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ARTICLE INFO ABSTRACT

Keywords: The paleontological site of “Campo della Spina”, in central Italy, offers valuable insights into Middle Pleistocene
Straight-tusked elephant paleoenvironments. Excavations revealed well-preserved skeletal remains of an adult Palaeoloxodon antiquus,
Quaternary embedded in a sedimentary lens displaying alternating lacustrine and volcanoclastic flow characteristics. The
Iiltsiulli well-preserved state of the remains suggests the elephant died at the site where it was found and was subsequent
Taphonomy buried under conditions that facilitated preservation, while evidence of bone breakage and disarticulation in-

dicates potential post-depositional disturbance, likely attributable to tractive water movements or debris flow
events. These findings provide interdisciplinary research opportunities, shedding light on past climate dynamics
and depositional processes. The site’s significance lies in its contribution to understanding rapid aggradation,
volcanic activity impacts, and climatic transitions during Marine Isotope Stages (MIS) 11- 9 intervals. The study
highlights the importance of paleoclimate studies for informing contemporary climate change mitigation stra-
tegies. Overall, Campo della Spina offers a unique window into the interplay between climate dynamics,
geological processes, and paleoenvironments, with implications for understanding past environmental changes
and informing future conservation efforts.

Climate dynamics

1. Introduction

Northern Latium, central Italy, has emerged over the years as a re-
gion of appreciable scientific interest for paleontological exploration
(Aureli et al., 2015; Boschian et al., 2018; Marra et al., 2018, and ref-
erences therein). Recent studies (Marra et al., 2019; Di Buduo et al.,
2020) have elucidated the geological history of this region, particularly
in relation to the Middle Pleistocene. These investigations have recon-
structed a succession of fluvial terraces and established geochronolog-
ical constraints on the sedimentary deposits, revealing a direct
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correlation between sedimentation and phases of sea-level rise during
the Middle Pleistocene glacial terminations (Marra et al., 2018; 2016,
and ref. therein). In particular, *“°Ar/*°Ar ages of both primary and
reworked volcanic deposits interbedded with the sedimentary deposits
have enabled Marra et al. (2019) to identify three aggradational suc-
cessions deposited during the sea-level high stands of Marine Isotope
Stages (MIS) 9, 7 and 5. These sedimentary successions comprise a suite
of terraces formed through the interplay of glacio-eustatic fluctuations,
sedimentary processes, regional uplift, and fault displacement associ-
ated primarily with volcano-tectonic activity at the Bolsena and Latera
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calderas (333-110 ka, Palladino et al., 2010; Acocella et al., 2012; Marra
et al., 2020a, 2020b; Monaco et al., 2021).

In the area under investigation, the combination of intense volcanic
activity and proximity to the sea during the Middle Pleistocene, pre-
ceding regional tectonic uplift (Marra et al., 2019; Di Buduo et al,,
2020), created favorable conditions for the selective transport, deposi-
tion, and preservation of fossil remains. During periods of sea-level
decline, increased stream momentum facilitated the selective transport
and accumulation of bones in valley bottoms. Subsequent rapid infilling
of these incisions by fluvial-lacustrine sedimentary deposits, driven by
sea-level rise during glacial terminations and often accompanied by the
sudden emplacement of primary or secondary volcanoclastic-flow de-
posits, sealed the fossil assemblages and provided optimal conditions for
their preservation.

Numerous paleontological discoveries of mammalian remains have
been documented in the eastern sector of the Vulsini Volcanic District,
with some of the earliest records dating back several centuries
(Ciampini, 1688). Clerici (1895, 1908) mentions the presence of
mammal remains in Marquis Gualterio’s private collection, collected
from various sites.

Throughout history, only a limited number of studies have been
conducted on specific sites or remains, with some merely reporting the
discovery of bones (Brocchi, 1816; Pianciani, 1817; Clerici, 1895, 1908;
Trevisan, 1948; Palombo and Villa, 2003; Mancini et al., 2004). Remains
of various genera and species, from Lower through Upper Pleistocene
deposits, but predominantly from the Middle Pleistocene, have been
recovered over the years from several localities in the vicinity of Civ-
itella d’Agliano, Lubriano, Rio Fratta, Graffignano, Grotte Santo Stefano,
Castel Cellesi, Bagnoregio, Gallese, and Roccalvecce (Marano and
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Palombo, 2014; Marra et al., 2019). These fossils were found in alluvial
sediments, primarily diatomaceous, intercalated with volcanic deposits,
as well as in thick sedimentary units associated with sea-level
high-stands.

Significant discoveries include those from the area of Grotte Santo
Stefano, approximately 6 km south of the area studied for the present
research, where two nearly complete skeletons of Palaeoloxodon antiquus
were unearthed from diatomaceous layers in the past (Trevisan, 1948;
Palombo and Villa, 2003). These specimens are currently on display at
the Museo Civico di Storia Naturale *’Giacomo Doria’’ in Genoa and at
the MUST - Museo Universitario di Scienze della Terra of the “Sapienza,
University of Rome”.

Among the notable findings in this region is the discovery of a
Palaeoloxodon antiquus skeleton at Campo della Spina, near Castel Cel-
lesi, in the municipality of Bagnoregio, province of Viterbo (Fig. 1).

The specimen is the object of the present study. Exploration of this
paleontological site was conducted in 2013 following the chance dis-
covery of isolated skeletal parts of an adult individual along an unpaved
road. This initial report led to an excavation in 2014, exposing a con-
centration of disarticulated bones. The 2014 systematic excavation
offered the opportunity to organize a paleontology summer field school
(Mazza, 2014).

The excavation at Campo della Spina carries particular importance
beyond its immediate paleontological significance. The study of its
Palaeoloxodon antiquus and of its depositional context offers interesting
insights into Middle Pleistocene environments, which can contribute to
a better understanding of long-term climate interactions and potentially
inform models of future climate evolution.

Fig. 1. Location of the site.(a). Map showing the location of the Campo della Spina excavation site; Paleontological sites mentioned in the text: 1 Lubriano, 2 Civitella
d’Agliano, 3 Graffignano, 4 Roccalvecce, 5 Grotte S. Stefano, 6 Gallese, 7 Cava Rio Fratta. (b). Overview of the site from North-North-East. Bar scale in (b): 50 cm.
With permission from the Italian Ministry of Culture (MiC) — Superintendence for Archaeology, Fine Arts, and Landscape for the Province of Viterbo and South-

ern Etruria.
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2. Methods
2.1. Excavation techniques

Archaeologists and paleontologists typically employ Cartesian co-
ordinates X, y, z to spatially locate discovered elements (e.g., Anemone
etal., 2011). However, in the Campo della Spina excavation, a modified
approach has been adopted, using only two-dimensional Cartesian co-
ordinates (%, y) and determining the third vertical coordinate through
3D scanning. This method aligns with the conventional practice of
horizontal excavation. The excavation area was oriented in the NW-SE
direction. The designated site was systematically subdivided into a
grid of squares, each with a length of 1 m, and excavation followed the
established criterion of "peeling" (e.g., Harris, 2014). This approach
entailed the methodical removal of sediments from successive levels
encountered during the excavation process. The levels encountered in
stratigraphic succession from top to bottom were numerically desig-
nated as Stratigraphic Units (SUs). Quadrants within the site were
alphabetically designated from A to D, proceeding from west to east, and
numerically from 1 to 8, proceeding from north to south. The adoption
of 3D scanning aimed to obtain a more reliable and precise documen-
tation of the entire extent of the investigated SUs (Fig. 2).

At the time of excavation (June 2014), the instrumentation and
methodology employed were advanced with respect to traditional
surveying methods. Indeed, a series of high-definition scans were per-
formed with a point cloud colored with RGB data. A state-of-the-art
instrument for the time was employed: a Leica P40 Laser Scanner.
Using a 3D laser scanner, it was possible to fully capture a 360° view
with 12 scans of the entire environment surrounding the scan points
arranged radially around the excavation to eliminate, as much as
possible, shadow cones formed, for example, in the sub-squares. The
point clouds, equipped with x, y, z coordinates and chromatic refer-
ences, were related through a compensated polygonal network to nullify
topographic error (Ghilani, 2010). With the aid of dedicated software
Cyclone (Leica Geosystems, Switzerland) and 3Dreshaper (Technodigit,
France), a textured 3D mesh model was obtained with ground-based
photogrammetry implementation, allowing for perfect geometric and
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paleontological surface reconstruction. The advantages of this method-
ology, now widely embraced in the archeological realm (Mumtaz, 2008;
Campana et al., 2012; Held, 2012), included a perfectly detailed geo-
metric reconstruction of the excavation surface, with an unprecedented
amount of information and extremely rapid execution times. A dimen-
sioned planivolumetric drawing, which combines both planar and
volumetric aspects, was prepared, overlaid onto various types of
orthographic projection views of the colored point cloud with different
levels of transparency, along with an orthophoto of the textured mesh,
as well as some sections. This constitutes the most comprehensive rep-
resentation of the examined areas. Thus, this modeling proves to be a
highly effective and appropriate technique for capturing, documenting,
and presenting excavated paleontological heritage. This method holds
significant potential for enhancing the overall quality of recorded
excavation data. The provision of high-resolution geometric details fa-
cilitates direct quantification of the collected information.

2.2. Paleobiological and taphonomic analysis of the Campo della Spina
elephant

The elephant skeleton is incomplete (Figs. 1-3). Measurements of the
measurable skeletal elements were taken according to the methods
outlined by Lister (2021), which were adapted from Gohlich’s (1998)
protocols. Molar plate (lamellar) frequency was assessed per 10 cm
(Davies, 2002). Epiphyseal fusion occurs at specific stages throughout an
elephant’s lifespan and corresponds with the timing of tooth eruption.
Therefore, the ontogenetic age of the Campo della Spina skeleton was
estimated by combining observations of dental eruption and wear pat-
terns with the degree of epiphyseal fusion in the limb bones. Reference
for all this was made to Rensch (1959), Laws (1966), Blueweiss et al.
(1978), Roth (1984), Lister (1994, 1999), Lister et al. (2012), and Lar-
ramendi et al. (2020).

The absence of sexually diagnostic bones (i.e., the atlas, axis, and
especially the pelvis), as well as skeletal features typically associated
with sexual dimorphism in Palaeoloxodon antiquus (Roth, 1984; Kroll,
1991; Averianov, 1996; Lister, 1994; 1999; Todd, 2010; Haynes, 2017),
makes determining the sex of the Campo della Spina elephant remains

PLANIMETRY WITH ORTHOMETRIC HEIGHTS

A2

! ()

SECTION A-A
ORTHOMETRIC SECTION

VOLUME PLANIMETRY OF SURVEYED POINTS
D2

Fig. 2. Digitally generated documentation of the Campo della Spina excavation. (a). Planimetry with indication of orthometric heights of each specimen. (b).
Surveyed points in volume plan view. (c): Excavation section through X-X’. A rose diagram in the lower left of the figure displays the direction and percentage of
spatial orientation of elongated specimens, indicating a highly random arrangement of the remains.With permission from the Italian Ministry of Culture (MiC) —
Superintendence for Archaeology, Fine Arts, and Landscape for the Province of Viterbo and Southern Etruria.
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Fig. 3. Selected Palaeoloxodon antiquus remains from the site of Campo della Spina. (a). Left lower m3, occlusal view. (b). Right first rib. (c). Incomplete right
humerus, caudal view. (d). Incomplete right ulna, dorso-medial view. (e). Right radius, dorso-medial view. Scale bar: (a). 20 cm, (b-e). 10 cm. With permission from
the Italian Ministry of Culture (MiC) — Superintendence for Archaeology, Fine Arts, and Landscape for the Province of Viterbo and Southern Etruria.
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particularly challenging. The individual’s sex could only be hypotesized
indirectly through body size estimates referring to Lister and Stuart’s
(2010) and Larramendi’s (2016) protocols.

The taphonomic analysis commenced with the anatomical and
taxonomic identification of the specimens. Protocols outlined by Haynes
(1983) and Villa and Mahieu (1991) were consulted to discern whether
the bones had incurred breakage in a fresh or dry state. Evaluation of
potential pre- and post-depositional alterations included scrutiny for
evidence of carnivore-ravaging, trampling, root or humic-acid etching,
abrasion/polishing, as well as weathering with reference to Behren-
smeyer’s (1978). Additional procedures were implemented to extract
specific biological insights about the elephant.

2.3. “Ar/*°Ar dating

Ar/Ar analyses were conducted at the dating facility of the Labo-
ratoire des Sciences du Climat et de I’Environnement (CEA, CNRS UMR
8212, Gif-sur-Yvette, France). Samples underwent initial crushing,
sieving, and washing in distilled water. Approximately 40 transparent K-
feldspars and feldspathoids (sanidine and leucite), ranging in size be-
tween 500 pm and 1 mm, were manually selected under a binocular.
Prior to irradiation, crystals were leached for 5 min in a 10% HF solution
to remove potential groundmass pieces and surface alteration phases.

Around twenty-five crystals from each sample underwent irradiation
in the Cd-lined, in-core CLICIT facility of the Oregon State University
TRIGA reactor in two separate irradiation sessions: IRR. CO-017 (1 h) for
CC-9, CC-10, CC-11, and IRR. CO-019 (1 h) for CC-17. Interference
corrections were based on nucleogenic production ratios from Balbas
et al. (2016). Post-irradiation, crystals were placed into a copper 133-pit
sample holder within a Teledyne Cetac differential vacuum window
connected to a custom-designed compact extraction line.

Sequentially, minerals were fused one by one using a 100 W Tele-
dyne Cetac CO3 laser for 15 s at 2.5 W. Prior to fusion, each crystal
underwent a 20-s sweep at 0.3 W to eliminate trapped gases and frac-
tures. Extracted gases were purified first by a SAES GP 50 cold getter for
90 s, followed by two hot SAES GP 50 getters for 230 s. The five Argon
isotopes (“Ar, 3Ar, 38Ar, ¥7Ar, and 3°Ar) were measured using a mul-
ticollector NGX 600 mass spectrometer equipped with 9 ATONA® am-
plifiers array and an electron multiplier. Further technical specifications
regarding the NGX 600 ATONA detector array are detailed in Cox et al.
(2020).

Isotopes Oar, 39ar, 3BAr, ¥Ar, and %°Ar were collected simulta-
neously, while 37Ar was measured separately. Each isotope measure-
ment consisted of 15 cycles of 20-s integration time. Peak intensity data
were processed using ArArCALC V2.4 (Koppers, 2002). Neutron fluence
J factors were calculated using co-irradiated Alder Creek sanidine
standard ACs-2 associated with an age of 1.1891 Ma (Niespolo et al.,
2017), according to the K total decay constant of Rensch (1959) (Ae.c. =
(0.5757 £ 0.016) x 10— 10 yr— 1 and A" = (4.9548 + 0.013) x 10—
10 yr—1)).

J-values were determined using 14 flux monitor crystals from pits
framing the samples in each irradiation disk. The measured J-values are
0.0002824 + 0.00000017 for CC-9 and CC-10, 0.0002840 =+
0.00000020 for CC-11, and 0.0002752 + 0.00000022 for CC-17. To
assess detector linearity, mass discrimination was monitored by
analyzing at least 10 air shots of various beam sizes ranging from 1.0
10— 2 up to 5.0 10— 2 V (1-5 air shots). Approximately 15 air shot
analyses were conducted daily, both before and after the unknown
measurements. Discrimination was calculated based on the *CAr/36Ar
ratio of 298.56 (Lee et al., 2006). Procedural blank measurements were
performed after every two to three unknowns, with typical 5-min time
blank backgrounds ranging between 0.6 and 2.3 10— 4 V for *°Ar and
20-50 cps for °Ar (equivalent to about 3.0-7 10— 7 V). Full analytical
data for each sample are available in Supplementary Dataset 1 (SD-1).
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3. Results
3.1. Ar/*Ar dating

Results are depicted as probability diagrams (Fig. 4). Weighted mean
age uncertainties are reported at 2c, encompassing both analytical and
J-values uncertainties, and were computed using Isoplot 4.1 (Ludwig,
2003).

For CC-9, twenty-two single crystal ages (a mixture of leucites and
sanidines) were acquired. The probability diagram for CC-9 illustrates a
complex deposit influenced by multiple volcanic events (Fig. 4a). Single
crystal ages range from approximately 444 to 504 ka. The youngest
population identified statistically comprises three crystals, yielding a
weighted average age of 444.7 + 2.1 ka (MSWD = 0.35, P = 0.71),
interpreted herein as the youngest eruption recorded and the maximum
age of deposition for this sedimentary layer.

Regarding CC-17, fourteen single crystal ages (primarily sanidines
with few leucites) were determined. The associated probability diagram
displays multiple modes, with a juvenile mode centered around 400 ka
(8/14 crystals, Fig. 4b). Despite notable xenocryst contamination, with
crystal ages ranging from 414 to 439 ka, the juvenile crystal population
yields a precise and statistically coherent weighted mean age of 401.6 +
1.2 ka (MSWD = 0.63, P = 0.73), interpreted as the age of the pumice
fall deposit.

In the case of CC-10, fifteen single crystal ages (mostly sanidines with
few leucites) were obtained. After excluding four obvious xenocrysts
(~416 and ~436 ka), a primary population of juvenile crystals,
comprising eleven specimens, is identified (Fig. 4c). This main Gaussian
juvenile population allows for the calculation of a precise and statisti-
cally coherent weighted mean age of 398.8 + 0.8 ka (MSWD = 0.79,P =
0.64), interpreted as the age of the CC-10 pyroclastic fall deposit.

Lastly, for CC-11, thirteen single crystal ages (sanidine) were
derived. After excluding two xenocrysts (~337 and ~341 ka), a pre-
dominant population of eleven crystals is observed (Fig. 4c). The main
Gaussian juvenile crystal population facilitates the determination of a
robust weighted mean age of 329.2 + 0.6 ka (MSWD = 0.90, P = 0.53),
interpreted as the eruption age of this pyroclastic fall deposit.

3.2. Chronostratigraphy

The sedimentary/volcanic succession exposed at Campo della Spina
and the geochronological constraints provided by the dated samples are
shown in the cross-section presented in Fig. 5.

The “°Ar/3°Ar ages obtained from the volcanic layers enable the
identification of two major sedimentary cycles, influenced by glacio-
eustatic processes and correlated with MIS 11 and MIS 9. Specifically,
ages of 445 + 2 and 399 + 1 ka derived from samples CC-9 and CC-10,
respectively, collected at the base and top of a ca. 20 m thick succession
of silty-clayey deposits with frequent volcanoclastic intercalations,
emphasize a strong correspondence between its deposition and the
phase of sea-level rise during MIS 11 (Fig. 5). In particular, the youngest
crystal population, dated to 445 + 2 ka, derived from the reworked
volcanoclastic sample CC-9, serves as a terminus post quem (maximum
age) for the time of deposition (hence represented as < in Fig. 5). This
finding aligns with the occurrence of glacial termination V shortly
thereafter and underscores the close relationship between sediment
aggradation and sea-level rise at the onset of MIS 11 (Lisiecki and
Raymo, 2005; Tsedakis et al., 2010; 2022). Similar conclusions can be
drawn from the sedimentary sample CC-17, which also provides a
maximum age for the completion of sediment aggradation during MIS
11. This is supported by the absolute age of 399 + 1 ka obtained from
the primary volcanic sample CC-10, which sets a maximum duration for
MIS 11 high-stand.

An unconformity boundary, marked by the deposition of coarse
debris-flow deposits consisting of both volcanic and travertine frag-
ments, indicates the occurrence of an erosive phase during MIS 10 low
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Fig. 4. Age probability diagrams of the *°Ar/>°Ar experiments conducted on the four dated samples. MSWD: mean squared weighted mean; P: probability. See text

for comments.
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Fig. 5. Stratigraphic sketch and photographs of the sedimentary succession cropping out at Campo della Spina, displaying the position of the *°Ar/*°Ar dated
samples. Letters A and B indicate the positions of pictures A and B (blue rectangles) in the cross-section. The inset presents the age constraints on the sedimentary
succession (red vertical bars) facilitating correlation with the d'®0 record of Lisiecki and Raymo (2005). See text for further comments and explanation.

stand (Fig. 5. The age of 329 + 1 ka obtained from the pumice layer
situated in the upper part of the overlying fluvial-lacustrine succession,
approximately 30 m thick, provides evidence for the completion of
aggradation of the new sedimentary succession during the MIS 9 high-
stand.

The age derived from the youngest crystal population in the clay
sample collected beneath the Palaeoloxodon remains enables a precise
age constraint between 402 + 1 and 399 =+ 1 ka, corresponding to the

very late aggradational phase during the high-stand of MIS 11 high
stand.

3.3. Outline of the stratigraphic succession at the excavation site
The removal of approximately 5-8 cm of reworked road material (SU

1) exposed a silt-clayey ocherous layer (SU 2) (Fig. 6). This layer, pri-
marily compact and massive, consists of reworked volcanoclastic
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402+1 ka

MIS 10/MIS 11 erosional contact
—_—

pumice layer

Paleontological site

Fig. 6. Stratigraphic units and age constraints at Campo della Spina excavation. (a—c). Photographs of the Campo della Spina excavation site, showing (from top to
bottom) the stratigraphic units (SU) forming the exposed sedimentary succession and the “°Ar/3°Ar age constraints. (a’-a"). Detail of the upper part of the sedi-
mentary succession. See text for description. With permission from the Italian Ministry of Culture (MiC) — Superintendence for Archaeology, Fine Arts, and Landscape

for the Province of Viterbo and Southern Etruria.

material containing pumiceous lithoclasts and various other lithic ele-
ments. Additionally, it includes numerous vegetal remains of varying
dimensions, rizoliths, small white gastropods with thin shells, and bio-
turbations. The sedimentary body, approximately 50-60 cm thick, rests
upon a very hard and cemented lateritic duricrust, forming an irregu-
larly patterned horizon. The duricrust delineates wide channels ranging
from 16 to 90 cm and lies atop a sedimentary body akin to the overlying
one, measuring approximately 90 cm in thickness (SU 3). Within this
layer, a significant sedimentary lens, spanning 30-50 cm, contains
gravel composed of various lithic elements, lightly rounded and poorly
sorted, suspended within a grayish-top gray silty matrix (SU 4). The
upper surface of this lens is notably disturbed, rising at various points
with apices pointing upward, forming a series of flame-like structures.
This lens constitutes the fossiliferous sedimentary body of the excava-
tion, where bone remains were found partially submerged within and
partially floating on this gray silty-gravel lens. All sedimentary bodies
dip at an angle of 10° towards the North, with a North-South direction.
Particularly, the gray silty-gravel fossiliferous lens decisively dips

towards the D3 quadrant.

Reconstructing the stratigraphy from external outcrops surrounding
the excavated perimeter, from the base upwards, the following layers
are observed: 1) Approximately 20 cm of rhythmic gray clays, inter-
spersed with fine sands containing quartz and volcanic minerals (the
base of this level was not exposed) (SU 7); 2) 5 cm of light brown or
white clayey marls with lentiform interbedded gray clays and fine sands
containing quartz and volcanic minerals. This layer features plant re-
mains, rizoliths, and ripple-marks (SU 6); 3) 30 cm of fine sands and
laminated clays, occasionally exhibiting lenticular patterns, containing
fragments of plant remains. This layer is notably characterized by a
sandy base and top, separated by a laminated clay interbed with
rhythmic patterns (SU 5); 4) Approximately 60 cm of compact light gray
clayey silts, with reworked volcanoclastic material, lithoclasts of various
compositions, numerous vegetal remains of varying dimensions, rizo-
liths, small white gastropods with thin shells, and bioturbations (SU 3);
5) Ferruginous duricrust; 6) Approximately 150 cm of compact ocherous
clayey silts, similar to those underlying (SU2). Towards the upper part,
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transitioning to the overlying stratigraphic term, a marked pedogenic
reddening is observed; 7) Approximately 60 cm of white lacustrine di-
atomites. This layer features numerous plant remains, rizoliths, and
some shells of small freshwater mollusks. Various channels with widths
of 100-120 cm are present at the base (SU1).

3.4. The fossil record; paleobiological and taphonomic analysis

The fossil remains, which total 130 ranging from complete bones to
fragment, were contained in SU 4, concentrated in quadrants A3, B3, B4,
B6, B7, C3 to C5, C7, and D3 to D7 (Fig. 2). The skeletal and dental
characteristics of the specimens match those of an elephant, with the
exception of a deer rib fragment. Virtually all belong to a disarticulated
skeleton of a large-sized individual.

The elephant skeleton is incomplete and disarticulated, but the bones
are scattered randomly and closely associated (Fig. 2). The excavation
exposed a premaxillary fragment, a fragment of right maxillary bone
with molar, one cervical vertebra, eleven thoracic vertebrae, two or
three lumbar vertebrae, a fragment of sacrum, many rib fragments, a
complete right humerus, the distal end of left humerus, the right radius
and ulna, part of what seems to be a tibia, the left fibula and a number of
anatomically undetermined fragments. Although fragmentary, the
specimens are in general well-preserved.

An isolated left lower molar (Fig. 3A)was the initial chance discovery
made on the dirt road signaling the presence of the elephant. The tooth is
one of the taxonomically most diagnostic elements of the skeleton. It is
typically long and narrow, measuring approximally 33 cm in length and
8 cm in width, with no distal tapering, as seen in m3, and is in full wear.
The molar exhibits 14-15 closely spaced enamel plates with heal, and a
plate (lamellar) frequency of 5. Morphologically, individual plates
display a characteristic oval or loop pattern of elongated enamel in
occlusal view. The tooth’s dimensions, along with the relationship be-
tween lamellar frequency and width, are consistent with Palaeoloxodon
antiquus (Davies, 2002). With reference to "African Elephant Equivalent
Years" (AEY), as recommended by Laws (1966), the Campo della Spina
individual falls within the XXV to XXVII dental stage, suggesting an
approximate age range of 50-60 years (Laws, 1966; Haynes, 2017).

Concerning skeletal fusion, humerus (Fig. 3C), radius/ulna (Fig. 3D,
E), and fibula (=tibia) exhibit fused epiphyses, as do the vertebral plates.
Female elephants are known to attain skeletal maturity earlier than
males (Roth, 1984; Lister, 1999; Haynes, 2017). Nevertheless, the fully
fused epiphyses of the Campo della Spina elephant prevent unequivocal
sex determination based on the state of fusion of the postcranial ele-
ments. According to the insights of Roth (1984), Lister (1999), and
Haynes (2017), complete epiphyseal fusion is achieved in female ele-
phants aged between 50 and 60 years, as well as in males aged
approximately 60-65 years.

The maximum lifespan is thought to be intricately linked to body size
(Rensch, 1959; Blueweiss et al., 1978). Based on the allometric scaling
proposed by Blueweiss et al. (1978), it is reasonable, thouogh not
conclusive, to hypothesize that Palaeoloxodon antiquus, one of the largest
extinct European proboscideans, may have had a lifespan approximately
10 years longer than contemporary elephants. While this remains
speculative, it can be cautiously estimated that the Campo della Spina
elephant may have reached an age of around 60-65 years at the time of
its death.

Sexual dimorphism can aid in sexing the animal. Based on the
equations proposed by Lister and Stuart (2010), and considering that the
right radius of the Campo della Spina elephant measures 83 cm in length
(Fig. 3,E) the individual’s shoulder height is estimated to have ranged
from 2900 to 3600 mm. With this shoulder height, and using Larra-
mendi’s (2016) protocols, the elephant’s weight is estimated to have
been less than 10,000 kg. These dimensions do not correspond to those
typically associated with a male Palaeoloxodon antiquus, which may
suggest the possibility that the specimen was a female individual.

In summary, integrating both dental and postcranial characteristics,
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it is deduced that the Campo della Spina elephant was likely aged 60-65
years at the time of its death. Additionally, considering its overall size
and weight, there is a suggestion that the elephant may have been a
female.

From the taphonomical viewpoint, the disarticulated bones of the
Palaeoloxodon antiquus skeleton from Campo della Spina show evident
bone to bone contact, with minimum films of sediment in between, and
exhibit a bimodal orientation, aligning both in the NW-SE and NE-SW
directions, indicating potential taphonomic post-depositional distur-
bance. The cortical surfaces reveal no signs of weathering or evidence of
carnivore ravaging. The fracture surfaces of the broken skeletal parts
exhibit characteristics consistent with fractures produced in a dry state,
as defined by Haynes (1983) and Villa and Mahieu (1991). Conversely,
trampling-derived scratches and grooves are notably limited.

4. Discussion
4.1. Depositional context

The state of preservation of the adult skeleton of Palaeoloxodon
antiquus at Campo della Spina demonstrates a fortuitous combination of
circumstances and agents that hindered the biostratinomic degradation
of the animal’s carcass and remains beyond a certain extent. This has
facilitated the retention of numerous relevant insights into its paleobi-
ology, while also providing valuable taphonomic and paleoenvir-
onmental information.

The sedimentary succession hosting the fossil-bearing lens displays
features characteristic of both lacustrine and debris flow environments,
indicating a dynamic depositional setting influenced by fluctuating
water levels and episodic sedimentary events. The absence of weath-
ering or carnivore activity on the cortical surfaces of the elephant’s
bones, along with the lack of sediment between juxtaposed bone ele-
ments, suggests that the animal died in situ, with initial decomposition
occurring in a protective environment. However, the compele dis-
rticulation of the skeleton, coupled with the bimodal orientation of the
separated bones, hints at later taphonomic post-depositional distur-
bance, potentially attributable to tractive water movements or debris-
flow events.

The deposit encasing the fossil remains exhibits distinct character-
istics of a volcanoclastic debris-flow (e.g., Vallance, 2005). This deposit
is marked by abundant, cm-sized, gray and dark brown volcanic scoria
clasts, which have accumulated at the base of a lenticular mudflow
(Fig. 7a). At its base, the deposit is clast-supported (Fig. 7b-b’), with a
ca. 40 cm-thick horizon comprised of scoria clasts displaying a fining
upward sorting, accompanied by a gradual increase in a light
brown-reddish clay matrix. This clay matrix constitutes the upper 50-60
cm of the deposit, which is devoid of volcanic fragments.

Some degree of bone breakage in a dry state, albeit without signifi-
cant grooving or scratching of the bone surfaces, implies potential
trampling, possibly mitigated by the protective environment provided
by the sediments.

4.2. Paleoclimatic inferences

The observations above support the interpretation of a local
depression which created hydraulic gradients leading to episodic water
movements, likely associated with seasonal cycles of mixing and strat-
ification. These movements may have been linked to seasonal hydro-
logical cycles of thermal stratification (formation of distinct water
layers) and mixing (redistribution of water and sediment during turn-
over). The fossil-bearing succession is embedded within a complex
sequence of fluvio-lacustrine-pyroclastic deposits, reflecting a diverse
geological history encompassing volcanic activity, sedimentation, and
tectonic processes. The radiometric dating of the volcanic deposits
preciselybrackets the fossil-bearing succession within the MIS 11 - MIS 9
interval. The ca. 400 ka dating of the fossiliferous level correlates it with
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Fig. 7. Details of the excavation site. (a). Photograph of the excavation site exhibiting Palaeoloxodon remains embedded within the coarse-grained, volcanoclastic
basal portion of the lowest debris flow among a series (i, ii, iii) exposed in the trench wall. Drawing reproduces the fining-upward volcanoclastic basal portion of the
fossil-bearing debris flow. (b-b’). Close-up detail. With permission from the Italian Ministry of Culture (MiC) — Superintendence for Archaeology, Fine Arts, and

Landscape for the Province of Viterbo and Southern Etruria.

substage MIS 11c.

Quaternary interglacials have garnered significant attention in the
scientific community, primarily due to their crucial role in elucidating
the potential trajectory of the Holocene in the absence of anthropogenic
impact. Among these interglacials, MIS 11 stands out as particularly
noteworthy. This heightened focus on MIS 11 stems from its charac-
teristics, which sometimes lead it to be considered a suitable analog for
the Holocene (de Abreu et al., 2005; Tzedakis, 2010; Zhao et al., 2019;
Tzedakis et al., 2022). Both MIS 11 and the Holocene were marked by
warm stages driven by low eccentricity peaks (Berger and Loutre, 2002;
Loutre and Berger, 2003; Droxler et al., 2003; Dickson et al., 2009;
Tzedakis, 2010). Consequently, MIS 11 is recognized as one of the
pivotal interglacial stages of the past 450,000 years.

The characteristics of MIS 11 further contribute to its significance.
For instance, the reconstructed extent of global ice sheet loss during MIS
11, along with late interglacial abrupt events and prolonged warmth
(Candy et al., 2014) hold implications for the future of the current
interglacial period. Understanding these aspects of MIS 11 provides
valuable insights into past climatic conditions and helps to inform our
understanding of future climate scenarios. Therefore, the study of MIS
11 plays a crucial role in advancing our knowledge of Quaternary

climate dynamics and their relevance for contemporary environmental
challenges.

Presently, there exists an extensive array of evidence detailing MIS
11 paleoclimates and paleoenvironments derived from marine, ice core,
lacustrine, and terrestrial sequences. Several researchers (e.g., Proko-
penko et al., 2001; Ashton, 2010; Fawcett et al., 2011; Railsback et al.,
2015) subdivide MIS 11 into five phases (e, d, c, b, a), supplementing the
traditional three substages (a, b, and ¢) (e.g., Tzedakis et al., 2001, 2012;
Candy et al., 2014; Kleinen et al., 2014) - although de Abreu et al. (2005)
and Westaway (2010) had found no justification for distinguishing any
substages in MIS 11. Despite some viewpoints suggesting that MIS 11c
may not have been an exceptionally warm "super interglacial" (sensu
Melles et al., 2012), on the whole, MIS 11 is considered to mark the onset
of a succession of interglacial periods, many of which rival or surpass the
current warmth levels (EPICA community members, 2004; Blain et al.,
2021). More specifically, recent opinions (e.g., Sassoon et al., 2023) are
converging to recognize MIS 11c as the longest (approximately 426 to
400 ka), most humid, rather rainy, and warmest substage (e.g., Kan-
diano et al., 2012; Williams, 2019).

Over the past decade, research has largely confirmed previous no-
tions regarding MIS 11c as a prolonged warm interval lasting 25,000 to
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30,000 years. Additionally, investigations have reinforced the idea that
MIS 11 experienced increased moisture compared to the Holocene in
various global regions (Candy et al., 2014). Evidence of lake levels in
Britain (Turner, 1970; Gibbard, 1977; Gibbard and Aalto, 1977; Gibbard
et al., 1986; Boreham and Gibbard, 1995; Ashton et al., 2008) and
geochemical data from tufa formations in France suggest regional shifts
in rainfall patterns, possibly reflecting seasonality of rainfall, linked to
the climatic peak of MIS 11c (Sherriff et al., 2021). During this particular
substage, there was a significant increase in mixed oak forest and
Mediterranean plant species. This expansion of forests, known as the
’Sines’ forest phase in marine records along the Iberian margin (Oliveira
et al., 2016; Hes et al., 2022), indicates the most pronounced warming
and seasonal rainfall in the southwestern Mediterranean region. MIS 11
lacustrine deposits are consistently reported from the North Sahara
(Geyh and Thiedig, 2008) and a contemporaneous humid phase is
documented in the SW Libyan Sahara (Armitage et al., 2007).

In the Southwest Mediterranean, it has been observed that the typical
Mediterranean vegetation gradually contracts during MIS 11, indicating
the progressive influence of recurrent episodes of cooler and drier at-
mospheric conditions throughout MIS 11 (e.g., Oliveira et al., 2016). A
number of events of abrupt forest decline indicate the gradual building
up of colder and drier atmospheric conditions without concurrent var-
iations in sea surface temperature (SST). All these events took place
during transitions from periods of low ice volume, coinciding with the
high sea levels of MIS 11c, to the transition from MIS 11c to MIS 11b,
and ultimately to the end of MIS 11. The latter periods were marked by
relatively weak ice sheet growth. During the MIS 11¢/11b transition, an
air-sea decoupling event occurred, highlighting the onset of the subse-
quent MIS 10 glacial phase, caused by increased moisture transport
northward, thus accelerating the growth of the northern ice cap (e.g.,
Oliveira et al., 2016).

Particularly long, cold, dry, and windy events in Southwest Europe,
along with a strong SST cooling, marked MIS 11b, an interval with
higher ice volume conditions. These high-intensity events were
contemporaneous with well-known and evident North Atlantic cooling
events associated with iceberg discharges, likely originating from Eu-
ropean ice caps. The dynamics of the northern ice caps were a key factor
in amplifying the extent of precipitation and temperature reduction in
SW Europe and prolonging the duration of these abrupt climatic
changes.

The onset of climatic cooling subsequent to the peak of 400 ka during
MIS 11 is sudden and very rapid, as highlighted by numerous MIS curves
and associated sea level variation curves from marine (e.g., Lisiecki and
Raymo, 2005; Grant et al., 2014) and terrestrial (Marra et al., 2021,
2022) records. This is followed by a progressive cooling, more gradual
but constant and continuous, until the new cold peak of MIS 10.

Overall, the SU 7- SU 1 stratigraphic succession of Campo della Spina
demonstrates a shift from relatively dry conditions at the base to pro-
gressively warmer and wetter conditions toward the top. A detailed
analysis of this sequence reveals a progression: starting from arid (and
possibly cooler) conditions, transitioning into an intermediate phase
marked by periodic fluctuations between wet and dry cycles, and
culminating in the establishment of more humid conditions, albeit with
seasonal variations in water levels. These humid conditions facilitated
the formation of a lake, where the elephant died either at its margins or
within. The period of sustained warmth and increased precipitation
during SU 3 gave way to a subsequent unstable phase characterized by
alternating dry and moist conditions, favoring the development of a
ferruginous duricrust. Subsequently, a renewed period of prolonged wet
and warm conditions during SU 2 led to a resurgence in the water level
in the basin.

The sequence at Campo della Spina tentatively suggests a succession
of events that may correspond to the trends observed in high-resolution
climatic reconstructions of the MIS 11c through MIS 11b transition.
Evidence collected from the excavation at Campo della Spina indicates
that the elephant died within or on the banks of a (ephemeral?) water
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basin. An initial lahar, probably triggered by intense and concentrated
storms, possibly involving heavy downpours, engulfed the animal’s
already skeletonized carcass, under generally warm-moist tropical-like
conditions. Several secondary volcanoclastic flow events followed the
initial one, possibly indicating a series of violent and intense downpours,
which may reflect an alternation of more rainy periods, interspersed
with gradually drier episodes. A similar situation ultimately led to
conditions favorable for the formation of the hard, iron-rich duricrust
present at the site.

4.3. Biochronological considerations

The straight-tusked elephant Palaeoloxodon antiquus is recognized as
a prominent species in extinct Italian large mammal assemblages,
especially during the late Middle and early Late Pleistocene (Palombo
and Ferretti, 2005). This taxon probably evolved from a Palaeoloxodon
recki-type ancestor, which spread from Africa during the Early to Middle
Pleistocene transition, as evidenced by the discovery of a partial skull at
the Israeli site of Gesher Benot Ya’aqov (dated to 0.8 Ma, MIS 21) (cfr.,
Larramendi et al., 2020 and references therein).

During the period from 0.9 to 0.65 Ma, Palaeoloxodon antiquus was
among the numerous herbivores that migrated into the Apennine
Peninsula from the Asian steppe via Eastern Europe. This migration
marked the species’ integration into a diverse assemblage that replaced
the declining Epivillafranchian fauna. Notable fossil sites such as Slivia,
Monte Tenda, and Ponte Galeria 2 document the presence of Palae-
oloxodon antiquus alongside other significant taxa (Kahlke et al., 2011).
The first appearance of this species in Europe is recorded by an isolated
but well-preserved molar discovered in the Slivia Italian local faunal
assemblage (LFA), dated to shortly before the beginning of the Middle
Pleistocene (ca. 0.8 Ma) (Palombo, 2014 and references therein).

In the Latium region, one of the earliest occurrences of P. antiquus is
recorded in the Ponte Galeria area near Rome, particularly in the Cava
Arnolfi and Muratella di Mezzo both dated to around 0.7 Ma (Marra
et al., 2014 and references therein). At Ficoncella (Viterbo), dated to
around 0.5 Ma, the oldest evidence of human-elephant interaction has
been documented, including an elephant carcass associated with a small
tools industry described by Aureli et al. (2015).

Contemporaneous sites with Campo della Spina, such as Castel di
Guido, Malagrotta and Fontana Ranuccio, have yielded significant re-
mains of P. antiquus, recently dated to around 0.4 Ma (Pereira et al.,
2018; Villa et al., 2021). Here, elephant bones were used by Middle
Pleistocene hominins to produce bone tools such as bifaces (Villa et al.,
2021).

It is worth noting that nearly complete skeletons of P. antiquus were
discovered in the 1940s and 1950s in diatomaceous layers near Grotte
Santo Stefano (Viterbo) (Trevisan, 1948; Palombo and Villa, 2003) and
Riano Flaminio (Maccagno, 1962; Palombo and Villa, 2003), although
no lithic or bone artefacts were found at these sites. Evidence for in situ
butchering of an elephant carcass by hominins has been reported from
La Polledrara di Cecanibbio (Anzidei et al., 2012) and Castel di Guido
(Boschian et al., 2019 and references within). As reported by Aureli et al.
(2012), in the Latium area, the extent and condition of the findings
associated with P. antiquus remains, along with Lower Paleolithic in-
dustries, are strongly influenced by depositional context and tapho-
nomic factors.

Other sporadic remains of P. antiquus found in Latium are reported in
Palombo and Ferretti (2005). The last confirmed occurrence of the
straight-tusked elephant in the Italian Peninsula is from deposits dating
to MIS 5, with P. antiquus remains reported in Balzi Rossi and Grimaldi
cave deposits, which range from MIS 5 to MIS 3 (cf., Moussous et al.,
2014). However, the stratigraphic position and age of the Grimaldi cave
levels remain uncertain, and there is no compelling evidence of the
species’ presence in Italy beyond MIS 5a to MIS 4 (Braun and Palombo,
2012, and references therein).

During the MIS 11 interglacial, Palaeoloxodon antiquus emerged as a
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key species in the "antiquus-gravels" of Steinheim and Heppenloch cave,
both located in Baden-Wiirttemberg. The Steinheim fauna, consisting
largely of browsers and mixed feeders such as Bos primigenius, Mega-
loceros giganteus antecedens, Cervus elaphus, and Stephanorhinus kirch-
bergensis, indicates a predominantly forested environment (Adam et al.,
1995). In contrast, the Heppenloch assemblage, which lacks species like
the giant deer and forest rhino, suggests more open and less forested
conditions (Adam, 1975). The presence of Palaeoloxodon antiquus in
these fossil sites, alongside other species such as Bubalus murrensis, un-
derscores the warm-humid climate of central Europe during this time
(Berckhemer, 1927; Schertz, 1937; Schreiber and Munk, 2002).

5. Conclusions

The excavation at Campo della Spina has provided invaluable in-
sights into the Middle Pleistocene geological and paleontological dy-
namics of central Italy. The fossiliferous sedimentary lens unearthed at
the site, hosting well preserved skeletal remains of an adult Palae-
oloxodon antiquus, offers a unique window into the interplay between
climate dynamics, geological processes, paleoenvironments, and taph-
onomic factors.

The sedimentary succession at Campo della Spina represents a dy-
namic depositional environment influenced by fluctuating water levels,
volcanic activity, and episodic sedimentary events. The coexistence of
lacustrine features alongside debris flow attributes reflects a fluctuation
from warmer, moister environments to drier conditions, and finally a
return to warmer, wetter climates through the local stratigraphic
sequence. Does this series of occurrences mirror the progression re-
ported for the transition from MIS 11 to MIS 10 and the ensuing MIS 9
interglacial period?

The well-preserved remains of a Palaeoloxodon antiquus skeleton,
along with the absence of weathering or carnivore activity on bone
surfaces, suggests in situ death and subsequent burial in a protective
environment. However, evidence of bone breakage and disarticulation
indicates potential post-depositional disturbance, likely attributable to
tractive water movements or debris flow events.

The preservation of the Palaeoloxodon remains also opens up possi-
bilities for further investigation into the paleoecology of this species.
Studies by Saarinen and Lister (2016) have demonstrated that mesowear
analysis, which records the relief of worn molar surfaces, can serve as a
dietary proxy, distinguishing between grazing and browsing diets in
proboscideans. Applying such methods to the dental remains from
Campo della Spina could provide valuable insight into the local vege-
tation and environmental conditions during the MIS 11 to MIS 9 inter-
val. In particular, mesowear angles could reveal whether Palaeoloxodon
antiquus at this site adapted to shifts in vegetation, such as periods of
abundant grasses or a more mixed feeding strategy, as seen in other
Pleistocene proboscideans.

Further, recent studies such as Foister et al. (2024) suggest that large
herbivores, including proboscideans, played a significant role in shaping
and responding to the ecosystems they inhabited. Their findings on Early
Pleistocene mammalian communities indicate that proboscideans,
through their flexible feeding strategies, could thrive in both grassy and
wooded environments, adapting to diverse ecological contexts.
Although the focus of Foister et al. (2024) is on earlier periods, their
conclusions on ecological plasticity in large herbivores highlight the
adaptability of species like Palaeoloxodon, which may have exhibited
similar plasticity in the changing environments of the Middle
Pleistocene.

Radiometric dating of volcanic deposits places the fossil-bearing
succession within the MIS 11 — MIS 9 interval, particularly correlating
with the substage MIS 11c. This interval, characterized by warm, humid
conditions, holds relevance for understanding past climate dynamics
and serves as a potential analog for future climate scenarios.

The similarities between MIS 11 and present climate trends raise
intriguing questions regarding future climate trajectories. The potential
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for a rapid cooling event, analogous to transitions observed from MIS 11
to MIS 10, underscores the importance of understanding past climatic
shifts for informing contemporary climate change mitigation strategies.
Given the aforementioned similarities between MIS 11 and MIS 1, an
intriguing question arises: does MIS 11 correspond to any ongoing
phenomena in the current terrestrial climate? MIS 11 documents a
contraction of typical Mediterranean vegetation and the occurrence of
abrupt climatic changes, as discussed earlier in this study. Is this
indicative of what awaits us in the near geological future?

A highly speculative and intriguing hypothesis suggests that in the
course of MIS 1, the climate could transition to conditions similar to
those observed during MIS 11, leading to a new cold peak. Indeed,
respecting the dominant periodicity of the 100 ka glacial-interglacial
oscillations, as recognized by Milankovi¢, 1941 and characteristic
since the Early to Middle Pleistocene transition (ca. 0.8-1.2 Ma), the
warm peak of MIS 1 occurs approximately 100 ka after MIS 5e, which
marks the beginning of the Late Pleistocene. Should the climate evolve
as during MIS 11, an initially rapid cooling (on a geological timescale)
can be anticipated, followed by a less rapid but steady progression.
Based on the durations of the climatic plateaux of MIS 11 and MIS 9,
which correspond to the documented high-stands in sequential stratig-
raphy, it can be speculated that the cooling following the peak of MIS 1
will occur in the near geological future. The climatic history of the past
hints at the possibility that, akin to changes observed after the warm
peak of the fossiliferous level of Campo della Spina, a sudden alteration
potentially mitigating current global warming might occur in the
(geologically) near future. Unfortunately, the timing of this event cannot
be determined, and there is a great difference between a few years and a
thousand years in terms of social and economic effects. However, the
possibility of a short-term change exists, and perhaps there are ways to
begin evaluating whether there are other indicators of proximity or
otherwise. The occurrence of intense downpours and periods of severe
drought, which we are experiencing during the current phase of global
warming, may herald an increase in moisture transport towards higher
latitudes and an acceleration of growth in the Arctic ice cap. This, of
course, is contingent upon mitigating the interference of anthropogenic
activities.

In summary, the findings from Campo della Spina contribute
significantly to our understanding of Middle Pleistocene paleoenviron-
ments, taphonomic processes, and climate dynamics. This research un-
derscores the importance of interdisciplinary investigations in
unraveling the complexities of Earth’s past, while also highlighting the
relevance of paleoclimate studies for addressing contemporary envi-
ronmental challenges. Assembling small, irregularly shaped pieces like
Campo della Spina into the vast jigsaw puzzle of the past helps to pro-
vide a clearer view of the climate’s future.
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