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A B S T R A C T

The poor preservation of archaeological skeletal remains, particularly those of infants, can result in partial 
representations of populations and significantly limit our understanding of the development and life of their 
infant segment. This study investigates the potential of combining dental histology, high spatial resolution 
biogeochemistry, radiocarbon dating, palaeoproteomic and ancient DNA (aDNA) analyses alongside traditional 
osteological methods to reconstruct the biological profile and life history of the heavily degraded skeletal re
mains of an infant from Faenza, Italy.

Severe skeletal degradation left only dental crowns and small osseous fragments, restricting traditional 
osteological analysis to an estimation of the age at death. Histological analysis of two dental specimens, a de
ciduous upper right first molar and a permanent lower right first molar, provided detailed insights into the in
fant’s development, ultimately refining the age at death at approximately 17 months. Biogeochemical analysis 
using Laser Ablation-Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) revealed pronounced diage
netic alterations masking the original biogenic signal. Proteomic analysis of enamel peptides and genomic 
analysis of the osseous fragments identified the infant’s sex as male. Genomic analysis, facilitated by a sufficient 
quantity of endogenous aDNA, enabled the reconstruction of the mitochondrial genome, providing valuable 
insights into the matrilineal ancestry of the individual and identifying an uncommon mtDNA haplogroup for the 
Eneolithic period in the Italian peninsula.

Despite the limited preservation of the skeletal elements, the combined application of advanced bio
anthropological techniques demonstrated the substantial informative potential inherent in even a few preserved 
anatomical elements. This study underscores the critical value of multidisciplinary approaches in overcoming the 
challenges posed by highly degraded remains, revealing insights that would otherwise remain inaccessible.

* Corresponding author. Department of Cultural Heritage, University of Bologna, Via degli Ariani 1, 48121, Ravenna, Italy.
E-mail address: owen.higgins2@unibo.it (O.A. Higgins). 

1 These authors contributed equally.

Contents lists available at ScienceDirect

Journal of Archaeological Science

journal homepage: www.elsevier.com/locate/jas

https://doi.org/10.1016/j.jas.2025.106291
Received 18 November 2024; Received in revised form 15 May 2025; Accepted 8 June 2025  

Journal of Archaeological Science 180 (2025) 106291 

Available online 26 June 2025 
0305-4403/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-1264-5853
https://orcid.org/0000-0003-1264-5853
mailto:owen.higgins2@unibo.it
www.sciencedirect.com/science/journal/03054403
https://www.elsevier.com/locate/jas
https://doi.org/10.1016/j.jas.2025.106291
https://doi.org/10.1016/j.jas.2025.106291
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jas.2025.106291&domain=pdf
http://creativecommons.org/licenses/by/4.0/


1. Introduction

Human skeletal remains recovered from archaeological sites have 
the potential to provide invaluable insights into past populations and 
their lifeways. Understanding with the best precision possible the bio
logical profile, life and genetic history of an individual, is crucial for 
reconstructing past populations and exploring various aspects of their 
lives. However, skeletal degradation frequently constrains the use of 
traditional osteological methods that rely upon good preservation of the 
skeletal elements. Various factors contribute to the deterioration of 
skeletal material over time, including environmental conditions, burial 
practices, and post-depositional processes, which can ultimately lead to 
extensive fragmentation and diagenetic alterations (Grupe, 2007; Wil
son and Pollard, 2002).

The degradation of archaeological skeletal remains is a common 
issue encountered by researchers, with infant remains being particularly 
susceptible due to their fragile and developing skeletal structures. As a 
result, infant remains are regularly fragmentary, and often only isolated 
elements survive, making it challenging to reconstruct a biological 
profile, and comprehensively limiting our understanding of the devel
opment and life of this segment of the population (Bello et al., 2006; 
Manifold, 2012).

Among the most commonly surviving elements, teeth, auditory os
sicles and the pars petrosa tend to survive better to post-depositional 
processes due to their compact shape and comparatively protected po
sitions, as well as the high mineralization and density of the tissues 
comprising these elements. These characteristics confer a remarkable 
resistance to taphonomic and diagenetic alterations, while offering great 
insights into various aspects of human biology and population trajec
tories (Hillson, 2005; White and Folkens, 2005).

Teeth act as biological archives due to the rhythmic, incremental 
growth and general absence of remodelling of their tissues. These 
characteristics allow for the recording of significant information such as 
growth rates, physiological stresses, diet, environmental exposures, and 
mobility patterns during their development, all of which can be 
observed with high-temporal resolution (Dean, 1987, 2017; Higgins 
et al., 2024; Lugli et al., 2019a, 2022, 2019a; Mahoney, 2008, 2012, 
2015; Müller et al., 2019a, 2024; Nava et al., 2020, 2024). Through 
incremental growth markers (e.g. daily cross-striations, as well as 
Retzius and Accentuated lines in dental enamel) it is possible to recon
struct a chronology specific to the tooth’s development, providing 
insight into the foetal or postnatal stages depending on the tooth ana
lysed (Higgins et al., 2024; Hodgkins et al., 2021; Mahoney, 2011, 2012, 
2015; Nava et al., 2017a, 2017b, 2019). Moreover, if death occurred 
during dental development, age at death can be estimated with great 
accuracy (Dean et al., 1993b; Dirks, 1998; Higgins et al., 2024; Hodgkins 
et al., 2021; Nava et al., 2017b; Smith et al., 2011).

In addition, auditory ossicles and the pars petrosa of the temporal 
bone are commonly the preferred skeletal elements to sample for pale
ogenetic studies, as they have repeatedly proven to preserve elevated 
quantities of high-quality endogenous aDNA, often 100 times more than 
other bones, even in cases where other skeletal elements are severely 
degraded (Pinhasi et al., 2015; Sirak et al., 2020). However, sampling 
the petrous bone or ossicles is not always possible, especially when 
sample material is scarce or degraded. When pars petrosa, auditory os
sicles and teeth are unavailable for aDNA investigation, other skeletal 
elements such as vertebrae, talus and phalanges have traditionally been 
considered viable alternatives (Parker et al., 2020). Even indeterminate 
bone fragments, though non-specific, can serve as sources for aDNA 
extraction in those cases when diagnostically informative bones are 
either absent or unsuitable for destructive analysis. Compact bone 
fragments may generally retain sufficient genetic material, offering an 
opportunity to retrieve significant genetic data, even when morpho
logical analyses are limited or inconclusive.

In this study, we aim to explore the informative potential of the 
combination of dental histology, biogeochemistry, radiocarbon dating, 

palaeoproeomics and aDNA analyses in limit cases such as the extremely 
degraded skeletal remains of an infant discovered during an archaeo
logical excavation in Faenza (Ravenna, Italy), for which only the dental 
crowns and fragments of undetermined skeletal remains were available. 
Our analysis enhanced the limited results obtainable from traditional 
osteological methods by combining them with histomorphometric ex
amination and trace element analysis by Laser Ablation-Inductively 
Coupled Plasma Mass Spectrometry (LA-ICPMS) of two dental speci
mens, the palaeogenomic analysis on unidentified bone fragments, and 
palaeoproteomics on an enamel fragment. Despite the fragmentary state 
of the odontoskeletal elements, they retain substantial informative po
tential, allowing the investigation of various aspects of the infant’s life 
history and ancestry that would otherwise remain inaccessible. Ulti
mately, this study intends to provide a guideline for high accuracy bio- 
anthropological analysis capable of extracting in-depth information 
even from extremely poorly preserved remains. It contributes to recent 
osteobiographical objectives (Boutin, 2022; Hosek and Robb, 2019; 
Wrobel and Cucina, 2024), which emphasise the reconstruction of in
dividual life histories and promote more nuanced interpretations of past 
human experiences beyond population-level generalisations.

2. Materials & methods

2.1. The site

The infant human remains were discovered during a commercial 
archaeological excavation preceding construction works in Via 
Romagnoli, near the city of Faenza (Ravenna, north-eastern Italy; 
Fig. 1a). The excavation area is characterized by multiple stratigraphic 
layers and pit features, with archaeological finds ranging in date from 
the Copper Age (also referred to as Eneolithic, approximately 4th - 3rd 
millennia BCE) to the Roman Age (3rd century BCE - 5th century CE).

The burial was found at a depth of − 1.75 m, inside a large hole filled 
with layers of clay and ceramic remains, which was interpreted as the 
structure of a well that had likely already been abandoned at the time of 
the deposition (Fig. 1b).Although it is possible that wells and similar 
features were occasionally repurposed for burial, in this case the 
intentionality and cultural significance of the deposition remain uncer
tain in the absence of broader contextual information. The human re
mains consisted of a partial infant skeleton, in an extremely poor state of 
preservation, composed of the skull, part of the spine and part of the 
thorax. The bones were in anatomical connection and positioned with an 
east-west orientation, with the head facing south (Fig. 1c). Particular 
care was taken during recovery to preserve anatomical associations, 
with material separated by major anatomical portions when possible. 
However, due to the extremely poor preservation of the skeletal ele
ments, most of the bones disintegrated during excavation and subse
quent removal of sediment in the lab. Only the dental crowns were 
recovered intact. A few small osseous fragments, mostly composed of 
compact cortical bone, were collected, although their anatomical origin 
could not be determined.

At the same depth as the burial, which appeared as a plain deposition 
at the bottom of the well, there were fragments of ceramic vessels 
(Fig. 1b) in association with it. Among these, it is possible to identify 
three flask vases that have comparisons with Eneolithic contexts in 
central Italy and the Emilia area (Bagolini, 1981, 1984), as well as with 
archaeological sites in the Romagna area, such as the necropolis of 
Celletta dei Passeri in Forlì (Miari et al., 2017) and the cultual site of the 
Panighina, near the town of Bertinoro (FC, Italy) (Morico, 1996, 1997). 
These comparisons suggest an attribution of the infant’s burial to the 
Italian Eneolithic (also referred to as the Copper Age), dated to 
approximately 3600-2300 BCE (Cocchi Genick, D., 2009).

2.2. Anthropological analysis

The skeletal remains were limited to identifiable dental crowns 
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(Supplementary Fig. 1) and few unidentified bone fragments. As a result, 
the anthropological analysis focused on determining the developmental 
stage of the dental remains, utilising the criteria established by Moorrees 
et al. (1963a, 1963b). The age at death of the infant was subsequently 
estimated by correlating these developmental stages with the age ranges 
reported by AlQahtani et al. (2010).

2.3. Histological analysis

The deciduous upper right first molar (URdm1; Fig. 2a) and the 
permanent lower right first molar (LRM1; Fig. 2b) were selected for 
histological analysis due to their relatively good state of preservation 
and period of development based on known odontogenesis patterns for 
modern humans (AlQahtani et al., 2010; Hillson, 2005; Reid and Dean, 
2006) to cover the broadest period of the infant’s development, from the 

foetal stage to its premature death. Adapting Dean (2012) and Nava 
et al. (2020), both specimens were firstly embedded in epoxy resin 
(EpoThin™, Buehler) which was left to fully polymerise for 48 h at room 
temperature. The mesio-buccal cusp of both embedded teeth (the par
acone for the URdm1 and the protoconid for the LRM1) was subsequently 
sectioned longitudinally along the bucco-lingual plane by using an Iso
met™ Low Speed Saw (Buehler) mounted with a 0.3 mm thick diamond 
blade. The resulting exposed inner surfaces presenting the dentine horn 
were then gently grinded with P2500 abrasive paper and polished with 
1 μm dye-free MetaDi™ Supreme Polycrystalline Suspension (Buehler) 
on a TriDent™ polishing cloth (Buehler). The polished surfaces were 
then rinsed with demineralised water and left to dry at room tempera
ture. Once dry, the blocklets were pressed and glued on 1 mm thick glass 
slides with epoxy resin (EpoThin™, Buehler), which was left overnight 
to polymerise. Following, the blocklets were sectioned at ~300 μm of 

Fig. 1. Geographical location and archaeological context of the skeletal remains. a) Map of Italy (from NASA Visible Earth 1055 project ‒ credits to Jacques 
Descloitres, MODIS Rapid Response Team, NASA/GSFC) showing the location of Faenza; b) Overview of the excavation unit, with associated artefacts visible; c) 
Close-up of the skeletal remains in situ. Photos by adArte Srl. Courtesy of the Ministry of Culture - Superintendence of Archaeology, Fine Arts, and Landscape for the 
provinces of Ravenna, Forlì-Cesena, and Rimini.

Fig. 2. Buccal and occlusal views of the deciduous upper right first molar (URdm1) and the permanent lower right first molar (LRM1) selected for histological 
analysis. (a) URdm1: buccal view (left) and occlusal view (right). (b) LRM1: buccal view (left) and occlusal view (right). Legend: B (Buccal), L (Lingual), M (Mesial), 
D (Distal), and O (Occlusal); Scale bar = 5 mm.
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thickness with the Isomet™ Low Speed Saw (Buehler) mounting the 0.3 
mm thick diamond blade. The resulting thin sections were finally grin
ded with P2500 abrasive paper to a thickness of ~150 μm, polished with 
1 μm dye-free MetaDi™ Supreme Polycrystalline Suspension (Buehler) 
on a TriDent™ polishing cloth (Buehler) and rinsed with demineralised 
water.

At this point, biogeochemical analyses were performed on the thin 
section of the URdm1. Once the biogeochemical analyses were per
formed (see paragraph 2.4), the thin sections were furtherly grinded to 
approximately 100 μm and polished.

Mosaic micrographs of the sections were captured at various stages: 
prior to biogeochemical analyses, following these analyses to document 
the laser ablation tracks, and after the final polishing process. These 
micrographs were taken using transmitted polarized light at 100x 
magnification with an Axioscope7 microscope equipped with an Axio
cam 305 color camera (Zeiss). The mosaic micrographs were automat
ically composed using the ‘tile’ tool within ZenCore v3.1 (Zeiss) 
software.

Individual-specific odontochronology was reconstructed for each 
crown following Birch and Dean (2014). Utilising Adobe Photoshop 
(Adobe Inc.), a segment following the local prism directionality was 
traced from the dentine tip to a visible Retzius line within 100 μm from 
the EDJ. The Retzius line (representing a synchronous moment in time) 
was then followed back to the EDJ, and the process was repeated along 
the EDJ to the end of the crown.

In correspondence of each selected prism segment, a minimum of six 
series of consecutive cross-striations (indicative of the daily secretion of 
enamel matrix; Antoine et al., 2009) were measured, and the length of 
each series was divided by the corresponding count of cross-striations. 
The computed average from this calculation was employed to estimate 
the local mean daily secretion rate (DSR) of enamel.

The duration of formation for each prism segment was estimated by 
dividing its length by the local mean DSR. The total crown formation 
time (CFT) was derived from the summation of the formation times of all 
selected prisms. Crown initiation (Ci) and completion (CrC) were cali
brated using the position of the neonatal line (NNL; marking the moment 
of birth; Sabel et al., 2008), as observed in the URdm1. In the LRM1, 
where a clear NNL was not evident, crown initiation was posited to align 
with birth, in accordance with established odontogenesis timelines 
(AlQahtani et al., 2010; Hillson, 1996; Reid et al., 1998).

Enamel extension rates (EERs) for each tooth were calculated by 
dividing the length of the EDJ between two selected prism segments by 
the number of days represented by the corresponding prism segment. 
The average EER for the crown was estimated by dividing the total 
length of EDJ by the estimated CFT.

Crown formation parameters were estimated on the paracone for the 
URdm1 and on the protoconid for the LRM1 since the section planes were 
centred based on the dentine horn of these cusps, allowing crown for
mation to be observed from Ci.

All measurements were conducted using ImageJ 1.54b software 
(Schindelin et al., 2012).

2.4. Trace element analysis

Spatially-resolved elemental analyses were conducted on the same 
thin sections used for the histological investigation of the URdm1. The 
analyses were carried out at the “Centro Interdipartimentale Grandi 
Strumenti” of the University of Modena and Reggio Emilia using a 
NewWave UP 231 nm Nd:YAG laser ablation system coupled to a 
Thermo Fisher Scientific iCAP-TQ ICPMS, closely following analytical 
protocols described by (Müller et al., 2019a). Ablation tracks of ~20 μm 
of width were performed in continuous profiling mode, consistently 
following the EDJ from dentine horn to cervix (maintaining a proximity 
within 100 μm) on both buccal and lingual aspect, and along selected 
prisms from the EDJ to outer enamel on the buccal aspect. The analysis 
focused on key trace elements commonly used to assess both biogenic 

signals and diagenetic alteration. Uranium (U) and manganese (Mn) 
were considered primary diagenetic proxies due to their characteristic 
post-depositional incorporation into dental tissues (Grimstead et al., 
2018; Grün et al., 2008; Reynard and Balter, 2014). Lead (Pb), while also 
susceptible to diagenetic contamination, was included for its potential to 
reflect in vivo environmental exposure when preserved in its biogenic 
form (Budd et al., 2004; Kamenov et al., 2018; Shepherd et al., 2012; 
Smith et al., 2018). Strontium-to-calcium (Sr/Ca) and 
barium-to-calcium (Ba/Ca) ratios were analysed as dietary proxies, 
particularly for the investigation of nursing and weaning patterns, 
although these signals may also be affected by diagenetic processes 
(Austin et al., 2013; Higgins et al., 2024; Müller et al., 2019b, 2024; 
Nava et al., 2020, 2024; Smith et al., 2018). The primary aim of the trace 
element analysis was therefore twofold: to assess the extent of diagenetic 
overprinting and to evaluate the potential for reconstructing dietary 
practices and environmental exposure from the enamel record.

As mentioned above, a mosaic micrograph of the thin section dis
playing the tracks created by the ablation was taken at 100x magnifi
cation using episcopic polarised light with an Axioscope 7 microscope 
mounting a 208 color camera (Zeiss). Several micrographs were auto
matically taken and assembled into a composite image using the ‘tile’ 
tool on the ZenCore v3.1 software (Zeiss). Subsequently, the micrograph 
was imported in Adobe Photoshop (Adobe Inc.) and superimposed onto 
the micrograph used for the histomorphometric analysis and onto the 
chronological framework. This superimposition allowed the temporal 
attribution of multiple points along the ablation tracks. The distance of 
each temporally-attributed point along each ablation track was recorded 
using ImageJ 1.54b software (Schindelin et al., 2012). The translation of 
this spatial information into enamel (secretion) chronologies along the 
tracks, as well as the smoothing of the elemental profiles, were carried 
out using R software environment for statistical computing (v 4.2.3) (R 
Core Team, 2023) and a local polynomial regression fitting (Cleveland 
et al., 1992), following (Higgins et al., 2025).

2.5. Genomic analysis

All the laboratorial genetic analyses were performed at the ancient 
DNA facilities of the University of Bologna. Here, working professionals 
strictly adhered to the standard criteria for the handling and manage
ment of ancient DNA analysis in order to avoid contamination of the 
samples that could invalidate the final results (Cilli, 2024). A highly 
fragmented osseous element, measuring less than 1 cm and composed 
primarily of compact cortical bone, was isolated for ancient DNA 
extraction and transferred to the sterilised clean room of the ancient 
DNA laboratory dedicated for sampling of skeletal material. Its selection 
was based on the relative compactness and macroscopic preservation of 
the fragment, despite the inability to determine its anatomical origin. 
The bone was cleaned with a brush soaked in 4 % HCl, rinsed in 80 % 
EtOH and then sterilised under UV-light for 20 min. Due to the very 
fragile nature of the remains, sampling of the bone was performed by 
powdering the fragments on a sterilised mortar for DNA extraction. DNA 
isolation was later performed from 70 mg of bone powder in a separate 
room, following extraction protocols described in Fontani et al. (2023) – 
modified from Dabney et al. (2013) – and blank controls were processed 
along with the sample during each step of the laboratorial analysis. 
Briefly, the sample was digested for 15 h at 37 ◦C in a solution composed 
of 2700 μL of 0.5 M EDTA (pH 8), 37.5 μL of 20 mg/ml of proteinase K 
and water. We added PB binding buffer (Qiagen, Hilden, Germany) to 
the supernatant and transferred it into silica columns (Roche-High Pure 
Viral Nucleic Acid Large Volume Kit, Roche, Basel, Switzerland). Two 
washing steps with PE buffer (Qiagen) were performed before eluting 
the DNA in 40 μL of EB buffer (Qiagen). The presence of genetic material 
was confirmed by measuring the raw extracts on a QuBit fluorometer, 
then single-stranded genomic libraries were built for the extract ac
cording to Kapp et al. (2021), without enzymatic damage repair steps. A 
qPCR quantification was performed prior to indexing to identify the 

O.A. Higgins et al.                                                                                                                                                                                                                              Journal of Archaeological Science 180 (2025) 106291 

4 



cycle threshold. Then the library was indexed using a unique combi
nation of two indexes. After purification, the indexed library was pooled 
in equimolar amounts with other samples, quantified on Agilent 2100 
Bioanalyzer, and screened for endogenous DNA on HiSeqX Ten 2x75bp 
lane. An aliquot of 20 μL indexed library was separately enriched for 
human mitochondrial DNA (mtDNA) using a bait-capture method based 
on long-range PCR products (Maricic et al., 2010). The captured li
braries were quantified using Agilent 2100 Bioanalyzer and sequenced 
on an Illumina MiSeq platform. The sequencing was run as paired-end 
with 75 × 2 + 8 + 8 cycles.

We used nf-core/eager v2.4.7 (Fellows Yates et al., 2021) for 
downstream analysis. Raw data were preliminary checked on fastqc, and 
the demultiplexed fastq sequences from shotgun sequencing were 
mapped to the GRCh37 nuclear reference genome using ‘bwa aln’ as 
mapper tool, disabling the seed option and setting a mapping quality 
threshold >30. Duplicates were removed using ‘markduplicates’, and 
general statistics were obtained through MultiQC (Ewels et al., 2016) 
and samtools (Danecek et al., 2021). We used DamageProfiler 
(Neukamm et al., 2021) for calculating and observing frequency ratio of 
deamination patterns along the 5′ ends of the sequences. For mtDNA 
enriched data, we merged reads from shotgun and capture sequencing 
and aligned them to an elongated version of the rCRS generated using 
Circular Mapper and ‘bwa aln’, setting general parameters for mapping 
as above. After evaluating the presence of deamination patterns, modern 
human contamination was estimated at mitochondrial level using 
Schmutzi (Renaud et al., 2015). Schmutzi was also employed to recon
struct both the endogenous and the potentially contaminated mitoge
nomes. We used Haplogrep3 (https://haplogrep.i-med.ac.at/) to infer 
the mitochondrial haplogroup of the individual, and cross compared the 
results by manually investigating the aligned sequences on IGV 
(Robinson et al., 2011). Biological sex of the individual was finally 
estimated by computing the ratio of reads aligning to the X-chromosome 
as a portion of the total sequences mapping to the autosomes, using the R 
script provided in Mittnik et al. (2016).

2.6. Proteomic analysis

Paleoproteomic analysis was performed on a loose fragment of 
enamel that weighed approximately 20 mg. Initial sample collection and 
preliminary processing were undertaken at the BONES Lab’s proteomic 
facility within the Department of Cultural Heritage at the University of 
Bologna. Thorough removal of any adhering dentine residues was 
ensured through the use of a dentist drill. The sample was subsequently 
rinsed with MilliQ water in an ultrasonic bath and briefly subjected to a 
5 % HCl leaching process. To extract enamel peptides, the enamel 
fragment was immersed in 200 μl of 5 % HCl for 1 h. The resulting su
pernatant was then purified using C18 in-house stage tips. Resin-bound 
peptides were eluted using 50 μL of a solution comprising 60 % aceto
nitrile in 0.1 % formic acid.

The extracted peptides were dried and subsequently resuspended in a 
water:acetonitrile:formic acid solution with a ratio of 95:3:2, in prepa
ration for LC-MS/MS (Liquid Chromatography with tandem mass spec
trometry) analysis. This analysis was performed using a Dionex Ultimate 
3000 UHPLC system coupled to a high-resolution Q Exactive mass 
spectrometer (Thermo Scientific, Bremen, Germany), housed at the 
“Centro Interdipartimentale Grandi Strumenti” of the University of 
Modena and Reggio Emilia. Each sample underwent a 60-min run time. 
An inclusion list featuring the peptides of interest was incorporated into 
the method, with m/z values of [M + 2H]+2523.7748; 440.2233; 
540.2796; 525.2975; 575.7533; and 656.3528. A comprehensive 
description of the analytical protocol can be found in Lugli et al. (2019b, 
2020).

Xcalibur™ (Thermo Scientific) was used to manually examine ion 
chromatograms, specifically searching for AMELX and AMELY peptides, 
as outlined by Stewart et al. (2017) and Lugli et al. (2019b). Raw data 
were converted into Mascot generic format (MsConvert v. 3.0.10730, 

ProteoWizard tools) to refine sex estimation and potentially identify 
other endogenous tooth proteins. This data was then cross-referenced 
against: 1) the Swiss-Prot database (restricted to Homo sapiens); 2) an 
in-house database sourced from UniProt & NCBI, encompassing all 
available mammalian amelogenin sequences; and 3) the cRAP database, 
which contains 116 sequences, for potential contaminants. The search 
parameters mirrored those of (Lugli et al., 2020). A protein was deemed 
identified if a minimum of two distinct significant peptides were 
observed. Raw MS data were deposited in Zenodo 
(10.5281/zenodo.15387116).

2.7. Radiocarbon analysis

Approximately 250 mg of the infant’s remaining bone fragments 
were prepared for AMS (Accelerator Mass Spectrometry) radiocarbon 
dating at the Centre of Applied Physics, Dating, and Diagnostics, 
Department of Mathematics and Physics “Ennio de Giorgi”, University of 
Salento (Calcagnile et al., 2019). Macrocontaminants were identified 
under optical microscopy and removed mechanically. The bone frag
ments were then powdered using a pestle and mortar, demineralised in 
1 % HCl at room temperature, and gelatinized in acidified water (HCl, 
pH = 3) at 85 ◦C (Longin, 1971). The resulting gelatin was filtered 
through 0.45 μm pore silver filters. The extraction yield was <0.1 %, 
indicating insufficient collagen preservation and extensive diagenesis, 
which ultimately prevented radiocarbon dating of the sample.

3. Results

3.1. Anthropological analysis

The excavation of the remains revealed their fragmentary nature, 
with only some dental crowns being recovered intact. In the maxillary 
arch, the deciduous dentition was mostly retrieved (though many were 
in poor condition, with eroded roots and often damaged cervix), except 
for the first and second left deciduous incisors. The permanent dentition 
in the maxillary arch, still in crown formation, includes central and 
lateral incisors and both first molars. In the mandibular arch, the entire 
deciduous dentition is present. The permanent dentition, also in crown 
formation, includes the central incisors and the right first molar 
(Supplementary Fig. 1). Based on the observed dental development 
stage, reported in Supplementary Table 1, the infant’s age at death is 
estimated to be approximately between 1.5 and 2.5 years (AlQahtani 
et al., 2010). No hypoplastic defects or carious lesions were visible on 
the dentition.

3.2. Histological analysis

Analysis of the histological thin section of the URdm1 (Fig. 3) reveals 
a distinct neonatal line, whereas no accentuated line (AL; indicators of 
physiological stress events in enamel) was detected. Crown growth pa
rameters (Table 1) display a mean inner enamel DSR (within 100 μm 
from the EDJ) across the EDJ’s length of 3.13 ± 0.17 μmd− 1 (n = 176) 
on the paracone and of 3.21 ± 0.21 μmd− 1 (n = 159) on the protocone, 
ranging from 2.61 μmd− 1 to 3.69 μmd− 1. For both cusps, there is no 
significant difference in DSR averages between cuspal and imbricational 
inner enamel (Supplementary Table 2).

Enamel extension rate (EER) during the first ~30-days of cusp for
mation is estimated at 51.22 μmd− 1 on the paracone and 44.38 μmd− 1 

on the protocone, gradually decelerating during subsequent develop
ment, but with a transient surge following birth. Overall, the mean EER 
of the crown, based on the paracone, can be estimated at 15.20 μmd− 1.

Based on the paracone – which is the cusp encompassing the com
plete formation of the tooth since the thin section’s plane was centred 
according to its dentine horn – CFT was estimated at ~374 days. The 
position of the NNL enables the distinction between the prenatal and 
postnatal formation of the crown, estimating crown initiation (Ci) at 
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~184 days before birth and crown completion (Crc) at ~189 days after 
birth. For the protocone, Ci remains indeterminate due to section 
orientation (i.e. the thin section does not encompass its dentine horn), 
whereas Crc was estimated at ~190 days.

In addition, the position of the NNL within the crown of the tooth 

(Fig. 3) denotes that the crown was at the Cr ¾ stage of formation 
(Moorrees et al., 1963b) at the time of birth.

On the other hand, the histological thin section of the LRM1 (Fig. 4) 
lacks a manifest NNL or any evident AL. Crown growth parameters 
(Table 1), measured on the protoconid, exhibit a mean inner enamel 
(within 100 μm from the EDJ) DSR across the EDJ’s length of 2.97 ±
0.12 μmd− 1 (n = 113), ranging from 2.72 μmd− 1 to 3.24 μmd− 1. As the 
crown was still in formation and had just started the formation of 
imbricational enamel, a distinction between cuspal and imbricational 
inner enamel DSRs was not carried out.

EER during the first ~30-day period of protoconid formation is 
estimated at 60.18 μmd− 1, with values decreasing as the tooth develops. 
The overall mean EER of the cusp is estimated at 8.17 μmd− 1 (Table 1).

The absence of a clear NNL (Fig. 4) prompted the alignment of Ci 
with birth based on literature references (AlQahtani et al., 2010; Hillson, 
1996; Reid and Dean, 2006). The incomplete crown formation of the 
LRM1 prevents a total CFT estimation. However, the cessation of enamel 
secretion at ~505 days does inform on an estimate age at death of ~74 
weeks (i.e. ~17 months) from birth, after accounting for a minimum of 
14 additional days due to the loss of the last formed immature enamel 
(Antoine et al., 2009).

3.3. Trace element analysis

Spatially-resolved geochemical analyses were conducted by LA- 

Fig. 3. Histological thin section and magnified views of the URdm1 for chro
nological analysis. (a) Histological thin section of the upper right deciduous 
first molar (URdm1), showing the paracone (left) and protocone (right). (b) 
Magnified view of the paracone. (c) Magnified view of the protocone. The color- 
coded lines in the magnified panels illustrate key microstructural markers uti
lized for chronological mapping: green represents the neonatal line (NNL), red 
denotes isochronous Retzius lines, and orange highlights the selected prism 
segments used for the chronological reconstruction. Scale bars = 1000 μm. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

Table 1 
Crown growth and developmental parameters of paracone and protocone as
pects of the URdm1 and of the LRM1’s protoconid. DSR (daily secretion rate), 
EER (enamel extension rate), Ci (crown initiation), Crc (crown completion), CFT 
(crown formation time). † From average timing in literature (AlQahtani et al., 
2010; Hillson, 1996; Antoine et al., 2009; Reid et al., 1998). * Crown not 
complete as it was still in formation at the moment of death.

URdm1 LRM1

Paracone Protocone Protoconid

DSR (μmd− 1) Min 2.68 2.61 2.72
Max 3.69 3.66 3.24
Mean 3.13 3.21 2.97
sd 0.17 0.21 0.12
n 176 159 113

EER (μmd− 1) Min 4.95 4.63 2.57
Max 51.22 44.38 60.18
Mean 15.20 16.69 8.17

Ci (days) ​ − 184 NA Birth†

Crc (days) ​ 189 190 NA
CFT (days) ​ 374 NA 505*

Fig. 4. Histological thin section of the lower right first molar (LRM1). The inset 
image on the bottom left depicts the full thin section, showing the protoconid 
(right) and metaconid (left), while the larger image is a magnified view of the 
protoconid, indicated by the white frame. The magnified section highlights key 
microstructural features used for chronological mapping: red lines denote 
isochronous Retzius lines, and orange lines mark the selected prism segments 
used for chronological reconstruction. Scale bars = 1000 μm. (For interpreta
tion of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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ICPMS on both the buccal and lingual aspects of the URdm1. The trace 
element analysis targeted uranium (U), manganese (Mn), and lead (Pb) 
as primary diagenetic proxies, alongside strontium-to-calcium (Sr/Ca) 
and barium-to-calcium (Ba/Ca) ratios, which under ideal preservation 
conditions can provide biogenic information regarding diet and nursing 
behaviours. The elemental profiles of both aspects (Fig. 5; Supplemen
tary Fig. 2; Supplementary Table 3) exhibited a pronounced diagenetic 
overprint, evinced by generally elevated concentrations of uranium (U) 
and manganese (Mn) (Grimstead et al., 2018; Müller et al., 2024; Will
mes et al., 2016).

On the buccal aspect, U concentrations along the EDJ path are 
particularly elevated in the pre-natal portion of enamel and during the 
first ~20 days post-birth (ranging between ~0.48 μg/g and ~23.36 μg/ 
g). Conversely, the enamel portion following the first ~20 days post- 
birth exhibited relatively lower and more constant uranium concentra
tions (~0.23 μg/g on average), which remain however high. On the 
other hand, manganese concentrations gradually decrease throughout 
prenatal enamel up to the first ~20 days after birth, to then start 
increasing again at ~50 days post-birth. This post-natal pattern is also 
observed in lead (Pb) concentrations, which remain low and constant in 
the pre-natal portion, and mimic Mn and U in the post-natal portion 
(Fig. 5). The strontium-to-calcium ratio (Sr/Ca) presents little variation 
along the buccal EDJ path (~6.67e-4 μg/g on average), whereas the 
barium-to-calcium ratio (Ba/Ca) exhibits greater variation. Both profiles 
present remarkable correlation with both U and Mn profiles, suggesting 
post-depositional mobilisation of these elements and hence diagenetic 
overprinting masking the original biogenic signal (Fig. 5).

On the lingual aspect, U concentrations are also generally elevated 
(~5.3 μg/g on average) along most of the EDJ path, with a relative 

decrease observed from ~150 days post-birth onwards. On the other 
hand, Mn concentrations are particularly elevated in the pre-natal 
portion, showing a relative decline in the post-natal portion (~15.09 
μg/g on average). In contrast, lead (Pb) concentrations on the lingual 
EDJ path were generally low, averaging ~0.14 μg/g (Fig. 5). The overall 
elevated concentrations of diagenetic proxy elements suggest wide
spread diagenetic overprinting also on this aspect. Both Sr/Ca (~6.70e-4 
μg/g on average) and Ba/Ca (~1.63e-4 μg/g on average) ratios exhibit 
slight variations along the lingual EDJ path correlating with both U and 
Mn profiles (Fig. 5), pointing towards post-depositional elemental in
fluxes likely masked the original biogenic signal, compromising the 
possibility of reliable dietary reconstruction.

3.4. Genomic analysis

The sample reported a low presence of endogenous DNA after whole 
genome sequencing, with only 1006 fragments out of more than 6 
million being of human origin. This resulted in ultra-low coverage along 
the nuclear genome, with only 0.008 % of the genome covered by at 
least one sequence. By contrast, mitochondrial DNA capture resulted in 
1779 unique reads mapping to the mitochondrial reference sequence, 
and 96 % of the entire mitochondrial genome was covered by at least 2 
reads. The observed fragments of DNA were investigated for authen
ticity through DamageProfiler, which reported weak evidence of 
degradation among the most extreme bases of the reads mapped to the 
nuclear genome due to the low coverage nature of the shotgun 
sequencing (Fig. 6a), while results of degradation patterns are more 
robust on mitochondrial DNA, and consistent with the age of the sample 
(Fig. 6b). Despite the low presence of endogenous nuclear DNA from the 

Fig. 5. Trace element profiles of Sr/Ca, Ba/Ca, U, Mn, and Pb measured along the enamel-dentine junction of the upper right deciduous first molar (URdm1), from 
both the buccal aspect (paracone) and lingual aspect (protocone). The picture on the left displays the histological section of the URdm1, with the laser ablation tracks 
highlighted in light blue. The profiles on the right represent the trace element distributions, with the paracone (EDJB) shown in the top graph and the protocone 
(EDJL) in the bottom graph. The trace elements include Sr/Ca (red), Ba/Ca (blue), U (purple), Mn (yellow), and Pb (grey). The X-axis represents days of life, with 
0 representing birth. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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individual, we tentatively investigated the biological sex of the infant. 
By computing the ratio of sequences that aligned to the X-chromosome 
as a portion of the sequences mapping to the autosomes (Mittnik et al., 
2016), the sample resulted to be consistent with the assignment of 
biological sex as male, with Rx ~0.563 (95 % CI 0.501–0.624).

To validate the authenticity of the retrieved DNA we estimated 
contamination on mitochondrial sequences using Schmutzi (Renaud 
et al., 2015), that allows to calculate the frequency of deamination at the 
5′ and 3’ ends of the reads, and to compare the reconstructed endoge
nous sequence with a dataset of possible contaminating mitogenomes. 
Both the analyses reported an estimate of contamination ~1 %, indi
cating absence of modern sources of contamination at the mitochondrial 

level. We compared the consensus sequence reconstructed by Schmutzi 
with the original BAM files in IGV and detected 10 informative variants 
(263G, 750G, 1438G, 2706G, 4580A, 4769G, 7028T, 8860G, 15236G, 
15904T) that were used as input in Haplogrep3, leading to the assign
ment of the mitochondrial haplogroup V+@72, a sub-clade of V that lost 
the known diagnostic substitution T72C located in the HVS-II region 
(Fig. 6c).

3.5. Proteomic analysis

Following the examination of ion chromatograms, both peptides 
SIRPPYPSY, associated with the AMELX gene, and SM(ox)IRPPY, linked 

Fig. 6. Deamination patterns on 5′ end of ancient DNA fragments after shotgun sequencing (a) and mitochondrial DNA capture enrichment (b). The reconstructed 
mitochondrial genome (c) with coverage at each position marked by green bars, and haplogroup defining variants. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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to the AMELY gene, were identified. A pronounced ion signal of ~4.5e6 
was associated with the AMELY specific peptide (Fig. 7), confirming the 
male sex of the infant from Faenza. No modern contaminants were 
identified through queries in the cRAP database.

3.6. Radiocarbon analysis

Radiocarbon analysis was attempted on the sample; however, it was 
found to be undatable due to an insufficient collagen content. The low 
collagen yield following pretreatment indicated a level of degradation 
that prevented reliable radiocarbon dating, thus precluding further 
chronological information from this sample.

4. Discussions

The suboptimal preservation of skeletal remains can often hinder the 
biological reconstruction of archaeological and fossil records, conse
quently restricting detailed analysis of the respective contexts and 
populations. In this study, the pronounced deterioration of the skeletal 
remains has unequivocally led to a substantial loss of biological infor
mation. The sole informative anatomical elements to have survived are 
the dental crowns, which only provided an estimate of the infant’s age at 
death – approximately 1.5 years of age, based on contemporary estab
lished standards (AlQahtani et al., 2010; Hillson, 1996). Nevertheless, 
the implementation of advanced bioanthropological analyses has 
enabled the extraction of further biological data that might otherwise 
have remained unobserved.

The microscopic analysis of the dental enamel of the URdm1 and 
LRM1 provided detailed insight into the infant’s development and early 
life history, refining the age at death estimate to approximately 74 
weeks (i.e. ~17 months), considering a minimum of 14 additional days 
for the loss of the last formed immature enamel (Antoine et al., 2009). 
From a biorhythmic perspective, the mean inner enamel DSR for the 
deciduous molar (URdm1) – 3.13 ± 0.17 μmd− 1 (n = 176) for the par
acone and 3.21 ± 0.21 μmd− 1 (n = 159) for the protocone (Table 1) – 
aligns with values recorded in Italian Early Medieval populations (Magri 
et al., 2024). In contrast, these rates are lower than the averages docu
mented for British Bronze age and Mediaeval populations (Mahoney, 
2011) and for a contemporary global population (McFarlane et al., 
2021), though they remain within established ranges (Birch and Dean, 
2009; Mahoney, 2015; McFarlane et al., 2021). Notably, contrary to 
findings by McFarlane et al. (2021), minimal variation between the 
cuspal and imbricational enamel within both cusps was identified in this 
individual (Supplementary Table 2). Furthermore, the mean inner 
enamel DSR for the permanent molar (LRM1) – 2.97 ± 0.12 μmd− 1 (n =

113) (Table 1) – correlates well with previously reported values (Aris, 
2022; Mahoney, 2008). EERs, often underrepresented in the literature 
(Mahoney, 2015), were employed to ascertain the rate of new enamel 
secretion along the EDJ, reflecting the crown’s longitudinal growth rate. 
Comparative analysis between the two crowns indicated, as expected, 
that the mean EER for the deciduous molar’s paracone (14.5 μmd− 1) 
exceeds that of the permanent molar (8.2 μmd− 1). However, the initial 
EER for the first approximately 30 days of crown formation was 
marginally slower for the deciduous molar (51.2 μmd− 1) compared to 
the permanent molar (60.2 μmd− 1) (Table 1). Mean EERs align with the 
few available published averages, whereas initial EERs are notably 
higher (Higgins et al., 2024; Mahoney, 2015; Smith et al., 2010), partly 
due to the shorter time interval used in this study for calculating initial 
EERs.

Total CFTs of both dental specimens, considering their respective 
stages of development, are consistent with the durations reported in the 
literature for each dental class (Dean et al., 1993a; Magri et al., 2024; 
Mahoney, 2008, 2015; Reid et al., 1998; Reid and Dean, 2006; Smith 
et al., 2010). However, the estimated Ci of the URdm1’s paracone occurs 
relatively early when compared to published data for the same cusp 
(Mahoney, 2015). Accordingly, the estimated time at Crc falls within the 
earlier range of the variability reported for modern European pop
ulations (AlQahtani et al., 2010; Hillson, 1996). Additionally, the posi
tion of the NNL within the tooth corroborates its advanced stage of 
formation at birth (Cr ¾; Moorrees et al., 1963b) compared to contem
porary European standards (AlQahtani et al., 2010; Hillson, 1996).

For the LRM1, in the absence of a discernible NNL, Ci was aligned 
with birth, adhering to the convention in the literature (e.g. (Beynon 
et al., 1998; Higgins et al., 2024; Reid and Dean, 2006),). The stage of 
formation at ~505 days (~Cr ½; Moorrees et al., 1963b) places it at a 
comparatively advanced stage of development by modern standards 
(AlQahtani et al., 2010), although the completion of the cusp (Table 1) 
aligns with averages reported for modern northern Europeans (Reid and 
Dean, 2006).

The lack of discernible accentuated lines (physiological stress 
markers; Nava et al., 2019; Wilson and Shroff, 1970) in both prenatal 
and postnatal enamel suggests generally good health conditions for the 
mother during gestation (prenatal portion of the URdm1; see Nava et al., 
2017b) and the infant after birth. Nevertheless, the infant’s early demise 
(~17 months of age) is noted.

Taken together, the dental histological data offer a refined and 
multidimensional perspective on the individual’s developmental tra
jectory and early life history. They also contribute to broader discussions 
on human growth physiology and population-level variability, under
scoring how archaeological populations may diverge from modern 

Fig. 7. Chromatogram portraying the peaks identifying the presence of AMELX and AMELY specific peptides. The black peak is peptide SM(ox)IRPPY (AMELY; [M +
2 H]+2440.2233 m/z); the green peak is peptide M(ox)IRPPY (AMELY; [M + 2 H]+2396.7073 m/z); while the red peak is peptide SIRPPYPSY (AMELX; [M + 2 H]+
2540.2796 m/z). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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reference standards commonly used in developmental estimations.As 
might be expected given the poor physical preservation of the remains, 
high levels of diagenetic overprinting have precluded reliable in
vestigations into dietary shifts or potential exposure to pollutants. Under 
good preservation conditions, Sr/Ca and Ba/Ca profiles in dental tissues 
are frequently used to assess breastfeeding, weaning, and other dietary 
transitions (Austin et al., 2013; Müller et al., 2019b; Nava et al., 2020, 
2024; Smith et al., 2018). In this case, however, the correlation between 
these dietary proxies and diagenetic indicators such as U and Mn sug
gests that post-depositional elemental influxes have likely masked the 
original biogenic signals. This diagenetic alteration prevents dis
tinguishing, in the affected portions, whether variations in elemental 
concentrations reflect physiological processes or diagenetic contami
nation (Higgins et al., 2024; Nava et al., 2020; Willmes et al., 2016). 
Furthermore, the diagenetic proxies present variating profiles, indica
tive of differential diagenetic impacts on the pre- and post-natal portions 
of the deciduous molar’s crown, further limiting the interpretive reli
ability of the data.

Despite the presence of diagenetic biogeochemical alterations within 
the enamel, proteomic analysis of the tissue remained unaffected, 
unambiguously identifying the sex of the infant as male. Meanwhile, 
attempts at radiocarbon dating were unsuccessful due to the insufficient 
collagen content in the bone fragments, limiting our ability to anchor the 
findings within a precise chronological framework.

On the other hand, despite the scarce preservation of endogenous 
material, the genomic analysis successfully identified the infant’s sex as 
male, confirming the attribution obtained through amelogenin analysis, 
and provided insights into his matrilineal descent by the almost com
plete reconstruction of the mitochondrial genome. Notably, the infant 
reports an uncommon mtDNA haplogroup - V+@72 - which is attested 
in the literature only in one other ancient sample from the Eneolithic 
necropolis of Serra Cabriles, in north-western Sardinia (Fernandes et al., 
2018), and dated to 2454-2201 cal BCE. The V+@72 haplotype belongs 
to the V sub-haplogroup, a minor branch of the HV0 clade, which is 
relatively rare among modern Europeans and has high frequencies 
recorded only in the Saami population of northern Fenno-Scandinavia 
(Tambets et al., 2004). A likely western Mediterranean origin of this 
haplogroup during the Last Glacial Maximum has been suggested 
(Secher et al., 2014; Torroni et al., 1998), with V-related haplotypes 
sporadically encountered during the Eneolithic in Iberia and central 
Europe (Olalde et al., 2018, 2019; Villalba-Mouco et al., 2021). Due to 
the low coverage nature of the sample, it was not possible to perform 
genome-wide inferences, and future paleogenetic data will be essential 
to investigate the genetic make-up of Eneolithic communities in Adriatic 
Italy.

Overall, given that the infant remains were found isolated, with scant 
contextual information, it is not possible to ascribe the reconstructed 
biological and ancestral characteristics to the broader local population, 
necessitating further comprehensive investigation into the local groups 
residing in the area at that time. Nevertheless, the present study dem
onstrates how the integration of advanced bioanthropological tech
niques can overcome the interpretive limitations typically imposed by 
poorly preserved osteological material. Dental histology enabled the 
high-resolution estimation of age at death and provided insights into 
developmental dynamics through enamel growth parameters. Although 
biogeochemical analysis was compromised by diagenetic alteration, the 
assessment of post-depositional contamination itself proved essential for 
evaluating the reliability of dietary reconstructions and should be 
considered a fundamental part of such investigations. Proteomic anal
ysis of enamel peptides and palaeogenomic investigation of osseous 
fragments jointly confirmed the sex of the infant as male and contributed 
mitochondrial haplogroup data, revealing an uncommon maternal 
lineage within Eneolithic Italy. Together, these findings underscore the 
potential of a multidisciplinary approach to recover meaningful bio
logical and genetic information, even from highly fragmentary skeletal 
material, illustrating that isolated remains need not remain silent.
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