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A B S T R A C T

Cave A at Ponte di Veja (Verona, Italy) preserves a stratified record that links sediment dynamics, chemical 
alteration and Late-Pleistocene hunter-gatherer activity on the southern Alpine foreland. Integrated sedimen
tological, micromorphological, mineralogical and geochemical analyses show that the lowermost unit is an 
allochthonous loess- and soil-derived deposit emplaced at the Last Glacial Maximum by slow percolation from 
the karst plateau and later modified under hydromorphic conditions. It is overlain by a paleosol, whose abundant 
charcoal, organic matter and faunal signals indicate repeated human and large-mammal presence in addition to 
bat guano input. Uneven guano accumulation drives strong in-situ acidification, leaching of alkaline-earth ele
ments and precipitation of taranakite in the wetter, more acidic cave sector, while carbonate buffering keeps 
isolated spots near neutral. The data support a four-stage depositional model. Quiet loess infill before the 
Bølling–Allerød interstadial, post-glacial runoff erosion, re-occupation by humans and bats during the 
Bølling–Allerød and Holocene, and mid-20th-century removal of much guano-charcoal sediment for fertiliser. 
Radiocarbon and anthracological evidence reveal Epigravettian exploitation that intensified with interstadial 
warming, contracted, but likely did not cease, during the Younger Dryas, and resumed under Holocene ther
mophilous woodland.

1. Introduction

Cave environments are complex systems influenced both by natural 
and anthropogenic factors (Torok et al., 2024; Biagioli et al., 2023; 
Moldovan et al., 2018). All caves differ from each other and oftentimes 
each cave is considered as a unique system. Cave mineral deposits (i.e. 
clastic or chemical, as defined by White, 2007), found in sediments or 
speleothems, have been recognized for their capacity to gather and 
preserve paleoenvironmental and paleoclimate information (Baker 

et al., 2021; Duan et al., 2013), acting as natural traps for external 
materials. In particular, sediment deposition in cave can arise from 
various factors, including rock fall and frost shattering fluvial processes 
from rainfall, water percolation, and/or aeolian transport. In addition to 
mineral components, organic substances from microorganisms (e.g., 
fungi), bat guano, insects and botanical remains (e.g., pollen, wood, 
leaves), as well as other faunal residues such as bones contribute to the 
formation of the deposit (Farrand, 2001; White, 2007; Ghezzo et al., 
2014; Moldovan et al., 2011; Bella et al., 2021).
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Moreover, when caves are sporadically or habitually occupied by 
humans over centuries or millennia, anthropogenic residues such as 
pottery, stone tools, and charcoal fragments, brought intentionally or 
produced within the cave, become part of the deposit (Medina-Alcaide 
et al., 2023; Deldicque et al., 2022). Therefore, the analysis of sediment 
sequences and stratigraphy found in caves has a significant role in 
paleontological, geological, and archaeological research (Riordan et al., 
2021; Stephens et al., 2017). A significant example of these principles is 
provided by the Veja karstic system (Ponte di Veja), north of Verona, 
Italy, whose multi-cave complex preserves a rich stratigraphic archive.

Since the first half of the 20th century, the Ponte di Veja complex has 
been recognized as a significant archaeological site for investigating 
prehistoric human activity in Lessinia. Stone tools and faunal remains 
found in the area suggest that Neanderthal and Sapiens hunter-gatherers 
groups settled the Lessinia since the Middle Pleistocene (Margaritora at 
el., 2020 and references therein; Falgueres et al., 2025). In Veja Cave A 
and in the surroundings of Ponte di Veja, Middle and Upper Palaeolithic 
chert tools were described by Bartolomei and Broglio (Broglio et al., 
1963; Bartolomei and Broglio, 1975). In Valpantena Valley, Riparo 
Tagliente contains a long stratigraphic cultural sequence spanning from 
the Mousterian to the late Epigravettian (Fontana et al., 2018a). Further 
inside the valley bottom, the settlement of Lugo di Grezzana revealed 
human presence during the Neolithic (~5000 BC) (Pedrotti et al., 2015). 
The Bronze age in the Ponte di Veja and the surroundings is documented 
by tools and pottery fragments dating back to the 2nd-3rd millennium 
BC (Salzani, 1987). Specifically in Veja Cave A, although archaeological 
evidence relates to Neanderthals, no further information is currently 

available about the chronology and the purposes of these frequentations. 
Upper Palaeolithic hunter-gatherers left dispersed traces as well, as
cribable to the Epigravettian (Bartolomei and Broglio, 1975).

Stone tools found in the area suggest that Neanderthal hunters were 
present before 40,000 years ago (Romandini et al., 2012; Chelidonio, 
1992), with the oldest evidence of stone tools dating to 54,000 years ago 
(Peresani et al., 2009). The abundance of fossil remains, including cave 
bear (Ursus spelaeus) (Galli et al., 2005) and wolves, provides insights 
into human-fauna coexistence during the glacial period, as investigated 
in the framework of the REFIND project (https://pric.unive.it/project 
s/refind/home).

Despite the site’s relevance to multiple disciplines, such as palae
ontology, ecology and archaeology, detailed investigations of the sedi
mentary deposits in the Ponte di Veja complex, particularly in Cave A, 
remain scarce (see for example Cavallo et al., 2021 and references 
therein). The aim of this paper is twofold: (i) to characterize the sedi
mentary deposits in Cave A to determine the source of the sediment, the 
in-situ chemical alteration, and the dynamics of deposition (ii) drawing 
on the deposition processes, as well as on charcoal 14C dates and 
anthracological data, to investigate the prehistoric faunal and human 
occupation in relation to the environmental variability. Our research 
involves stratigraphic and micromorphological analyses, examination of 
the mineralogical and chemical composition of both sediments and 
guano, as well as the study of charcoal fragments.

Fig. 1. Top: location and picture of the Ponte di Veja (VR, Italy). Bottom: map (section and base of the Cave A, including the position of the sampling sites). Roman 
numerals (I–X) refer to the location of the sampling site, while 160.01 refers to the trench excavated in 2022. Alphabetic labels (A–E) are used to identify section 
references within the cave, which are discussed in the following sections.
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2. Methodology

2.1. Study site

Veja is a karstic system located north of Verona (Italy) (Fig. 1) at 
about 585 m above sea level (45.6081, 10.9702, EPSG: 3857). It consists 
of a series of at least five caves primarily oriented from north to south. A 
narrow valley interrupts the cave system, opening eastward into the 
Marciora valley and spanned by the Veja Bridge (Ponte di Veja), a 
geological formation remaining from the collapsed vault of a cave 
chamber. Grotta A (Cave cadastral number: 117 V/VR), also known as 
Veja Cave (Grotta di Veja) or Cave of the Bear (Grotta dell’Orso), is the 
main tunnel in the system, starting just below the north side of the 
bridge and extending approximately 180 m northward (Fabbri et al., 
2017). This cavity formed through karst processes in the carbonate San 
Vigilio Oolite lithotype, with the vault and walls likely shaped by 
condensation-corrosion processes. An Eocene basaltic dike along the left 
wall influenced corrosion processes for nearly half the length of the 
cave. Within the Veja Cave, a shorter corridor branches off about 
halfway along the main tunnel to the east, with a slight water flow 
eroding soil deposits towards the cave entrance. As a result, Quaternary 
sediments are partly removed and reworked from this point towards the 
exit, leaving primary strata preserved only in the innermost cave areas 
(Ghezzo et al. in preparation).

A recent survey inside Cave A confirmed traces of an unauthorized 
excavation in the innermost section of the main tunnel, with reworked 
sediments and several bone fragments left on the surface. In 2022, E.G. 
of the Ca’ Foscari University of Venice led a new excavation campaign of 
this area, designated trench 160.01, with the aim of cleaning the context 
and preparing the site for further research. The team divided the surface 
into quadrants, focusing on those interested by previous excavations, to 
rectify the reworked layers and document the stratigraphy. Subse
quently, the removed sediment has been washed and screened, using 
sieves smaller than 1 mm, recovering bone fragments, teeth, charcoals, 
ochre, and lithic stones. The cave has also been studied for its zoological 
significance, particularly a bat colony (Myotis myotis, Myotis blythii and 
Miniopterus schreibersii), which occupies the cave from March to 
September, influencing the ecosystem through guano production that 
supports beetle and fly populations (Bertini et al., 2016).

2.2. Sample collection

During the fieldwork conducted in 2022, a trench approximately 
1.10 m deep, hereinafter labelled 160.01, was excavated in the inner
most portion of Cave A (see Fig. 1). After cleaning the sequence, we 
identified four distinct stratigraphic units (from SU-1 to SU-4, see af
terwards). From trench 160.01, we collected a total of 16 sediment 
samples (~2 cm thick) of approximately 10 g each, covering SU-2A, SU- 
2B and part of SU-3. These samples were labelled 160.01.x, where x 
corresponds to the average depth in cm. All samples were freeze-dried, 
and visible charcoal fragments (approximately 0.5–8 mm) were picked 
and separated from the sediment. Accordingly, charcoal fragments 
collected from trench 160.01 were labelled as C-160.01.x. Physical (i.e. 
XRD) and chemical analyses (excluding pH and TOC% measurements) 
were carried out combining sediment samples 160.01.x from the same 
stratigraphic unit. Aiming to compare average geochemical signatures 
between stratigraphic units, where the number of subsamples per unit 
was uneven (e.g., SU-2B, n = 11; SU-3, n = 3), we pooled and homog
enized subsamples within each unit to obtain a single representative 
composite. This approach is supported by preliminary TOC and pH 
analysis, where low intra unit variability was observed. Moreover, in the 
proximity of trench 160.01, a negative cylindrical interface with a width 
of 8 cm was found, tentatively interpreted as a posthole imprint. A large 
(~8 cm) charcoal fragment (C-PH), likely deriving from a structural 
vertical wooden element, anthropogenic in origin, was found in this 
posthole.

Based on the preliminary results obtained from trench 160.01, 
additional fieldwork was conducted in 2024, aiming to collect sediment 
samples along a ~75 m transect, excavating to a depth of 20–30 cm at 
ten spots as indicated in Fig. 1(I–X). The east-side lateral branch (sec
tion C-E in Fig. 1) was not considered in this study due to intense and 
more recent reworking of the deposit. Along the transect, an organic top 
layer, enriched in charcoal, similar to SU-2, was found at a depth 
ranging from 1 to ~10 cm. About 10 g of sediment from each spot, with a 
thickness of ~2 cm, was collected and hereinafter labelled as OS-i, 
where i corresponds to the sampling site (i.e. I-X). Only at spots I-IV, 
below the OS layer, a weakly clayey loam sediment with a texture 
similar to SU-3 was found. These samples are hereinafter labelled as SS-i, 
following the labelling scheme used for the OS samples. Although spots 
V-X were excavated to a depth of 20–30 cm, we were not able to identify 
the loamy sediment deposit, but encountered a mixture of complex, 
poorly defined structures, containing altered clay. In spots V-X, we only 
collected sediments from the OS layers. Additionally, we collected 
samples of ochre by scratching the vein that is visible in the wall of the 
cave, in proximity of spot I as well as a sample (~1g) from the carbonate 
cave ceiling. After freeze-drying and removing visible charcoal frag
ments (accordingly labelled as C-OS-i and C-SS-i), the sediments were 
ground, sieved at 2 mm, homogenized, and stored at 4 ◦C before physical 
and chemical analysis. Larger charcoal fragments were cut in half; one 
half was used for radiocarbon dating, while the other half was archived 
for further analysis.

Near spot XI, a bat guano mound about 1.5 m high and 3 m wide was 
found. The guano deposit was horizontally cored with a 40 mm diameter 
plastic tube until the centre of the mound was reached at a height of 
about 80 cm from the bottom. The guano samples were freeze-dried and 
homogenized; three aliquots were used for chemical analysis. A ~1 cm 
thick slice from the deepest part of the core was retrieved, freeze-dried, 
and analysed for radiocarbon dating (sample label G1-X*).

2.3. Stratigraphic and micromorphological analysis

The geoarchaeological description was conducted according to 
sedimentological, pedological, and stratigraphic criteria (Goldberg 
et al., 2022) (see Table S1 in Supporting Material). Colours were codi
fied using Munsell® Soil Colour Charts and determined on wet samples 
(Munsell Soil Color Charts, 2000). The Udden-Wentworth scale (1922) 
was used for characterizing the grain size of the sediments. The car
bonate content in the sediments is based on the semiquantitative 
observation of the reaction to 10 % diluted HCl. Soil horizons and sed
iments were described following the FAO guidelines (2006). The sym
bols used for soil classification and horizon definition follow the criteria 
of Soil Taxonomy (IUSS Working Group WRB, 2015). Archaeological 
micromorphology was used to analyse the combined effects of geogenic, 
biogenic, and anthropogenic processes. Six sediment samples were 
prepared at the Servizi per la Geologia laboratory (Piombino, Italy) 
following the methodology reported in Murphy (1986), which includes 
dehydration, vacuum impregnation with polymerizing resins, cutting 
into centimetre-thick slabs, and final preparation of thin sections with a 
thickness of 25 μm and dimensions of 95 mm × 55 mm, without cover 
glass. The thin sections were analysed using a Prior MP3500A petro
graphic optical microscope, with plane polarized light (PPL) and cross 
polarized light (XPL) at 20x, 40x, 100x, and 400x magnifications. The 
nomenclature used for the description of the thin sections follows Stoops 
(2021) for the study of sediments and soils, while the interpretation of 
the components is mainly based on definitions by Nicosia and Stoops 
(2017) and Stoops et al. (2018) (see Table S1 in Supporting Material).

2.4. Radiocarbon dating

Charcoal samples from the 160.01 trench (n = 8), from OS (n = 9) 
and SS (n = 1) layers, together with C-PH and guano bat (G1-X*) were 
sent to the Vilnius Radiocarbon Laboratories in Lithuania and analysed 
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using Accelerated Mass Spectrometry (AMS). Conventional Radiocarbon 
Ages (CRA) were calibrated using OxCal v4.4 (Bronk Ramsey, 2021) and 
the IntCal20 atmospheric curve (Reimer et al., 2020). Calibrated ages 
are reported in cal y BP or in CE for practicality.

2.5. Anthracology

Charcoal remains sent to radiocarbon dating were examined using an 
incident light microscope at magnifications of 100 × , 200 × , and 500 ×
. Taxonomical identification was performed through comparison with 
standard wood atlases (Vernet et al., 2001; Abbate Edlmann et al., 1994; 
Schweingruber, 1990; Greguss, 1955). The excellent state of preserva
tion allowed taxonomic determinations at the species or genus level, 
with botanical nomenclature following Pignatti (1982). In some in
stances, taxonomic designations were grouped according to anatomical 
type following Schweingruber (1990) and Vernet et al. (2001). For 
example, charcoal classified as “Pinus sylvestris type” may correspond to 
Pinus sylvestris, Pinus nigra, or Pinus mugo/uncinata, although charcoal 
analysis inherently presents challenges due to the absence of specific 
diagnostic key features.

2.6. Physical and chemical analysis

The pH measurements of the sediments and guano were carried out 
in all samples using a pH-Meter (Hanna Instruments – HI 2210), 
following the methodology reported in FAO (2021). Total organic car
bon (TOC%) in the sediments was analysed using a Total Organic Car
bon Analyzer (Model TOC-L, Shimadzu 5050A) following the 
manufacturer instructions.

X-ray powder diffraction patterns were recorded with conventional 
Bragg-Brentano geometry at 295 K, with a step size of 0.05◦ on a scale of 
5–145◦ 2θ and a time of 500 s/step. An Empyrean diffractometer 
(Malvern Panalytical Ltd.) equipped with Bragg-Brentano HD incident 
optics, 1/8◦ divergence slit and copper X-ray tube (wavelength Kα 
1.5406 Å) at 40 kV and 40 mA was used. A hybrid 2D solid-state pixel 
detector PIXcel3D (255 active channels) was employed. The research of 
the constituting phases of the samples and a semiquantitative phase 
analysis by X-ray diffraction was performed using SIeveþ® program 
within PDF-5+ data base.

The determination of trace elements (TE) and rare earth elements 
(REE) in the sediments and guano was carried out by acid digestion in a 
microwave oven, followed by inductively coupled plasma-mass spec
trometry (ICP-MS) analysis. ICP-MS analysis was performed using ad 
iCAP-RQ (Thermo Scientific). Further methodological details are re
ported in Supporting Material. A total of 33 elements were monitored, 
including trace elements (TE): Na, Mg, Al, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, 
Ni, Cu, As, Sr, Y, Ba, Pb; and Rare Earth Elements (REE): La, Ce, Pr, Nd, 
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. All elements were acquired 
in triplicate and quantified by external calibration with standards pre
pared from multi-elemental solutions (Ultra Scientific). An on-line spike 
of Rh at 10 ng mL− 1 was used as the internal standard. Accuracy was 
assessed through contextual mineralization and analysis of certified 
reference materials NIMT/UOE/FM/001 (peat) and BCR-667 (estuarine 
sediment).

The determination of faecal sterols and stanols in sediments and 
guano was carried out following the analytical method proposed by 
Battistel et al. (2015) and further modifications reported in Bortolini 
et al. (2024). GC-MS analysis was performed using a 7890A-GC system 
coupled with a 5975C MSD single quadrupole spectrometer. Additional 
details are reported in Supporting Material. A total of 10 sterols and 
stanols were analysed: 5β-Cholestan-3β-ol (coprostanol; CoP), 5β-Cho
lestan-3α-ol (epi-coprostanol; e-CoP), Cholest-5en-3β-ol (cholesterol; 
Chol), 5α− Cholestan-3β-ol (5α-cholestanol; 5α-Ch), 24-Methyl-
cholest-5en-3β-ol (campesterol; Camp), 24-Ethyl-Cholesta-5,22 en 
dien-3β-ol (stigmasterol; Stg-ol), 24-Ethyl-cholest-5en-3β-ol (β-sitos
terol; β-sito), 24-Ethyl-5β-cholestan-3β-ol (5β-stigmastanol; 5β-Stg), 

24-Ethyl-5β-cholestan-3α-ol (epi-5β-stigmastanol, e− 5β-Stg), 24-Eth
yl-5α-cholestan-3β-ol (5α-stigmastanol; 5α-Stg). An adequate number (n 
= 5) of procedural blanks were analysed.

2.7. Statistical analysis

The normality of the distributions was assessed using the Shapiro- 
Wilk test, while the presence of outliers was examined using the Dixon 
test. The means of the populations were compared using the Student t- 
test, the Welch t-test (for unequal variances), and the Mann-Whitney U 
test (for non-normally distributed populations). Principal component 
analysis was performed using trace elements and the sum of rare earth 
elements as z standardized variables. All statistical analyses were per
formed using R packages (R 4.4.3 version). The pH, TOC, PC1, PC2 and 
Pb distribution maps reported in Fig. 5 were obtained by linear inter
polation of the punctual values. The cumulative probability density 
function in Fig. 7 is created by superposition of individual distributions 
for each 14C date.

3. Results

3.1. Trench 160.01

3.1.1. Stratigraphy and micromorphology
SU-1 is a recent deposit of spoil material from the illegal excavation 

of the underlying units. The underlying SU-2 (see Fig. 2 and Table S2 in 
Supporting Material) is divided into two subunits (SU-2A and SU-2B).

SU-2A has a maximum thickness of 3 cm and corresponds to a 
trampled surface, which has compacted and imprinted a primary wavy 
lamellar microstructure on the top of unit SU-2B (see Fig. 3A and B). SU- 
2B is a paleosol (Ah) with a thickness of about 20 cm, characterized by 
anthropogenic components (carbon fragments, flint lithic industry, 
organic matter). At the microscopic level, it is characterized by a weakly 
developed subangular polyhedral microstructure with accommodated 
parallel and subvertical planar voids, and an open porphyric relative 
distribution. The micromass predominantly (80 %) consists of dark 
brown quartz silt-clay with mica-muscovite, feldspars and an undiffer
entiated b-fabric. The coarse mineral component ranges from very fine 
sand (125 μm) to subrounded granules (<5 mm). The mineral fraction 
consists almost entirely of local basalt and, to a lesser extent, angular 
reddish minerals and cryptocrystalline flint. Some flint fragments show 
signs of thermal alteration (i.e. crazing) (Angelucci, 2017). The only 
pedological features present are pedorelicts dispersed in the micromass 
with a chaotic distribution pattern. Rounded and subrounded forms, 
often of a nucleic type, are recognized, making up around 10 % of the 
micromass, formed around rock fragments (basalt, flint), as well as some 
matrix coatings on the coarse mineral fraction, indicating a rolling ac
tion of granules. Less common are brunified, non-brunified and rubified 
pedorelicts with lamellar subangular shapes (length 9 mm), along with 
pedofeatures consisting of rounded fragments of microlaminated clay 
coatings, remnants of ancient illuviation horizons. Organic matter is 
common and represented by pinpoint particles, fragments of decom
posed herbaceous plant tissue that is partially burned and opaque 
(Herbaceous Partly Burnt, 10–200 μm). Charcoal and microcharcoal are 
common (5 %) and reach sizes of several millimetres (max. 8 mm). 
Well-represented are phosphatized bone fragments with subrounded or 
rounded edges, degraded by biological agents (>125 μm < 2 mm, 2 %), 
likely ingested and excreted by meso- and macrofauna. Disorthic nod
ules typical of cryptocrystalline apatite are recognizable by their 
light-yellow colour in PPL and isotropic appearance in XPL.

SU-3 is a stratified deposit consisting of weakly clayey silt, non- 
calcareous, massive, and apedal (Fig. 3C and D). Thirteen lenticular 
subunits with wavy, abrupt boundaries and local hints of water- 
transported lamination were distinguished in the unit based on colori
metric analysis. The upper part of SU-3 displays post-depositional 
deformation in the form of load casts that create flame-like structures. 
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These features develop when the denser sediments of Unit 2B sink into 
the underlying, less-dense, water-saturated Unit 3. The micromass is 
predominant (80–95 %) over the coarse fraction (>125 μm), and both 
show components and a g/f relative distribution similar to unit SU-2B. 
Unlike SU-2B, there is the development of polyconcave voids, locally 
organized into a vesicular microstructure, revealing evidence of the 
collapse of original voids due to water saturation. Some moldic voids of 
faunal remains are present. As in the upper unit, clayey pedorelicts (10 
%, >250 μm < 2.5 mm) are common, including rare subrounded frag
ments of microlaminated clay coatings. The presence of clay in
tercalations and Fe-Mn oxide/hydroxide hypocoatings within the voids 
testifies to cycles of water saturation alternating with aerobic exposure. 
The organic fraction ranges from 2 to 5 % and it is represented by 
amorphous fine material and burnt plant matter. Charcoal and micro
charcoal fragments are poorly represented (2 %). Bone fragments have 
subrounded boundaries (>250 μm < 2.5 mm, 10 %) and show moder
ately Fe-Mn impregnations. Complete mineral dissolution of the mass is 
observed, with the replacement of secondary pseudomorphic phosphate 
minerals on the original bone tissue (Villagran et al., 2017).

Only the top portion of the underlying SU-4 was investigated (Fig. 3E 

and F). It is a clast-supported breccia with abundant macrofaunal re
mains, mainly consisting of oolitic-bioclastic grainstone clasts (95 %) 
that are equant or platy in shape and exhibit chemically altered cortices 
(cortex). The coarse fraction also includes basalt grains (max. diameter 
2.5 mm, 2 %) and cryptocrystalline flint, both showing evidence of 
crazing. In PPL, the cortex of the calcareous clasts features an internal 
exfoliation zone characterized by the complete or partial dissolution of 
ooids and bioclasts. The voids in the lower and upper portions of the 
cortex are filled with yellow phosphates. The microstructure is generally 
massive, tending toward planar lamination, with subvertical planar 
voids and polyconcave voids. Pedological features include Fe-Mn (hydr) 
oxide hypocoatings, phosphatic nodules, and discontinuous loose 
micrite infillings, derived from the partial dissolution of the calcareous 
clasts. Rounded and subrounded pedorelicts (10 %, >250 μm < 2.5 mm) 
are still present in the groundmass. The micromass has a granostriated b- 
fabric and constitutes a secondary fill closely resembling the overlying 
SU-3. Among the pedological features are those formed in hydromorphic 
conditions—such as Fe-Mn (hydr)oxide hypocoatings in voids and 
alteration films on bones. Under the microscope, a total loss of bire
fringence is observed in the bones. The state of preservation of the faunal 

Fig. 2. A) Stratigraphic profile of trench 160.01 with stratigraphic units (SU), micromorphology samples (1–5) and in orange the sampling sequence for physical and 
chemical analyses, including radiocarbon data; B) orthophoto of the section of trench 160.01.A). (Below) Schematic representation of the stratigraphic units 
individuated in 160.01, including radiocarbon data (reported in CRA y BP), the TOC% and pH profiles covering SU-2 and part of SU-3.
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remains suggests dissolution processes that removed organic material 
from the bones, leading to their complete or partial dissolution. Given 
that SU-4 was only partially exposed; a comprehensive analysis of this 
unit will be presented in a subsequent study. Consequently, the current 
paper focuses on stratigraphic units SU-2 and SU-3.

3.1.2. Charcoal
The charcoal samples (n = 8) collected at different depths in trench 

160.01 were radiocarbon dated (see Table 1). As reported in Table 1, 
calibrated radiocarbon ages range from ~4000 cal y BP to ~13,000 cal y 
BP, with ages between ~10,000 and ~11,000 cal y BP being predomi
nant (4 out of 8 samples). Although these four samples might derive 
from the fragmentation of a single charcoal piece, the size of each 
fragment (~1 cm) as well as the wide depth range suggest that they are 
independent. Their independency is supported by the results of the 
anthracological investigation as these charcoal fragments derived from 
different wood taxa, mainly attributed to broad-leaved deciduous trees 
such as Quercus and Corylus avellana (see afterwards and Table 1). As 
shown in Fig. 2, the eight radiocarbon ages along the sedimentary 
profile suggest the absence of a well-defined chronological sequence, 
indicating that the depositional process was not unperturbed in SU-2. 
This occurrence may be related to sediment reworking by faunal or 

anthropogenic activities, associated with the frequentation of the cave. 
A residual “old-wood” effect (i.e. fuelwood from long-dead logs 
collected outside the cave) cannot be entirely excluded. However, such a 
mechanism would not plausibly generate the multi-millennial spread 
observed. The offsets of several thousand years would require people to 
burn centuries to millennia old wood, which seems to be unlikely. We 
therefore view post-depositional mixing, rather than fuel age, as the 
primary cause of the mixed sequence. However, despite the absence of a 
well-defined chronology, we can hypothesize that SU-2 began to form 
during the glacial/post-glacial transition, while SU-3 broadly corre
sponds to an older phase of the Late Pleistocene, as supported by the 
recovery of fossil bones attributed to U. spelaeus in the underlying SU-4 
(Ghezzo et al. in preparation). The C-PH sample found in the inner part 
of the cave, near trench 160.01, tentatively interpreted as deriving from 
a structural vertical wooden element, dates to ~12,700 cal y BP. The 
corresponding taxonomic analysis of the charcoal sample identified the 
wood as a conifer of P. sylvestris type (Table 1). It is worth noting that the 
charcoal fragments identified as Conifer or categorised as P. sylvestris 
type in the C-160.01.x dating sequence show a chronological interval 
consistent with C-PH, thus appearing to be contemporary to the wood in 
posthole and resulting the older charred remains of the trench 160.01.

Fig. 3. A) SU 2B, rounded and subrounded rubified and brunified pedorelicts (PPL), 20x; B) SU 2B, rounded and subrounded phosphatized bone fragments (PPL), 
20x; C) SU 3, subangular fragment of microlaminated clay coating (PPL), 20x; D) SU 3, impregnative pedofeatures with high concentration of Fe oxides (probably 
hematite) (PPL), 40x; E) SU 4, groundmasss with partially phosphatized sub-rounded bone fragments and rounded pedorelicts (PPL), 20x; F): SU 4, cortex of the 
calcareous clasts characterized by the complete or partial dissolution of ooids and bioclasts. The voids in the lower and upper portions of the cortex are filled with 
yellow phosphates. (PPL), 40x.
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Table 1 
Conventional and calibrated radiocarbon ages of charcoal and guano samples from Cave A. Calibration was carried out using OxCal v4.4 and the IntCal20 atmospheric 
curve.

Label Material Site Unit CRA y BP Cal y BP (2σ) Wood Taxa

C-160.01.21 Charcoal 160.01 SU-2A 3576 ± 27 3934-3827 (80.6 %) 
3974-3943 (10.1 %)

Corylus avellana

C-160.01.27 Charcoal 160.01 SU-2B 11169 ± 34 13169-13061 (93.6 %) 
13025-13006 (1.9 %)

Conifer

C-160.01.29 Charcoal 160.01 SU-2B 9271 ± 31 10570-10339 (91.1 %) 
10322-10301 (4.3 %)

Ulmus

C-160.01.33 Charcoal 160.01 SU-2B 11345 ± 35 13307-13166 (95.4 %) P. sylvestris type
C-160.01.37 Charcoal 160.01 SU-2B 8908 ± 32 10183-9907 (95.4 %) deciduous Quercus type
C-160.01.40 Charcoal 160.01 SU-2B 8938 ± 33 10086-9910 (55.4 %) 

10203-10111 (40.0 %)
Corylus avellana

C-160.01.42 Charcoal 160.01 SU-2B 6347 ± 30 7328-7242 (67.4 %) 
7217-7167 (26.2 %)

cf. Salix

C-160.01.45 Charcoal 160.01 SU-2: SU-3 boundary 8911 ± 33 10186-9907 (95.4 %) Fagaceae
C-PH Charcoal ​ – 10868 ± 34 12740-12836 (95.4 %) P. sylvestris type
C-OS-I Charcoal I OS 11307 ± 35 13254-13116 (86.0 %) 

13300-13267 (9.5 %)
Conifer

C-OS-II Charcoal II OS 11576 ± 42 13509-13335 (92.4 %) 
13574-13558 (4 %)

P. sylvestris type

C-SS-II Charcoal II SS 11345 ± 42 13314-13161 (94.4 %) 
13134-13126 (1.1 %)

P. sylvestris type

C-OS-III Charcoal III OS 19619 ± 72 23622-23355 (63.5 %) 
23823-23678 (32.2 %)

Picea/Larix

C-OS-IV Charcoal IV OS 9205 ± 40 10441-10248 (82.1 %) 
10497-10459 (13.4 %)

Indeterminable

C-OS-V Charcoal V OS 9417 ± 38 10752-10561 (93.3 %) 
10536-10516 (2.2 %)

Corylus avellana

C-OS-VI Charcoal VI OS 9454 ± 39 10782-10575 (89.6 %) 
11000-10973 (4.0 %)

Alnus

C-OS-VII Charcoal VII OS 9029 ± 35 10246-10167 (94.5 %) Euonymus
C-OS-VIII Charcoal VIII OS 262 ± 29 1620-1672 CE (53.0 %) 

1516-1591 CE (31.1 %)
cf. Alnus

C-OS-X Charcoal X OS 131 ± 29 1799-1942 CE (64.4 %) 
1675-1744 CE (26.9 %)

Hardwood/Node

G1-X* Bat guano ​ Guano − 255 ± 28 2011–2014 CE (75.9 %) 
1955–1956 CE (18.4 %)

–

Fig. 4. Representative XRD spectra (i.e. OS-II, OS-IV and OS-VII) (right) and spatial phase distribution in OS-type and SS-type sediments (left). The bar plot rep
resents the approximate abundance of each crystalline phase on a scale from 0 to 3, where: 0 indicates non-detectable levels; 1 corresponds to a detectable abundance 
of less than 15 %; 2 represents values between 15 and 30 %; and 3 corresponds to values between 30 and 45 %. The XRD spectra include the following phases: 
Taranakite (T), Biogenic Phosphate Minerals (BPM), K-Feldspar Polymorph (K; including sanidine and microcline) Muscovite (Ms), Quartz (Q) and Goethite (G).
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3.1.3. XRD analysis
A representative X-ray diffraction pattern from SU-2 (Fig. 4, upper 

right) shows the presence of quartz, muscovite, and K-feldspar together 
with a suite of biogenic phosphate minerals (BPMs). The spectrum of SU- 
3 (not shown) is essentially identical to the SU-2 spectrum, confirming 
that the two units share the same mineral assemblage. Consistent with 
micromorphological observations, no carbonate phases were detected in 
either unit, despite the extensive carbonate crust on the cave ceiling.

The abundance of K-feldspar, muscovite and quartz points to an 
allochthonous sediment source, deriving from the plateau outside the 
cave, although it cannot be ruled out that part of the quartz may derive 
from the alteration of the paleokarstic infill at the basaltic dyke, as 
described by Gonzato et al. (2017), which consists of laminated limo
nitic silt and breccia, cemented by microcrystalline quartz.

XRD spectra from 160.01 sediments also exhibit weak peaks attrib
utable to BPMs formed by (i) direct guano degradation and/or (ii) re
action between guano-derived phosphorous-rich leachates and 
aluminium in the host clay minerals (Onac, 2012), also found in other 
cave environments (Frost et al., 2011; Miko et al., 2001; Fiore and 
Laviano, 1991). These spectra are consistent with brushite and/or 
monetite, while other biogenic phosphates such as ardealite, withlockite 
and leucophosphite can be reasonably be excluded. However, the 
complex matrix and the relatively low abundance precludes unambig
uous phase identification. Therefore, these phosphorous-bearing phases 
are hereinafter collectively referred to as biogenic phosphorous min
erals. The contextual evidence strongly implicates bat guano as the 
principal source of both phosphorous and ammonium.

3.1.4. Chemical analysis
The pH profile of the sedimentary sequence is reported in Fig. 2. As 

shown, pH values ranged from 6.5 to 7.1, with a mean value of 6.8 (0.2) 
(standard deviation in brackets). The pH is essentially neutral or slightly 
acidic, and almost constant throughout the record, without showing any 
significant difference between SU-2 and SU-3, as demonstrated by the 
Student t-test (p-value = 0.42). Conversely, total organic carbon showed 
significantly higher values (p-value = 0.0055) in SU-2 (2.7 (0.2) %) 
compared to SU-3 (0.6 (0.4) %), indicating that the sediment in SU-2 is 
approximately five times more enriched in organic matter. Although not 
reported, the concentration of inorganic carbon is below the limit of 

detection (LoD = 0.01 %), indicating that the presence of carbonates is 
negligible in both stratigraphic units. The lack of carbonates is consis
tent with XRD analysis and the micromorphological investigation.

Since the only variability along the sedimentary record was observed 
between the stratigraphic units SU-2 and SU-3, the determination of 
major and trace elements was carried out in the combined samples SU- 
2A, SU-2B and SU-3 (Table 2). The ratio between all the elements of the 
two units was calculated associating a confidence interval determined 
by the propagation of the uncertainty (~15 % on average). Therefore, 
elemental ratios that fell in the range 0.7–1.3 were considered as not 
significant. The elemental ratios between SU-2A and SU-2B showed that 
all the elemental ratios are included in the range 0.7–1.3, suggesting the 
absence of any significant differences between the elemental composi
tion of SU-2A and SU-2B. Conversely, SU-3 compared to SU-2 (averaging 
SU-2A and SU-2B) showed a significant enrichment in Mn (1.4), Rb 
(1.4), Mg (1.5) and REE (2.4, on average) as well as a depletion in Cu 
(0.4) and Ag (0.6).

The organic fraction of the sediment was analysed for faecal sterols 
and stanols in sample SU-2B and SU-3 (Table 3). As reported, SU-2B and 
SU-3 showed a different compositional faecal sterols pattern, where 
coprostanol is more abundant in SU-2B, while β-sitosterol prevails in SU- 
3. Moreover, the steroid composition in both units consistently deviates 
from the guano sample (Table 3). In the sediment, we observed a larger 
presence of zoo 5β-stanols in SU-2B while, in SU-3, the larger increase in 
β-sitosterol is not followed by the increase in cholesterol. The faecal 
sterol concentrations and pattern deviate from guano samples, where 
sterols (mainly cholesterol and β-sitosterol) are predominant.

3.2. Interphases along the transect I-X

3.2.1. Charcoal and anthracology
The rich organic sediment found in OS samples is characterized by a 

larger load of charcoal fragments, similarly to SU-2. Conversely, in SS 
only a single fragment, approximately 2 mm in size (C-SS-II), was found. 
Although it is difficult to robustly quantify the abundance of charcoal in 
the sediment, due to possible post-depositional fragmentation and/or 
inhomogeneous accumulation, we observed a greater abundance 
(approximately 5–10 cm− 3) and larger maximum size (~3–4 mm) of 
charcoal fragments in the transect I-VI and in the trench 160.01, 

Fig. 5. pH (A), TOC% (B), PC1 (C), PC2 (D) and Pb (D) in 160.01 and I-IX sediments. OS-type (top) and in SS-type (bottom) in each figure.
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Table 2 
Bulk chemical composition of sediments from stratigraphic units SU-2A, SU-2B, and SU-3 in trench 160.01; upper (OS) and lower (SS) layers along the transect; and ochre and bat-guano samples. Major elements (Al, Fe, 
Mg, Ca, Na, K, Mn, Ti) are reported in g kg− 1. Total organic carbon (TOC) and total inorganic carbon (TIC) are reported in wt%. Trace elements and rare-earth elements (REE) are reported in mg kg− 1. Values below the limit 
of detection are reported as < lod; not analysed is indicated by “–”.

SU-2A SU2-B SU-3 OS-I SS-I OS-II SS-II OS-III SS-III OS-IV SS-IV OS-V OS-VI OS-VII OS-VIII OS-IX OS-X Ochre Bat guano

Al 23.6 25.8 31.5 5.5 7.4 10.6 9.2 9.3 9.6 14.8 15.2 8.5 4.6 4.2 10.8 11.6 6.4 7.5 0.7
Fe 32.2 31.4 29.5 23.3 25.6 33.0 34.4 32.6 31.6 86.7 54.0 41.9 28.0 18.5 33.0 47.9 32.7 334 0.34
Mg 557 535 814 51 78 110 105 137 89 325 261 37 97 129 164 108 98 2900 3700
Ca 15.2 17.6 19.8 1.2 1.1 2.6 1.7 2.4 1.4 2.9 3.8 0.7 1.8 1.2 2.9 2.5 2.2 55 5.4
Na 4.8 5.1 4.7 2.0 2.7 3.0 3.9 2.4 3.3 3.7 4.2 2.3 1.8 1.0 4.4 3.0 5.1 0.2 1.0
K 32 30 36 28 38 33 38 24 34 30 35 32 22 51 33 37 38 1.0 5.7
Mn 0.353 0.278 0.452 0.090 0.122 0.244 0.250 0.202 0.243 0.169 0.330 0.194 0.083 0.036 0.129 0.105 0.112 0.069 0.110
Ti 14.7 15.0 13.1 9.2 16.8 15.1 15.1 11.6 14.4 17.1 17.2 12.1 8.3 16.2 15.0 18.3 14.5 0.5 0.04
TOC 2.6 2.9 0.7 8.8 0.3 4.2 0.8 8.8 0.8 9.5 0.7 4.3 12.9 4.1 5.4 4.8 3.3 – –
TIC <lod <lod <lod <lod <lod <lod <lod <lod <lod <lod <lod <lod <lod <lod <lod <lod <lod – –
pH 6.8 6.8 6.8 3.1 3.3 4.5 4.4 3.9 3.7 6.0 6.6 3.4 3.0 3.0 3.3 2.9 3.0 – 3.2
Li 11.9 21.6 11.9 2.9 13.8 6.8 10.3 18.3 8.6 8.2 12.4 3.6 6.0 0.5 10.5 6.2 7.4 3.1 <lod
Sc 12.4 13.0 12.7 1.7 2.7 5.2 3.7 5.0 3.4 7.6 8.1 2.3 3.4 2.7 5.9 10.4 2.9 9.9 <lod
V 180 187 163 128 198 181 195 157 173 321 244 188 166 146 187 236 138 560 3.4
Cr 325 285 284 215 297 295 282 250 251 353 375 240 236 291 301 425 237 13 <lod
Co 14 16 12 16 6 12 11 60 9 17 14 9 80 10 30 22 15 2.5 <lod
Ni 67 65 50 22 16 31 36 54 33 66 57 26 104 24 54 42 34 84 2.1
Cu 392 294 159 270 88 371 175 994 152 292 225 172 1806 402 683 1274 511 14 740
Zn 523 565 638 158 179 442 463 376 396 276 373 216 290 84 262 273 427 96 <lod
As 12 13 10 8 6 8 8 14 7 92 35 27 9 6 19 11 8 615 <lod
Rb 23.1 18.7 29.8 29.8 33.2 30.5 36.5 19.7 36.1 17.1 23.2 28.1 16.4 31.0 19.0 25.8 37.3 8.2 1.6
Sr 111 107 99 26 29 36 33 38 30 48 62 18 27 21 60 114 48 54 100
Y 25.7 31.2 88.4 0.5 0.1 0.7 0.2 1.5 0.1 2.5 1.9 0.1 3.9 0.7 1.7 2.0 1.1 31 <lod
Mo 0.33 0.41 0.33 0.30 0.19 1.62 0.72 1.45 0.91 1.07 0.33 0.48 2.23 0.80 1.02 0.47 1.17 ​ ​
Ag 0.18 0.09 0.12 0.15 0.12 0.21 0.14 0.39 0.06 0.19 0.18 0.16 0.62 0.24 0.86 0.17 0.26 <lod <lod
Ba 526 422 339 179 340 300 338 257 300 306 586 151 167 129 329 475 437 ​ ​
Pb 29 28 25 24 27 29 29 24 28 36 35 29 257 225 700 490 777 65 2
La 9.2 9.7 38.7 0.45 0.02 0.09 0.05 0.36 0.04 2.05 0.39 0.02 1.34 0.35 0.43 0.89 0.20 23.6 0.28
Ce 22.4 23.2 63.7 2.9 0.27 0.38 0.21 1.1 0.11 3.4 2.1 0.10 3.4 1.9 2.2 2.6 0.9 21.0 0.49
Pr 3.3 3.5 9.4 0.16 0.02 0.05 0.03 0.18 0.02 0.53 0.21 0.01 0.57 0.24 0.17 0.28 0.08 6.89 0.11
Nd 15.8 17.8 49.4 1.59 0.12 0.28 0.12 0.83 0.09 1.94 1.24 0.06 2.03 1.43 1.08 1.34 0.46 29.6 0.30
Sm 4.4 4.8 10.3 0.28 0.06 0.13 0.07 0.34 0.06 0.48 0.44 0.02 0.54 0.47 0.37 0.41 0.21 6.2 <lod
Eu 1.5 1.7 3.1 0.08 0.03 0.05 0.04 0.12 0.03 0.18 0.16 0.02 0.20 0.14 0.14 0.15 0.09 1.3 <lod
Gd 5.1 5.8 13.2 0.22 0.05 0.15 0.05 0.40 0.04 0.49 0.50 0.02 0.77 0.45 0.47 0.51 0.23 5.5 <lod
Tb 0.80 0.90 1.92 0.04 0.01 0.03 0.01 0.09 0.01 0.09 0.10 0.01 0.16 0.08 0.10 0.11 0.05 0.80 <lod
Dy 5.2 5.5 11.1 0.24 0.06 0.26 0.08 0.67 0.06 0.54 0.65 0.03 1.26 0.45 0.65 0.76 0.35 5.0 <lod
Ho 1.0 1.2 2.5 0.04 0.01 0.06 0.02 0.15 0.01 0.11 0.13 0.01 0.29 0.08 0.14 0.16 0.08 0.93 <lod
Er 3.0 3.2 6.8 0.13 0.04 0.20 0.06 0.47 0.05 0.31 0.37 0.02 0.95 0.22 0.40 0.49 0.23 2.9 <lod
Tm 0.42 0.43 0.91 0.02 0.01 0.03 0.01 0.07 0.01 0.05 0.06 0.004 0.15 0.03 0.06 0.08 0.04 0.42 <lod
Yb 2.4 2.8 5.3 0.15 0.04 0.24 0.09 0.53 0.06 0.32 0.39 0.03 0.98 0.20 0.41 0.53 0.27 2.6 <lod
Lu 0.35 0.38 0.75 0.02 0.01 0.04 0.02 0.08 0.01 0.05 0.06 0.01 0.15 0.03 0.06 0.07 0.04 0.44 <lod
REE 74.9 80.9 217.1 6.3 0.7 2.0 0.9 5.4 0.6 10.5 6.8 0.4 12.8 6.1 6.7 8.4 3.3 107 1.2
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compared to VII-X, where charcoal fragments were less abundant (~1-3 
cm− 3) and smaller in size (<1–2 mm).

The radiocarbon dating of 10 charcoal fragments collected along the 
transect (see Table 1) ranged from ~23,500 cal y BP (C-OS-III) to 
1675–1942 CE (C-OS-X). Notably, the more recent fragments (i.e. 
younger than the 16th century CE) were found in transect VIII-X where 
the deposit is characterized by smaller and less abundant charcoal.

The oldest wood (C-OS-III) was identified as being from a conifer of 
the genus Picea/Larix (~23,500 cal y BP). Subsequently, two fragments 
dated between 13,500 and 13,100 cal y BP were attributed to Conifer 
and P. sylvestris type, contemporaneous with the conifer samples from 
trench 160.01 and the finds from posthole C-PH. Finally, three samples 
attributed to broadleaved deciduous trees (Alnus, C. avellana and 
Euonymus respectively) are dated between 11,000 and 10,200 cal y BP, 
similar to the broadleaved charcoal found in trench 160.01 (Table 1).

Interestingly, 14 out of 19 (~74 %) charcoal fragments (including 
the samples from trench 160.01 and C-PH) fall within the range of 
9700–13,600 cal y BP.

3.2.2. XRD analysis
XRD analysis of the sediments along transect I–X revealed significant 

similarities among the deposits (see Fig. 4). Where both OS and the 
corresponding SS were sampled, the sediment from the two stratigraphic 
units exhibit essentially identical mineral assemblages, mirroring the 
pattern previously observed in trench 160.01 for units SU-2 and SU-3. K- 
feldspar minerals are ubiquitous, suggesting a sustained influx of 
allochthonous material throughout the cave. Biogenic phosphorous 
minerals (BPMs) are widespread; in several samples, particularly those 
from section B-C (Fig. 1), XRD unambiguously identifies taranakite 
[K3Al5(HPO4)6(PO4)2⋅18H2O], while other BPMs (i.e. brushite and/or 
monetite) are less abundant. The formation of taranakite through the 
interaction between bat guano leachates and Al-bearing minerals in cave 
environments is well documented (Onac, 2012; Fiore and Laviano, 
1991; Frost et al., 2011). Because taranakite is stable under acidic, 
persistently wet and cool conditions (Frost et al., 2011), its absence – or 
at least much lower abundance - in section C-D (Fig. 1), may derive from 
locally less persistent wet conditions and/or a reduced guano load. On 
the other hand, the higher pH and the lower persistent humidity along 
this section are consistent with the formation of biogenic phosphates 
such as brushite and/or monetite (Sokol et al., 2022).

Sample SS-VII constitutes an outlier. Quartz and muscovite were not 
detected by XRD, mostly plausibly because their diffraction peaks are 
masked by the high taranakite content Finally, goethite, which was 
identified in the ochre XRD spectrum (see Fig. S1 in Supporting Mate
rial), was only slightly present, but detectable, in sample SS-IV, which 
lies close to the ochre vein and is characterized by a higher pH (see the 
following paragraph).

3.2.3. Chemical analysis
The pH of the sediments collected in OS and SS along the transect 

generally differs from the values obtained in the trench 160.01. The pH 
values determined in the transect samples were generally more acidic, 
ranging from 2.9 to 4.5 (mean 3.5 ± 0.6), excepting for IV where the pH 
is almost neutral (pH = 6.0–6.6), similar to the values found in 160.01 
(see Table 2 and Fig. 5A). Moreover, where available (i.e. I-IV), the pH in 
OS mirrors the corresponding values in SS, although the sediment colour 
and texture of the two layers are different, matching what found in SU-2 
and SU-3 in 160.01 and in agreement with XRD analysis. Total organic 
carbon (TOC%) in OS (see Table 2 and Fig. 5B) ranged from 1.4 to 12.9 
%, with a mean value of 6.0 ± 2.4 %. Conversely, in SS samples, the 
amount of TOC% (from 0.3 to 0.8 %; mean 0.66 ± 0.25 %), was 
significantly lower than in OS (Student t-test provided p-value = 5 ×
10− 4). Once more, the chemistry of OS and SS mirrors the behaviour 
found in SU-2 and SU-3, respectively. In addition, in OS and SS, the 
amount of inorganic carbon is lower than the limit of detection, indi
cating a scarce contribution from both authigenic and allochthonous Ta
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carbonates. Elemental analysis of the samples provided the concentra
tion values of TE and REE reported in Table 2. Due to the large number 
of variables, the chemical information was summarized through prin
cipal component analysis (PCA), including samples from 160.01 for 
comparison.

As reported in the biplot shown in Fig. 6A, the first two components 
(i.e., PC1 (~43 %) and PC2 (~19 %)) explain ~62 % of the total vari
ance. The PC1 is characterized by higher negative loadings of Al 
(− 0.916), Sc (− 0.951), Mg (− 0.869), Ca (− 0.887), and Sr (− 0.897), 
which, in conjunction with the almost complete absence of carbonates, 
suggest that alkaline earth elements are more likely associated with 
clayey minerals rather than to carbonate. As shown in Fig. 5C, samples 
from 160.01 and IV are characterized by higher negative values of PC1, 
corresponding to the samples where pH is almost neutral. Interestingly, 
PC1 negatively correlates with pH (r = − 0.834; p-value <10− 5, see also 
Fig. 6B), indicating that more positive values of PC1 are associated with 
neutral pHs. Conversely, no significant correlation between PC1 and 
TOC% (r = 0.199; p-value = 0.44) was found. PC2 is characterized by 
negative loadings of Co (− 0.915), Cu (− 0.803) and Ni (− 0.605), and 
positive loadings of K (0.706) and Rb (0.664). PC2 significantly corre
lates with TOC% (r = − 0.822; p-value = 2 × 10− 4, see also Fig. 6C) and 
does not correlate with pH (r = − 0.186; p-value = 0.47). Although 
slightly, PC2 separates the more organic OS (and SU-2) samples from the 
clayey-silt SS (and SU-3). Moreover, it is interesting to note that SS-VII is 
characterized by high positive values of PC1, indicating a different 
chemical composition compared to the other samples, consistently to 
what previously evidenced by XRD analysis.

It is also interesting to note that the distribution of Pb is not ho
mogenous (see Fig. 5E). While lower concentrations of Pb were found in 
160.01 and in spots I-V (20–40 mg kg− 1), corresponding to the deepest 
part of the cave (Section C-D in Fig. 1), from the proximity of the lateral 
branch toward the entrance (Section A-C in Fig. 1), the Pb concentration 
was about 10–20 times higher (200–800 mg kg− 1).

3.3. Bat guano deposit

The chemical analysis of the guano found at the mound is reported in 
Tables 3 and 4. The pH of the guano was approximately 3.2, in line with 
values reported in the literature (Audra et al., 2019; Mulec and Dieter
sdorfer, 2016; i.e. pH = 3.5). The elemental analysis showed that the bat 
guano is particularly enriched in K (5.7 g kg− 1), Ca (5.4 g kg− 1) and Mg 
(3.7 g kg− 1) consistently with literature results (Tsalickis et al., 2021; 
Johnson and Vincent, 2020; Misra et al., 2019; Queffelec et al., 2018). 
The concentration of Pb (~2 mg kg− 1) is similar to what reported by 
Chung et al. (2024) (2.3 mg kg− 1) and Altıntaş et al. (2005) (2.2 mg 

kg− 1), although samples analysed in these studies were collected in 
Taiwan and Turkey (Çorum), respectively. However, lead concentra
tions of ~2 mg kg− 1 are slightly lower than what reported by Forray 
et al. (2024) (14.8 mg kg− 1) and Amin-Rasouli et al. (2023) (5–10 mg 
kg− 1) found in Romania and Iran. Copper concentration (740 mg kg− 1) 
resulted in line with literature, where values between 80 and 8000 mg 
kg− 1 are generally reported (Forray et al., 2024; Johnson and Vincent, 
2020; Queffelec et al., 2018; Wurster et al., 2015; Altıntaş et al., 2005; 
Miko et al., 2001). The analysis of the faecal steroids provided values 
consistent with those reported by Gallant et al. (2021) in insectivorous 
bat species, although their results demonstrate a large individual vari
ability. However, despite the large variability, bat guano showed a 
larger abundance of sterols (~93 %) compared to stanols. The most 
abundant sterols, i.e. cholesterol and β-sitosterol, showed a prevalence 
of the former, consistently with Gallant et al. (2021).

In proximity to X, the bat guano mound (1.5 m high and 3 m wide) 
attested to the presence of a migratory bat colony, as previously docu
mented by Bertini et al. (2016) and Vernier (2000). The 14C age of the 
guano bulk (sample G1-X*), corresponding to the centre of the mound at 
approximately half the total height, suggests that the guano deposit is 
quite recent (see Table 1), as the centre is likely not older than 
approximately 1950 CE. Assuming an almost constant guano deposition 
rate, we estimate that the accumulation rate might be about 1.5–5 cm 
year− 1, consistent with the findings of Reid et al. (2022) and Con
domines et al. (2002), who reported accumulation rates of 3.3 and 2.6 
cm year− 1, respectively, although in different contexts. A more detailed 
investigation of bat guano deposition processes is beyond the scope of 
this paper, but it is worth noting the presence of a blackish lateral band, 
approximately 1–1.5 m high, on the cave walls. This band is present 
along almost the entire wall and, based on visual and tactile inspection, 
the blackish colour might be attributed to bat guano input. The blackish 
deposit was also observed under the horizontal crests of the wall, 
making direct deposition unlikely. Additionally, more recent guano 
excretions were diffusely observed on the cave floor.

4. Discussion

4.1. The origin of the sediments

The SU-3 deposit in trench 160.01 mainly formed from allochtho
nous material transported by sheet-wash on the overlying limestone 
plateau. The transported load consisted of both eroded fragments of pre- 
existing soil with an argillic horizon and loess or loess-like sediments 
that had not yet undergone significant pedogenesis. These sediments 
then infiltrated the cave through the karst system. XRD analysis 

Fig. 6. (A) PC2 vs PC1 biplot (B) pH vs PC1 (C) TOC (%) vs PC2.
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confirms the presence of K-feldspar and muscovite consistent with the 
allochthonous origin of the sedimentary material. The presence of 
aeolian sediments on the Lessini plateau is well-documented in multiple 
physiographic contexts, such as infillings in caves and rock shelters, on 
alluvial terraces, and along the internal valleys of the plateau, often in 
association with remnants of Terra Rossa-type paleosols. At Riparo 
Tagliente in Valpantena, two phases of loess deposition have been 
documented, matching the peak of two Upper Pleistocene glacial cycles 
(Castiglioni et al., 1990), comparable to contemporary loess sequences 
in northern Italy, particularly in nearby Val Sorda (Cremaschi, 1990; 
Ferraro, 2002; Ferraro et al., 2004). The stratigraphic sequence at Grotta 
di Fumane presents a more complex scenario, with phases dominated by 
aeolian deposits alternating with phases dominated by thermoclastic 
breakdown of cave walls, accompanied by cryoturbation features 
(Peresani et al., 2008). The Fumane sequence begins in late Marine 

Isotope Stage 5 (MIS 5), spans MIS 4 and MIS 3, and concludes at the 
onset of MIS 2. Whereas the lower portion is dominated by colluvial 
processes tied to water availability and a temperate climate, the subse
quent units reflect a harsher climate, inducing thermoclastic processes 
on the rock-shelter walls and a marked influx of aeolian dust (loess). 
These alternating arid and humid phases suggest a period of 
high-frequency climatic instability, especially during MIS 4, correlating 
closely with Upper Pleistocene climatic variations recorded in the 
Northern Hemisphere (Cremaschi and Ferraro, 2021).

Accordingly, the original sediments of SU-3 were likely deposited on 
the plateau overlying the cave during the Last Glacial Maximum (LGM, 
MIS 2) and were later washed into the cave in the early stages of the Late 
Glacial (Rasmussen et al., 2014; Ravazzi et al., 2007). As climatic con
ditions became more humid, matrix sediments filled the interstices of 
the SU-4 breccia. The onset of hydromorphic conditions is 

Fig. 7. Cumulative density probability of the 14C calibrated ages of charcoal vs Age. Anthracological data are indicated to the corresponding charcoal sample. In 
blue-red the δ18O record from (NGRIP, 2004; North Greenland Ice Core Project Members (2007); The interstadials Bølling-Allerød (BA) and the Younger Dryas (YD) 
are indicated. Chironomid-inferred temperature (Joannin et al., 2013) and arboreal pollen record (Larocque and Finsinger, 2008) from Lago Piccolo di Avigliana and 
Lake Ledro, respectively, are reported to illustrate regional scale climate.

Table 4 
PC1 and PC2 loadings.

Element Li Na K Rb Mg Ca Sr Ba Al Sc Ti

PC1 − 0.705 − 0.782 0.158 0.465 − 0.869 − 0.887 − 0.897 − 0.763 − 0.916 − 0.951 − 0.336 ​
PC2 0.054 0.287 0.706 0.664 − 0.026 0.093 0.004 0.360 0.234 − 0.006 0.720 ​

Element V Cr Mn Fe Co Ni Cu Zn As Pb REE Y

PC1 − 0.493 − 0.557 − 0.721 − 0.514 − 0.158 − 0.696 − 0.032 − 0.760 − 0.447 0.153 − 0.699 − 0.780
PC2 0.321 0.340 0.305 0.183 − 0.915 − 0.605 − 0.803 0.030 − 0.009 − 0.334 − 0.404 − 0.392
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microscopically evidenced by polyconcave voids arising from ground
mass collapse due to water oversaturation, together with redox pedo
features (e.g., nodule formation and Fe-Mn impregnation of faunal 
remains). Horizontal clay intercalations that formed in situ are likely 
related to micro-runoff events that locally reworked the sediment 
(Williams et al., 2018). Hematite impregnation in the micromass is also 
notable, presumably stemming from alteration of the local outcrop along 
a basaltic vein.

The highly organic horizon (Ah), SU-2B, developed atop the geo
genic deposit SU-3. This paleosol, approximately 20 cm thick, contains 
abundant anthropogenic components (charcoal fragments, flint arti
facts) and increased organic matter, as confirmed by chemical analysis. 
The thickness of SU-2B suggests a steady yet moderate supply of sedi
ment of the same origin as SU-3, as indicated by XRD and chemical 
analyses. Lower mineral abundance in SU-2 is likely tied to dilution 
effects from higher organic matter inputs. Pedorelicts dispersed in the 
micromass are commonly rounded or subrounded, often nucleus-type, 
having formed around rock fragments (basalt, flint), implying a rolling 
action of grains. Less frequent are browned/rubefied pedorelicts in 
lamellar or subangular shapes, along with fragments of clay coatings 
(papules sensu Brewer, 1964). Pronounced post-depositional de
formations at the contact between SU-3 and SU-2 point to a density 
contrast in the sediments, potentially stemming from reduced soil 
moisture following surface desiccation, though liquefaction-fluidization 
processes related to seismic activity or sudden overloading (collapse) 
cannot be excluded. Radiocarbon dating of charcoals from SU-2B, 
despite the absence of a clear chronological sequence, suggests that 
SU-2 formed around 13,000 cal y BP, at the end of the Bølling-Allerød 
interstadial. Anthropogenic input in SU-2 is highlighted by abundant 
millimetric charcoal fragments, microcharcoal, small organic particles, 
and partly combusted, decomposed plant tissues (Herbaceous Partly 
Burnt).

Although the cave hosts a bat colony, the near-neutral pH values and 
the absence of a typical faecal steroid profile linked to guano suggest 
that the organic matter in 160.01 derives only partially from bat guano. 
Instead, the observed steroids may originate from larger mammals 
(fauna or humans), which produce 5β-congeners (Bortolini et al., 2024; 
Bull et al., 2002) mainly detected in SU-2, or from degraded plant ma
terial containing phytosterols (e.g., campesterol, β-sitosterol, stigmas
terol) more abundant in SU-3 (Reeves and Patton, 2005). Therefore, the 
higher organic matter in SU-2 compared to SU-3 could be autochtho
nous, resulting from local anthropogenic or faunal activity that inten
sified after the Bølling-Allerød interstadial; or allochthonous, carried 
into the cave along with clastic sediment. The warmer and more humid 
conditions since the Glacial-Holocene transition may have also 
increased the external supply of organic material, thus boosting its 
presence in the allochthonous load.

Although a complete stratigraphy of the cave infill is not yet avail
able, sediment colour, texture, bulk chemistry abundance of charcoal 
fragments, suggest that the layer OS corresponds to unit SU-2, whereas 
layer SS corresponds to unit SU-3. For the sake of clarity, we hereinafter 
designate sediments from OS and SU-2 as OS-type, and those from SS 
and SU-3 as SS-type. The XRD spectra of OS-I–IV and SS-I–IV closely 
resemble those of SU-2 and SU-3, suggesting a broadly shared nature of 
the clastic fraction (see Fig. 4). The organic carbon content in the OS and 
SS samples also closely matches that in SU-2 and SU-3, respectively (see 
Fig. 5). Marked differences do emerge in sediments from OS-V–X (Figs. 4 
and 5), primarily due to in situ post-depositional alterations, as detailed 
below.

Minor discrepancies are evident in OS-IV, where XRD analysis 
detected goethite. Chemical analysis also revealed significant enrich
ments in Fe (1.83), V (1.50), and As (3.5), likely resulting from localized 
input linked to the nearby ochre vein, as suggested by the chemical 
composition and XRD pattern of pure ochre samples (Table 2 and Fig. S1
in Supporting Material). The occurrence of goethite exclusively in OS-IV 
can be explained in two ways. First, it may have been introduced by 

ochre extraction activities, which left considerable fragments in place. 
Alternatively, the relatively high pH in OS-IV (around 6.0), consistently 
higher than in other sediments (pH ~3–4, except for 160.01), could have 
inhibited iron oxide and hydroxide solubilization, reducing their 
mobility compared to other sediments. This explanation does not 
contradict the absence of goethite in 160.01, given that 160.01 is farther 
from the ochre vein.

OS-type sediment contains a mixture of allochthonous material, 
resembling SS-type, and autochthonous input mainly derived from bat 
guano, charcoal and basalt in the coarser mineral fraction. The relatively 
large size of the charcoal fragments points to an anthropogenic origin, 
since water percolation from overlying soils, aeolian transport, or lateral 
water flow within the cave (discussed later) seem less plausible transport 
mechanisms for charcoal. Alluvial transport from the cave mouth is also 
unlikely, given the increasing slope from the entrance and the configu
ration of the external environment. The in situ anthropogenic origin of 
charcoal is corroborated by a negative interface interpreted as a post
hole, where charcoals date to 12,836–12,740 cal y BP.

The source of organic matter in OS-type sediment remains partly 
enigmatic. As noted in SU-2, it cannot be attribute solely to bat guano. 
The higher sterol concentrations in OS-type relative to SS-type, com
bined with their greater lateral variability, may instead reflect intensi
fied use by humans or other terrestrial mammals after the end of the 
Bølling-Allerød interstadial.

4.2. In situ chemical alterations

The in situ chemical alteration of the sediment primarily stems from 
the uneven deposition of bat guano, which affects sediment pH. With the 
exception of 160.01 and Spot IV, all other samples show markedly low 
pH values (3–4.5), consistent with incomplete neutralization of acidic 
compounds generated by bat guano degradation (Audra et al., 2021; 
Wurster et al., 2015; Onac, 2012). Although fresh bat guano is generally 
neutral or slightly alkaline (Ferreira et al., 2007), its microbial decom
position produces phosphoric, sulfuric, and nitric acids, which can lower 
the pH to between 2 and 4 (Audra et al., 2019; Miko et al., 2002). In 
humid conditions, these acids diffuse downward through vertical 
percolation (Audra et al., 2019), explaining why no significant pH dif
ferences are observed between the OS-type and the underlying SS-type.

In 160.01 and Spot IV, higher pH values likely reflect limited guano 
input, as the lower height of the vault may have restricted bat access. 
This explanation is supported by the absence of carbonates in these 
sediments, alongside trace amounts of guano-derived minerals, indi
cating that bat guano input in these areas was never extensive. The 
moderate acidity produced by guano breakdown, likely arising in the 
uppermost layers (i.e., SU-2 or OS-IV) and percolating downward, pro
moted bone dissolution in SU-3. However, this mild acidity was quickly 
neutralized by carbonate minerals; as the carbonates dissolve, the pH 
returns to near-neutral levels.

In other areas, especially along section B-C (Fig. 1), the pH is more 
acidic. A decline in pH intensifies post-depositional sediment alteration. 
Principal Component Analysis (PCA) reveals that the chemical charac
teristics of the sediments can be effectively captured by the first two 
principal components (PCs), which together account for 62 % of the 
total variance. The influence of pH-induced alteration can be isolated 
from the natural variability of OS-type and SS-type sediment by exam
ining PC1, which shows a strong correlation with pH (Fig. 6). In 
contrast, PC2 appears to reflect the inherent chemical differences be
tween OS-type and SS-type matrices. As shown in Fig. 6, PC1 is char
acterized by higher negative loadings of alkaline earth elements (Ca, Mg, 
Sr) as well as Al and Sc. The lower concentrations of alkaline earths, 
under acidic conditions, may result from increased solubility and sub
sequent leaching. At the same time, more acidic conditions typically 
coincide with higher guano input, causing structural changes in the 
sediment. This is evident from XRD analyses showing the formation of 
taranakite, a mineral stable in acidic environments that precipitates 
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where guano contacts clay under poor drainage (Onac, 2012). Tar
anakite was unambiguously identified only in section B-C, which is more 
acidic than section C-D (see Fig. 5-A).

Moreover, a relatively drier environment is inferred in section C-D, 
based on micromorphological evidence (spore colonies) suggesting 
prolonged soil exposure of SU-2 in 160.01. By contrast, lead concen
trations (Fig. 5-E) point to more sustained moisture in section B-C. Along 
section C-D, Pb averages 28 ± 4 mg kg− 1, whereas it increases by about 
an order of magnitude in section B-C (500 ± 250 mg kg− 1). The increase 
in Pb cannot be attributed to bat guano (~2 mg kg− 1) and likely reflects 
more recent anthropogenic activities outside the cave (Pasquetti et al., 
2025). Although recent in origin, the high lead content in section B-C 
traces the main water flow pathway from the east, bypassing section 
C-D. The combination of greater acidity and higher moisture in section 
B-C is probably responsible for the higher taranakite formation in these 
sediments.

4.3. Deposition dynamics

Based on the morphological and physicochemical characteristics of 
the sediments, we tentatively propose the following depositional model. 
Prior to the Bølling-Allerød interstadial, the sediment load was pre
dominantly allochthonous, consisting of loess-like deposits that were 
low in organic matter and contained only minor autochthonous contri
butions (i.e., SS-type deposits). This material was likely introduced via 
slow percolation from the plateau, resulting in a low-energy deposi
tional environment. The absence of charcoal fragments suggests a 
limited or negligible human presence, whereas evidence for faunal use is 
scarce due to the degradation of bone remains.

In principle, SS-type deposits would be expected throughout the 
cave. However, from the intersection with the lateral branch (C in Fig. 1) 
to the cave entrance (A), this type of sediment was not found. We hy
pothesize that much of the original SS-type deposit was removed by 
hydrological erosion events at the end of the Glacial. The presence of a 
carbonate concretion at the lateral branch’s terminus (E in Fig. 1) and 
the Pb concentration pattern (Fig. 5E) both support this interpretation. 
The flow of supersaturated water over the carbonate testifies to pre
dominant hydrological activity in the lateral branch (E), with water 
following the pathway E–C–B–A and only marginally affecting section 
C–D. This hydrological activity may have intensified during the post- 
Glacial warming, leading to substantial removal of SS-type sediment 
from much of the cave.

From the Bølling-Allerød interstadial into the Holocene, human use 
of the cave increased significantly, as indicated by the abundance of 
charcoal fragments in OS-type sediments relative to SS-type. Although 
dating of the guano mound indicates it formed within the last century, 
earlier bat occupation cannot be excluded. The current migratory 
behaviour of the bat colony aligns with increased bat activity following 
the onset of a more temperate climate. The acidic sediment conditions, 
presence of guano-derived minerals, and a roughly 1-m-wide blackish 
lateral band on the cave walls suggest that guano deposition may have 
been more extensive in the past than it is today. While an exact timeline 
is not yet clear, it appears plausible that humans and bats coexisted 
during the Holocene, generating autochthonous inputs of charcoal, 
organic matter, and guano that collectively formed the OS-type 
sediment.

The absence of an extensive guano deposit - apart from the recent 
mound – can plausibly be attributed to past small-scale extraction for 
agricultural use. Although such practices are not documented in this 
region, large-scale guano mining has been recorded in South America 
since the 19th century, spurred by the global expansion of agriculture 
(Haller, 2022; Cushman, 2017). According to the cave owner, Mr. Bruno 
Lavarini, a local farmer (Pietro “Tiglio”), removed much of the cave’s 
organic infill between 1955 and 1965 CE, carrying it out with a tradi
tional basket (gerla or zerlo) to fertilize a field that once occupied the 
area of the present-day car park above the site. Mr Lavarini’s account fits 

closely with the radiocarbon age of the guano mound as well as with the 
occurrence of the dark organic band preserved in the cave wall. Such 
guano harvesting could also explain the scarcity of charcoal fragments 
younger than ~10,000 cal y BP, which may have been removed along 
with the guano. Alternatively, the reduced cave use during the Mid-to 
Late Holocene seems less likely given the abundant archaeological evi
dence for human activity in the wider region (Mussi and Peresani, 2011; 
Bortolini et al., 2021).

4.4. Prehistoric frequentation of the cave

Veja cave A locates in the Monti Lessini, which are part of the Veneto- 
Friuli Pre-Alps, a ~40 km-wide, where peaks top over 2000 m and 
1000–1200 m karst plateaux are carved by gorges, river valleys and 
alpine lakes. Soon after Last Glacial Maximum (LGM), glaciers retreat 
from the Pre-Alpine piedmont and the Great Adriatic-Po Plain was 
submerged (Peresani et al., 2021), the Epigravettian hunter-gatherers 
began to occupy the Pre-Alps during the Late-Glacial (Ravazzi et al., 
2007; Angelucci and Bassetti, 2009).

During the Late Würm period, associated with the LGM, the presence 
of conifers in the arboreal vegetation, Picea and/or Larix, documented 
between 23,800 and 23,300 cal y BP (Fig. 7), is plausible in Veja, similar 
to the submontane belt of the Veneto and Friuli plains (Pini et al., 2009, 
2010). Their presence was reduced and restricted to limited ecological 
conditions compared to previous interstadial phases. The cold and dry 
climate of the most extreme glacial conditions in Late Würm favoured in 
fact the development of steppe and xerophytic scrub ecosystems domi
nated by Pinus sylvestris/mugo pollen (Pini et al., 2009, 2010).

Climatic conditions profoundly changed at the onset of Greenland 
Interstadial 1 (GI-1), the Late-Glacial interstadial, triggering widespread 
deglaciation and promoting general geomorphological stability across 
much of the Southern Alps up to mid elevations. The warming of the 
Bølling period (GI-1e) activated a large-scale vegetational shift even at 
regional scale (Joannin et al., 2013; Larocque and Finsinger, 2008), 
consisting in the expansion of forests and the rapid uplifting of the 
treeline by ~800–1000 m to over 1500 m a.s.l. at the end of the 
Bølling-Allerød interstadial (Friedrich et al., 2024; Vescovi et al., 2007). 
In Veja, the presence of conifers of P. sylvestris type is confirmed by 
radiocarbon dating, which dates the anthracological samples between 
13,600 and 12,800 cal y BP (Fig. 7). This evidence is consistent with 
exalpic submontane palynological sequences, which attest to the 
prominent role of P. sylvestris in local forest formations during the 
Bølling-Allerød interstadial, originally co-associated with Betula, Picea, 
Larix, and after 13,500 cal y BP with thermophilic broadleaves 
(Finsinger et al., 2011; Ravazzi et al., 2007).

The interstadial GI-1was followed by the Younger Dryas (YD) cooling 
(GS-1), a climatic oscillation marked by a sharp, decades-long drop in 
temperature, accompanied by drier conditions and negative winter 
precipitation anomalies (Baroni et al., 2021; Ivy-Ochs et al., 2009). The 
consequences for the biological communities included a synchronous, 
rapid vegetation contraction, an about 200–300 m shift in treeline 
altitude, and the expansion of grassland and steppe environments. 
Nevertheless, pollen records from Palughetto (Cansiglio Plateau) and 
Pian di Gembro (Valtellina) reveal that the treeline was still lowering 
above 1400 m (Friedrich et al., 2024; Vescovi et al., 2007).

Finally, climatic warming and increased rainfall at the onset of the 
Holocene (11,700–11,500 cal yr BP) fostered the rapid expansion of 
thermophilous trees (Vescovi et al., 2007). In this phase, 8 charcoal 
samples (out of 19 sent for radiocarbon dating) fall within a time range 
between 11,000 and 9000 cal yr BP (Fig. 7). The anthracological record 
refers to deciduous broadleaved trees, such as Alnus, C. avellana, Ulmus, 
and deciduous Quercus, characteristics of meso-thermophilous commu
nities. In detail, the data collected are similar to the anthracological 
analyses carried out on a larger sediment sample (SU-2A; Ghezzo et al. in 
preparation). In this context, the Holocene level revealed charcoal from 
tree taxa typical of moist and nutrient-rich soils. The SU-2A dataset 
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combines pioneer or permanent forest habitats, including 
light-demanding (such as Q. petraea/robur and F. angustifolia/excelsior) 
and shade-tolerant (F. sylvatica) trees. Since the Early Holocene, meso
philous coenosis appear to have characterised the Venetian exalpic 
submontane belt.

Late Epigravettian hunter-gatherers inhabited this mountain region 
since 14,000 cal yr BP, as testified by over 50 sites surveyed, mapped 
and explored during the last six decades, starting soon after the first 
pioneering excavation conducted in 1964 at the mountain site of Riparo 
Battaglia on the Sette Comuni Plateau. Camps distribute at different 
elevations in valley bottoms up to the middle mountain range, mostly in 
the vicinity of peat bogs or landmarks, as single or multiple occupation 
sites (Broglio, 1993; Bertola et al., 2007; Mussi and Peresani, 2011). 
Archaeological records reveal that subsistence was mostly based on 
hunting of ungulates like red deer, ibex, chamois, roe deer, alongside 
with some carnivores, as well as on specialized hunting of marmots 
(Nannini et al., 2022; Duches et al., 2014; Tagliacozzo and Fiore, 2009).

Since the first discoveries, countless of studies contributed to 
reconstruct the Epigravettian colonization of the Alps (see Montoya 
et al., 2018 for references) and to relate it to the major environmental 
shifts (Manzella et al., 2024). Several of these works analyse the distri
bution of radiocarbon dates and other proxies for human frequentation 
rates (Naudinot et al., 2014; Schmidt et al., 2025). Particularly, Nau
dinot et al. (2014) considered 45 dates obtained since the early 1970s by 
different facilities and examined their cumulative probability-density 
distribution, which showed a clear increase between 14,200 and 13, 
500 cal BP. Before that interval, a sparse set of dates from only one site, 
Riparo Tagliente, is the only available record testifying the earliest 
human presence at the Alpine slope foot soon after the end of the LGM 
(Bortolini et al., 2021; Fontana et al., 2018). The peak in the 
summed-probability curve and the inferred population increase at the 
beginning of the Bølling-Allerød warming were interpreted as an 
expression of the recolonization model - an occupation strategy in which 
Epigravettian groups moved into mountain environments after the 
disappearance of a large part of the Great Adriatic Po Plain (Peresani 
et al., 2021; Ruiz-Redondo et al., 2022). This peak has also been 
observed in Veja cave A and further indicates that the Late Epigravettian 
penetration was firstly limited to valleys and plateaus around 500 m asl, 
reaching mid-altitude territories during the second part of the Late 
Glacial interstadial. Since the earliest exploitation of hunting basins 14, 
000 cal yr BP, it was during the Allerød that the mountain ecotone was 
reclaimed by Epigravettian hunters adressed to ungulates and marmots. 
A logistical occupation network based on seasonal mobility patterns and 
functionally complementary sites was developed by these foragers 
well-adapted to exploit the range of biological resources (Romandini 
et al., 2012; Fontana et al., 2018b; Nannini et al., 2022).

As shown in Fig. 7, after the Bølling-Allerød interstadial phase, the 
distribution of dates marks a critical gap in coincidence of the YD. 
However, the hiatus observed in Veja cave resulted narrower than in 
Tuscany and Liguria-Provence arc, the two other regions where this 
proxy has been investigated (Naudinot et al., 2014). Although GS-1 
strongly affected regional biomes, its impact on hunting territories and 
settlement patterns appears limited, as human activity is still attested by 
anthropogenic signature in the same areas occupied during the GI-1 
interstadial. Epigravettian camps are mostly open-air sites located 
close to lakes or wetlands, well above 1000 m of altitude, framed in the 
seasonal frequentation of the inner Alps and Dolomitic zone up to 1500 
m asl. Compared to the previous phase, camps are smaller, fewer, and 
contain simpler lithic assemblages will less complex spatial organization 
(Mussi and Peresani, 2011; Cattabriga and Peresani, 2024). The trend 
toward increasing simplification of settlement, contraction of flint 
scatters and reduction in anthropogenic indicators, suggests briefer 
occupation and greater mobility pattern (Mussi and Peresani, 2011; 
Duches et al., 2014). Culturally, the YD coincides with the appearance of 
trapezoids, a lithic element possibly used in hunting practises, which 
remains quite unknown elsewhere in Italy and marks a distinctive 

chrono-cultural horizon in the recent Epigravettian (Dalmeri et al., 
2004; Fasser et al., 2024).

The collapse of radiocarbon dates at the YD-Holocene transition 
coincides with the terminal Epigravettian, a chrono-cultural phase 
poorly dated despite the presence of well-studied sites. This gap has been 
attributed to sampling bias (Naudinot et al., 2014), and effect partly 
reduced by new dates from Riparo Cornafessa, a mid-elevation shelter in 
the high Monti Lessini, that was settled during the YD. These dates 
reinforce the evidence for human presence in the highlands. Further 
downslope, at the south-western edge of Monti Lessini on the left bank of 
the Adige River, archaeological layers of Phase II at Riparo Soman have 
yielded a fireplace, backed points, microliths, common tools, and bone 
remains of adult chamois and ibex, followed by red deer and bovids, 
resulting from summer- and autumn-season hunting (Tagliacozzo and 
Cassoli, 1994).

We cannot rule out the possibility that the frequency hiatus of dates 
during the YD at Veja A cave is only apparent. In fact, summed- 
probability distributions can display artificial gaps, especially immedi
ately before the YD, at its onset and at the boundary with the Preboreal, 
as observed by Bamforth and Grund (2012). Discontinuities in the 
archaeological record can lie in factors such as erosion, lack of diag
nostic artifacts, changes in settlement strategies, and the complexity of 
the evolution of human settlement patterns. No site does not mean no 
human. Rather, the ways in which people used the territory reflects on 
the archaeological visibility, site distribution in the landscape and site 
density. Nevertheless, any assessment of the radiocarbon gap must ac
count for the modes and goals of occupation at Veja. A hypothetical 
hiatus in YD use would most plausibly signal a contraction of the tasks 
that had previously motivated Epigravettian groups to enter the cave. 
Several contextual clues point in this direction, such as large charcoal 
chunks and a post-hole at the terminus of the main branch of the cave 
coincide with the ochre vein exposed in branch C-D (Fig. 1).

Taken together, these data suggest that the cave had been visited 
during GI-1 and a renewed exploitation occurred in the Holocene, 
possibly to extract this mineral. Broad-scale ochre use for utilitarian, 
symbolic and artistic purposes is well attested across Monti Lessini (see 
Cavallo et al., 2018, among the others). The pronounced climatic 
instability characterising the YD may have curtailed social complexity, 
fostered greater residential mobility, and simultaneously dampened the 
interest in extracting ochre.

However, a cautions interpretation of the summed-probability 
curves for the Pleistocene-Holocene boundary at Veja cave A must ac
count for the possibility of high residential mobility and for land-use 
strategies focused on short-terms logistical activities conducted from 
small, archaeologically inconspicuous camps. An increase in the fre
quency of residential moves would reduce both site density and the 
number of datable contexts detectable by archaeologists.

5. Conclusion

This study examines the sedimentary infill of Cave A at Ponte di Veja 
(Verona, Italy) to reconstruct its provenance, post-depositional alter
ation, and depositional history. The lowermost unit here investigated, 
SU-3, is interpreted as an allochthonous loess- and soil-derived deposit 
formed at the Last Glacial Maximum by slow percolation from the 
overlying karst plateau. Overlying SU-2B (OS-type paleosol, ~20 cm) 
formed ~13,000 cal yr BP. Charcoal and organics indicate local human 
activity, large-mammal inputs, and bat guano. OS and SS layers share 
the same external clastic source but diverged slightly through post- 
depositional changes. Microbial guano breakdown generates strong 
acids that keep most sediments acidic (pH ≈ 3–4.5), whereas trench 
160.01 remains near-neutral where guano input is limited and carbonate 
buffering is effective. Principal-component analysis links higher acidity 
to leaching of alkaline-earth elements and to precipitation of taranakite, 
concentrated in the wetter, more acidic sector of the cave (i.e. B-C).

These data support a four-stage model: (1) pre–Bølling–Allerød 
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infilling by loess-rich SS-type sediment delivered by infiltration; (2) 
post-glacial runoff removing much of this deposit; (3) Bølling–Allerød 
and Holocene re-occupation by humans and bats, with charcoal-rich OS 
layers and guano deposition (4) substantial removal of guano, with 
younger charcoal, by a local farmer in 1955–1965 CE, matching radio
carbon ages of the residual mound and explaining scarce mid-to late- 
Holocene traces.

The sequence mirrors Late-Glacial climate. At the onset of the Late- 
Glacial interstadial the number of dated sites rises sharply, reflecting 
intensified Epigravettian use of the Pre-Alps. Harsher Younger Dryas 
conditions prompted smaller, task-specific logistical camps, simpler 
lithic assemblages and higher residential mobility, all of which reduce 
the density of datable anthracological evidence complements this pic
ture. Of eighteen analysed fragments eleven derive from deciduous taxa 
typical of modern local woodland, while seven belong to P. sylvestris 
conifers. Exclusively coniferous charcoal before the end of the 
Bølling–Allerød aligns with GI-1 environmental conditions, whereas 
Early-Holocene samples capture the spread of thermophilous forests. 
Overall, Cave A provides a coherent geoarchaeological record linking 
climate change, bat colonization, and Epigravettian land use in the 
Southern Pre-Alps.
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