it lacks an underlying rubified horizon typical of in situ fire pro
duction (Zerboni, 2011; Nicosia and Stoops, 2017; Marras et al., 2026). 
However, its roughly circular plan and stratified infill of burnt layers and 
ash lenses still point to a structured combustion-related deposit. Rather 
than excluding a combustion-related origin, this lack may reflect limited 
preservation of the original hearth microstratigraphy, as similar cave 

and rock shelter contexts show that fire residues affected by cleaning, 
rake-out, dumping, trampling, or slight reworking may lose the typical 
structure of intact hearths while still preserving clear evidence of 
burning (Miller et al., 2010; Karkanas et al., 2015; Whitau et al., 2018; 
Marcazzan et al., 2022). Regardless of its exact nature, however, the 
feature contains a variety of components that complement the macro
scopic faunal and ceramic remains recovered during excavation, further 
indicating cave use by the local Bronze Age community. Crucially, the 
occurrence within the burnt matter of faecal spherulites suggests the 
possibility of a pastoral component to cave use during this phase 
(Portillo et al., 2017, 2020).

The absence of reworking and shifting of the coarse biogenic in
clusions implies that the archaeological layers were buried and sealed 
soon after formation, preserving their original layout and internal 
structure (Fig. 14B).

The infilling of SU 37, in the inner cave mouth sector, continued until 
the Late Bronze Age (3210–3002 cal yr BP; Table 3). Sedimentation 
during this phase was dominated by the formation of the fine micrite 
mud, deposited under low-energy conditions linked to limited runoff, 
slow percolation, and prolonged water stagnation behind the dammed 
area with abundant microfossils. Deposition was favoured by the low 
ventilation settings and humid micro-environment within the inner cave 
mouth, favourable to the formation of spring tufa (sensu Capezzuoli 
et al., 2014) (Fig. 14B). This phase, characterized by a reduced water
flow, may have been associated with a surface arrangement in the outer 
cave mouth, consisting of large ceramic sherds and flat stones designed 
to facilitate the outflow of water, and stratigraphically overlying the 
combustion feature below.

This local phase of reduced hydrological activity seems to contrast 
with broader regional trends, as by the Middle and Late Bronze Age 
(after ~4000 cal yr BP), central Italy experienced increasing climatic 
instability, marked by episodes of reduced precipitation, heightened fire 
activity, and expanding land use. Indeed, multiproxy palaeoecological 
records from pollen-lake sequences consistently indicate widespread 
deforestation, the spread of cereal cultivation, and the appearance of 
orchard species (Olea, Vitis, Juglans), alongside declining forest cover 
and rising sediment mobility (see also Kelly and Huntley, 1991; Dre
scher-Schneider et al., 2007; Mercuri et al., 2002, 2010; Sadori, 2018; 
Stoddart et al., 2019). Bioarchaeological data from Pastena cave, suggest 
the application of artificial management techniques to cultivated plants, 
such as legumes, during the Middle-Bronze Age (Cortese et al., 2022). 
These environmental and land-use dynamics reflect broader settlement 
dynamics, characterised by more nucleated habitation patterns and 
intensified exploitation of arable lowlands, often associated with 
erosion-prone land-use strategies on adjacent slopes (Ricci Lucchi et al., 

Table 3 
Radiocarbon dates from the TB and TD.

Name sample SU Trench Lab code Age BP not 
calibrated

Material 14C cal yr BP 
(2σ) IntCal20

Reference timeframe for central Italy (after 
Palmisano et al., 2021)

GB 21 TB C2 US 
25

25 B LTL22173 6177 ± 40 Charcoal 7167-6950 
(94.3%)

Middle Neolithic (7150-6450 BP) 5200-4500 BC

GB 21 TB C3 US 
24

24 B LTL22174 6153 ± 45 Charcoal 7165-6930 
(93.5%)

Middle Neolithic (7150-6450 BP) 5200-4500 BC

GB22 US 45 TB 
Q11

45 B LTL31725 6184 ± 40 Charcoal 7167-6956 
(92.8%)

Middle Neolithic (7150-6450 BP) 5200-4500 BC

GB 23 US 71 
Adult human 
individual

Bottom 60 B LTL33852 6155 ± 40 Bone 7165-6940 
(95,4%)

Middle Neolithic (7150-6450 BP) 5200-4500 BC

GB 21 US 43 Combustion feature/SU 
43- TOP SU 24

B LTL22170 3159 ± 35 Charcoal 3454-3332 
(88.7%)

Middle Bronze Age (3650-3275/3250 BP/1700 
1325/1300 BC)

GB 21 TD TOP US 
37

Top 37 D LTL22169 2954 ± 30 Charcoal 3210-3002 
(95.4%)

Late/Final Bronze Age (LBA3275/3250-3100 BP/ 
1325/1300-1150 BC) (FBA 3100-2950 BP/1150 
-1000 BC)

GB 21 TD 
BOTTOM US 37

Bottom 37 D LTL22175 3363 ± 45 Charcoal 3700-3465 
(95.4%)

Middle Bronze Age (3650-3275/3250 BP//1700 
1325/1300 BC)

GB 21 TD US 40 40 D LTL22171 6107 ± 40 Charcoal 7158-6882 
(94.1%)

Middle Neolithic (7150-6450 BP) 5200-4500 BC
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2000; Stoddart et al., 2019).
Subsequently, no further major depositional event is documented 

until the post-Medieval period. Around the 16th century CE, one or more 
high-energy floods reshaped the cave's morpho-sedimentary configura
tion, especially at the inner-outer cave mouth interface (Fig. 14C). This 
event is recorded as SU 12 (TB) and SU 36 (TD). Macroscopically, these 
are thick chaotic layers composed of variously laminated sediments 
alternating with coarse grain-size constituted by large, brecciated frag
ments of local travertine. Micromorphology reveals the presence of 
reworked and welded cave and epikarst clay deposits alongside ripped- 
up biogenic and anthropogenic inclusions from the older layers. 

Crucially, the finding of 16th century CE ceramic fragments (Fig. 5G), 
aligns this chaotic sediment input with pulses belonging to a broader 
phase of hydroclimatic instability observed across central and northern 
Italy during the early stages of the Little Ice Age (LIA), a period of 
intense cooling that triggered geomorphic processes and prompted an
thropic land management responses that occurred between roughly AD 
1300 and 1850 (Mann, 2002; Grove, 2019; Brandolini et al., 2025). 
Regional paleoenvironmental and historical records, particularly from 
lake sediment core of the Rieti Basin ~40 km north, attest to heightened 
rainfall, frequent flooding, and extensive slope destabilisation between 
the mid-15th and early 17th centuries CE (Mensing et al., 2018). 

Fig. 13. Theoretical sketches showing the paleoclimatic and paleoenvironmental conditions during the Neolithic at Grotta Battifratta cave (ca. 7165–6930 cal BP), 
where it is highlighted the strong interaction between slope erosion, cave hydrology, and human activity. The succession begins with colluvial inputs of charcoal-rich 
soils derived from forested slopes, funnelled into the cave during warm, humid Early Holocene conditions (A). This stable phase is interrupted by the first erosive 
phase, when vegetation clearance triggered surface runoff and sediment reworking inside the cave (B). As slope dynamics stabilised, drip water-fed infiltration led to 
the quiet accumulation of fine, laminated silts in ponded, low-energy cave settings (C). A second erosive phase followed, likely linked to fire disturbance on the 
slopes, introducing charcoal, burnt bone, and disturbed soil aggregates into the cave system (D). In the final stage, previously deposited anthropogenic-rich sediments 
were internally remobilised by moderate flow events, forming layered silty-clay successions that mark the end of Neolithic infilling (E). Red dashed lines indicate 
erosional contacts; black arrows show the intensity of internal water flow; blue arrows depict slope runoff and infiltration into the karst system, and the skull with the 
bones represents the two different burials.

Fig. 14. Theoretical sketches illustrating the succession of depositional and erosional phases at Grotta Battifratta cave from the Bronze Age to the historical period, 
integrating evidence from both the external slope system and the internal cave environment. A Bronze Age erosive phase is marked by lateral incision into underlying 
Neolithic deposits (A). This is followed by short-term use of the cave, evidenced by a Middle Bronze Age hearth (3454–3332 cal BP) and by the accumulation of pf 
spring tufa (B). Finally, laminated, ash-rich, poorly sorted colluvial sediments (SU 12 – TB; SU 36 – TD) record a flood event during the 16th century CE, associated 
with the early phase of the Little Ice Age (C).

L. Forti et al.                                                                                                                                                                                                                                     Quaternary Science Reviews 385 (2026) 110007 

23 



Multiproxy data from this period reveal increased erosion indicators in 
the lake (e.g. titanium and Glomus spores) and expanded waterlogged 
environments (Alnus pollen), pointing to enhanced geomorphic insta
bility and wetted winters across the Mediterranean (Mensing et al., 
2016, 2018). According to historical sources, the 16th century saw 
frequent flooding in Rome, with particularly severe events in 1530, 
when the Tiber reached 18.95 m at Ripetta (Rome city centre), and in 
December 1598, which remains the highest historical flood at 19.56 m 
(Bencivenga and Bersani, 2014).

8. Conclusions

The geoarchaeological investigation of the cave deposits of Grotta 
Battifratta provides new insights into central Italian Holocene climate 
changes, recorded as an interplay between karst hydrology, soil avail
ability, local biome and human activity. Sediment inputs derived from 
slope erosion, episodic inflow, and carbonate precipitation were 
repeatedly reworked, creating a composite stratigraphy in which 
archaeological assemblages are recorded within deposits of mixed nat
ural and anthropogenic origin. The archaeological record is therefore 
best interpreted as a palimpsest shaped by alternating depositional, 
erosional, and post-depositional processes.

During the Neolithic, generally warm and humid conditions sup
ported dense forests, but the evidence for soil erosion and surface fire, 
emerged in the form of inherited brown soil pedorelicts and transported 
charcoal, may support the hypothesis that forest clearance was taking 
place to support agricultural or pastoral land use. This interpretation is 
consistent with continental scale syntheses and regional case studies 
showing that mid Holocene increases in fire activity and hillslope 
erosion often track the spread of agropastoral land use, where repeated 
clearance and burning were used to maintain open ground, extend 
cultivable and grazing areas, and in some settings to enhance soil 
productivity.

Placed within the wider archaeological and palaeoenvironmental 
framework of central Italy, the Grotta Battifratta sequence also supports 
a broader reassessment of Neolithic cave use. Inland sectors show a clear 
intensification of cave frequentation, particularly in connection with 
funerary practices (Grifoni Cremonesi, 2020, 2022). In this context, the 
classic Neolithic narrative focused on permanent villages and long-term 
settlement stability is less explanatory, and more dispersed settlement 
patterns and flexible strategies of land and resource use become more 
plausible (Robb, 2007; Stoddart et al., 2019). Consequently, cave as
semblages are better interpreted not simply as a reflection of domestic 
occupation, but rather as the material outcome of practices with specific 
social and symbolic meanings that differ from those structured in open 
air settlements (Silvestri et al., 2020).

In the Bronze Age, the use of the cave became sporadic, possibly 
reflecting decreasing rainfall and the regional shift to nucleated lowland 
settlement locally known for this period. Erosional reworking and epi
sodes of carbonate precipitation altered the cave's stratigraphic frame
work, demonstrating the sensitivity of karst environments to climatic 
and anthropogenic pressures. The final infilling during the early LIA 
reflects a sudden phase of flooding associated with intensified rainfall 
and slope instability, sealing the archive of earlier occupations.

Grotta Battifratta stands out as a multi-phase Holocene archive of 
local climate dynamics, in which cultural evidence acted intermittently 
as a conditioning factor in depositional processes. By framing its 
archaeological deposits within the wider context of karst hydrology and 
Holocene climate history, Grotta Battifratta contributes to a broader 
understanding of how societies and environments co-evolved in central 
Italy.
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