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Abstract

This research deals with a multi-analytical approach to characterise three polychrome
wooden crucifixes attributed to Fra’ Umile da Petralia or, in one case, close to his style. The
analysed wooden sculptures belong to (1) the Sanctuary of Saint Umile from Bisignano
(Cosenza, Italy); (2) the Santissimo Crocifisso Church at Cutro (Crotone, Italy); (3) the
Saint Salvatore Church at Gangi (Palermo, Italy). Fra’ Umile (Giovanni Francesco Pin-
torno) was born in Petralia Soprana (Palermo, Sicily) between 1600 and 1601, died on
9 February 1639, and belonged to the Order of Friars Minor. Systematic research of the
materials and constructive techniques of wooden sculptures is still not very wide, although
diagnostic analyses could represent a useful tool for art historians and restorers for these
typologies of works of art. The wooden sculptures were subjected to both non-invasive
and micro-invasive investigations. Digital direct X-ray radiography, SEM-EDX, and X-ray
fluorescence analyses have been carried out, revealing for the three analysed sculptures a
similar construction technique and similar pictorial materials. The provided diagnostic evi-
dence supports the coincident chronology and the same attribution to Fra’ Umile da Petralia
or his workshop, confirming the proposals based on the stylistic comparative analyses
and archival historical documents. The results of this first multi-analytical investigation,
documenting the artistic technique and construction system, represent a starting point for
future systematic study on the artistic production of this prolific artist and sculptor never
studied from a technical–scientific point of view to date.

Keywords: multi-analytical investigation; digital radiography; wooden sculptures
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1. Introduction

Fra’ Umile da Petralia, born Giovanni Francesco Pintorno, was a Sicilian sculptor who
left an indelible mark on the Baroque period through his religious artwork. Originating
from the small town of Petralia Soprana (Palermo, Sicily) around 1600, his life and artistic
production were profoundly shaped by his commitment to the Franciscan Order [1–3].
Very little is known about his early life, but it is assumed that he grew up surrounded by
the artisanal traditions of his region, which likely increased his interest in sculpture. At
a young age, he joined the Franciscan convent and adopted the name “Umile”, meaning
“humble”, a reflection of his spiritual devotion. His sculptures, particularly his wooden
crucifixes, were deeply influenced by the Franciscan ideals of simplicity, humbleness, and
direct religious experience [2]. His artistic production is known for its emotional depth and
naturalism, characteristics that align with the broader themes of the Baroque style, which
aimed to evoke strong emotional responses, particularly in religious art. The sculptures
attributed to Fra’ Umile da Petralia often depict Christ in moments of extreme suffering,
capturing the raw agony of the Passion with meticulous anatomical detail. The naturalism
in his representations of Christ on the cross, showing strained muscles, visible ribs, and
pained facial expressions, was designed to inspire viewers to contemplate the suffering of
Christ on a personal level [1,2]. His artworks can be found in several churches and convents
in Sicily and Southern Italy, indicating his widespread influence during his lifetime.

A systematic search of the pictorial materials and construction techniques of these
artworks has rarely been conducted in the scientific community. However, there has been
growing interest in the last decade, and several studies describe wooden materials and their
distribution in different geographical areas [4–8]. A detailed study of the polychromies
wooden statues dated in the 16th and 17th century would allow the correct identification
and differentiation of the workshops and active artists and consequently a scientific at-
tribution in addition to that based on artistic–stylistic criteria. This traditional approach
is often influenced by the difficult reading of the original models and surfaces altered
by the frequent pictorial overlays and remakes to which these wooden sculptures have
generally been subjected, due to their continuity of use for religious devotion. These limits
can be overcome by systematic radiographic investigation. Diagnostic analysis, referring to
both non-invasive and micro-destructive techniques, could unveil information about the
materials and the execution techniques [9–15]. In this research, three wooden sculptures
attributed to Fra’ Umile da Petralia were the object of a multi-analytical investigation, coming
respectively from (1) the Sanctuary of Saint Umile from Bisignano (Cosenza, Calabria),
(2) the Santissimo Crocifisso Church at Cutro (Crotone), and (3) the Saint Salvatore Church
at Gangi (Palermo).

The three sculptures investigated were analysed according to a multi-analytical ap-
proach based on integrated non-invasive techniques (digital X-ray radiography, UV fluo-
rescence imaging, and portable X-ray fluorescence spectrometry) to understand the state
of conservation, to document the construction system and the number of pieces assem-
bled to obtain the whole volume, and to identify the original painting materials. In two
cases (Bisignano and Cutro crucifixes), it was possible to deepen the study of the pictorial
materials, through scanning electron microscopy analysis and microprobe analysis (SEM-
EDS) for the compositional characterisation and stratigraphic study of the pictorial and
preparation layers.

Iconographic Study and Stylistic Analysis of the Investigated Wooden Crucifixes

The Crucified Christ from the Sanctuary of Sant’Umile da Bisignano at Bisignano
(Cosenza, Calabria) (Figure 1a) is attributed to Fra’ Umile da Petralia and dates back to the
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17th century. On the back of the wooden cross, the following inscription is engraved: “1637.
P.F. GREGORIO A BISIN. CUSTOD F. HUMILIS A PETRALIA REFOR. SCULP”.

 

Figure 1. Geographic location of the three analysed polychrome wooden sculptures: (a) Crucified
Christ, Sanctuary of Sant’Umile da Bisignano at Bisignano (Cosenza, Calabria), with a detail of the
torso and face; (b) Crucified Christ, Santissimo Crocifisso Church at Cutro (Crotone, Calabria), with
a detail of the face and torso; (c) Crucified Christ, Saint Salvatore Church at Gangi (Palermo, Sicily),
with a detail of the torso and face.

The Crucified Christ from Santissimo Crocifisso Church at Cutro (Crotone, Calabria)
(Figure 1b) is also traditionally attributed to the sphere of Fra’ Umile [3]. The Jesuit biogra-
pher P.G. Macaluso [1,2] places the creation of the Crucified Christ of Cutro between 1636
and 1637, simultaneously with the Crucifixes from Bisignano and the Crucifixes from Polla
(Salerno, Campania), with which it shares several details. However, it is distinguished
from these and other wooden crucifixes attributed to the same workshop by the presence
of a fine artistic detail, a tear falling from the left eye and suspended on the tip of the nose
(see detail of the face, Figure 1b).

The Crucified Christ in the Saint Salvatore Church at Gangi (Palermo, Sicily) (Figure 1c)
dates back to between the 16th and 17th centuries. This artwork bears no inscriptions, but
its stylistic characteristics lead to its attribution to Fra’ Umile da Petralia. Oral tradition
over the centuries reports this as a unique attribution; although no document has ever
confirmed this hypothesis, several stylistic elements refer to the style of Giovanni Pintorno
or his workshop [3]. Furthermore, the discovery of a document dated in 1656 testifies
to the remaking of the pictorial layers by the monks of the nearby town Petralia Sottana
(Palermo), custodians and successors of the Franciscan art typical of Fra Umile da Petralia.
This archival source belongs to the “Accounting book of the Church of the Saint Salvatore
from 1646 to 1691” preserved at the Mother Church of Gangi. In fact, in 1656 a payment of
“14 onze” to the monks is recorded for repainting the wooden sculpture of the SS. Crucifix.
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This document therefore demonstrates that the Crucifix was created before 1656, prob-
ably according to a style based on naturalism and strong emotional impact spread by
Fra’ Umile, and on that occasion, it was stylistically adapted to the artistic and cultural
taste of that time. It is clear that almost twenty years after his death (1639), his realis-
tic and emotional style carried on by the workshop was widespread and preferred by
religious commissions.

2. Materials and Methods

The pictorial compositional and stratigraphic characterisation and construction tech-
nique study of the polychrome wooden sculptures was carried out with a multi-analytical
approach, using both non-invasive and micro-invasive methods. The latter were applied
only to two of the crucifixes, the one from the Church of the Santissimo Crocifisso Church
at Cutro and the one from the Sanctuary of Saint Umile from Bisignano. The micro-
sampling was not authorised for the third crucifix, from the Saint Salvatore Church in
Gangi (Palermo). For the latter, only non-invasive elemental analyses were carried out by
p-XRF investigation. The study aimed to characterise the artistic technique and the artist’s
modus operandi in the production of these polychrome wooden sculptures, to attribute or
validate the attribution to Fra’ Umile da Petralia, and to use the information obtained for
future comparisons with other artworks attributed to the same artist or his workshop. In
addition, studies were carried out to characterise the original layers of the pictorial layers,
which provide essential information for restorers during the conservation phases. Finally,
considering the minimum number of samples that could be taken, preliminary information
was obtained for the identification of the wooden species used for the related part of
the statues.

2.1. Micro-Fragment Sampling from the Pictorial Surface

From the Crucifix of the Santissimo Crocifisso Church in Cutro, three micro-fragments
were taken from the pictorial layer on both the front and back of the Crucifix, along with
an additional sample for wooden species identification.

Moreover, three micro-fragments were taken from the Crucifix of the Sanctuary of
Sant’Umile da Bisignano: two samples were for the pictorial layer analyses, and one sample
was for the preliminary identification of the wood species. Figures 2 and 3 localise and
describe the samples from these two analysed polychrome sculptures.

    
(a) CC_01 (b) CC_02 (c) CC_03 (d) CC_04 

Figure 2. List of micro-fragments sampled from the Crucified Christ at Cutro: (a) CC_01, from flesh
tone pictorial layer from the back of the Christ (left side); (b) CC_02 from flesh tone pictorial layer
from the spinal column; (c) CC_03 from dark red pictorial layer from dripping blood; (d) CC_04,
wood fragment from a lacuna on the top of head.
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(a) CB_01 (b) CB_02 (c) CB_03 

Figure 3. List of micro-fragments sampled from the Crucified Christ at Sanctuary of Sant’Umile da
Bisignano: (a) CB_01, from flesh tone pictorial layer, taken along a fracture between the shoulder and
the arm (left side); (b) CB_02, micro-fragment of paint layer (dark red) from the rib cage of the Christ
at the site of blood (left side); (c) CB_03, wooden micro-fragment from a fracture at the back of the
Christ’s head.

2.2. Non-Invasive Methodologies

A portable direct digital X-ray radiography system was employed to understand
the construction techniques of the three crucifixes. This diagnostic technique allows for
the non-invasive analysis of the internal structures of artworks by studying the material
discontinuities along the whole involved volume based on their radiopacity. This powerful
investigation method provides information on the conservation state, detecting lacunae,
fractures, defects, entomological attached evidence, and indications of the construction
technique [16]. The portable X-ray system used for this study consists of a portable X-ray
tube Poskom X+ (Northbrook, IL, USA), model PXP-100 CA, voltage from 40 to 100 kV
equipped with a positioning system and an optical aiming system; a direct digital detection
system: the AGFA DR 14e digital radiography plate, which consists of an amorphous
silicon TFT detector, with a pixel pitch of 150 μm, active matrix 2336 × 2836 pixels with
an active area of 430 mm × 350 mm, 16-bit images, and a minimum spatial resolution
3.36 lp/mm.

A preliminary cover meter survey was carried out, which aimed to correctly plan
the in-situ RX acquisition and to optimise the projection of different X-ray expositions.
This method allows a fast localisation of metallic structures within the wooden volume
of the sculptures, measuring the absorption of the magnetic field generated by the same
equipment. The metallic inserts are identified by slowly moving the probe over sensitive
areas to locate the points and directions of maximum signal. The cover meter system used
is the Profoscope+ by Proceq (Screening Eagle Technologies, Schwerzenbach, Switzerland).

Ultraviolet-induced visible fluorescence investigation allows for the observation and
acquisition of high-resolution images of optical fluorescence stimulated by ultraviolet
illumination, for the non-invasive and immediate detection of original materials and
restoration materials constituting the analysed artistic surface [17–22]. The analysis also
allows for the assessment of the conservation state and ageing of the protective paint, as
well as the monitoring of restoration phases, for example, verifying the removal of altered
paint layers. For acquisitions in optical fluorescence stimulated by UV radiation, a CCD
photosensor (multispectral system Samsung NX500 28.2 MP, customised by Madatec srl,
Monza, Italy) was used, equipped with a UV-IR filter to allow the detector to only reach
the visible fluorescence radiation emitted by the examined materials. Visible fluorescence
is induced by ultraviolet light sources (two LED sources filtered with an emission peak
centred at 365 nm, positioned at 45 degrees to the observed surface).

5
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X-ray fluorescence spectrometry (XRF) is a non-invasive analysis that allows the
identification of chemical elements present in the surface materials, performed using a
portable spectrometer [16,23]. In this study, this analytical technique was employed on
the polychrome statue of the Crucified Christ from the Saint Salvatore Church at Gangi
(Palermo), for which no sampling was conducted for the characterisation of the pictorial
layers. The portable XRF spectrometer (Amptek Inc. Bedford, MA, USA) used for the
multi-elemental analysis of pigments consists of an X-ray tube (Mini-X-Amptek, Amptek
Inc. Bedford, MA, USA) equipped with a Rhodium (Rh) target, operating at a maximum
working voltage of 40 kV and maximum current of 0.2 mA. Detection of the characteristic X-
ray radiation emitted by the sample is energy-dependent (Energy Dispersive: ED-XRF) and
enabled by a Silicon Drift Detector system (X-123 SDD—Amptek) with 125–140 eV FWHM
at 5.9 keV Mn Kα line energy resolution (depending on the peak time and temperature),
and a collimator of 1 or 2 mm. The energy detection range is from 1 keV to 40 keV,
with a maximum counting rate of up to 5.6 × 105 cps. The primary beam is positioned
perpendicular to the sample, while the detector is positioned at 40 degrees relative to the
primary beam. Dedicated control software allows for the evaluation of measurements
and acquisitions. For the analysis of the 9 selected areas, the following measurement
parameters were set to ensure a good spectral signal and optimise the signal-to-noise ratio
(SNR): voltage 35 kV, current 80 μA, acquisition time 50 s per area, working distance 1 cm.

Scanning electron microscopy coupled with energy dispersive X-ray analysis (SEM-
EDS) was used for the morphological observation of the micro-samples collected and to
perform microanalysis in terms of the elemental composition [24]. For this purpose, a Zeiss
Crossbeam 350 microscope (Carl Zeiss SMT, Oberkochen, Germany), equipped with an
Energy Dispersive Spectrometer (EDS), was used.

3. Results

3.1. Crucified Christ from Santissimo Crocifisso Church at Cutro (Crotone)

A preliminary cover meter survey revealed metallic elements only in the area between
the head and the neck, corresponding to a junction line, observable at close vision (Figure 4).
No other joints and nails were revealed in the remaining volume of the statue.

Figure 4. Preliminary survey by cover meter on the Crucified Christ of Cutro aimed to detect metal
pins/nails corresponding to a junction line. The red laser indicates the exact coincidence between the
sensor and the metallic elements present in the volume.

6
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This information supported the design of successive radiographic in situ investigation
in terms of the number of exposures for the area to obtain information on the direction and
extension of these metal internal elements used for assembling the wooden pieces.

In situ radiographic investigations were carried out on the entire volume of the statue
in an antero-posterior projection. Moreover, portions of the head, right hand, and feet were
also acquired in latero-lateral or 45◦ oblique projection for a detailed understanding of the
state of conservation in the case of the foot and hand and a more complete relief of the
position and orientation of the metal anchoring pins, in the case of the head (Figure 5),
starting from the information provided by the preliminary cover meter survey. Thanks to
the processing and interpretation of the radiographic images, it was possible to deduce the
following information for each investigated area.

 
(a) (b) 

  
(c) (d) 

Figure 5. X-ray images of the Christ Crucified of Cutro and comparison with photographic images:
head, upper part of torso, and right shoulder acquired on a (a,c) 45◦ oblique projection and an
(b,d) antero-posterior projection. At the end of the nose, more visible in the oblique projection, a thin
metal wire supports the tear probably made of wax or other natural resin.

7
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Concerning the head, torso, and shoulders (Figure 5a,b), the different projections
carried out to understand the anchorage to the main stem showed the shape and direction
of the four long nails documented at the base of the nape.

This allowed the unevenness of the surface at the back of the hair to be correctly
interpreted as the areas of insertion of the metallic nails.

At the tip of the nose, a thin inserted metal wire can be seen to create a support for the
applied material, forming the volume of a tear (Figure 5a). Other small metal nails were
used to fix the crown of thorns on Christ’s head (Figure 5a). There are no metal elements at
shoulder height, but the joints between the arms and the main stem composed of tenons
and wooden dowels are clearly visible. The direction of the tenon fibres, in continuity
with those of the arm, is perpendicular to that of the fibres of the main stem on which
it is fixed. The dimensions of the housing (mortise) are larger than those of the tenons.
Between the left shoulder and the neck there is a radiopaque area, probably related to an
integration area to fill a gap in the volume of the wooden stem (Figure 5b). Along the joints,
irregular areas of lower radiopacity (darker areas) can be observed, which can be correlated
to pictorial lacunae of the original layering. The contour lines of the different wooden
pieces constituting the head and neck, which are anchored to the main stem are partially
distinguishable. Moreover, two wooden dowels inserted into the chest, carved at one end
to form nipples have been also documented (Figure 5b). On the abdomen and loincloth, the
extension of the rectangular carving on which the spine is collocated and the presence of
two little nails probably inserted to anchor it to the base have been documented (Figure 6a).
The blood gushing from the Christ’s side is characterised by high radiopacity, suggesting
the presence of a high atomic number chemical element, a constituent of pigment in mixture
(e.g., lead, mercury, etc.). At the loincloth (Figure 6b), it is possible to follow the outline
of the irregularly shaped dowel applied on the back and the lacunae in the pictorial layer
along the joint.

 
(a) (b) 

Figure 6. X-ray images of the Christ Crucified of Cutro: (a) torso and (b) loincloth exposed by
antero-posterior projection.

On the left side, there is a small nail that probably attaches the dowel to the main stem.
Radiographic examination confirms that the loincloth was also obtained from the carving

8
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of the single trunk that makes up the body, as no joint lines, superficial fractures, metal
anchors, or nails were observed in the analysed volume (Figure 6b).

The observations made on the arms–hands and legs–feet show no fractures, metal
nails, or joint lines between the parts (Figure 7). This evidence confirms that the arms–
hands system is carved from a single wooden piece, hooked at shoulder height. The blood
drops on both hands and feet are radiolucent, suggesting a different mixture from the blood
drops on the right side of torso. In general, there is little evidence of damage caused by
xylophagous insects and limited lacunae and/or abrasion of the original pictorial layers,
confirming the good state of conservation of the wooden support and painted surface.

 
(a) (b) 

 
(c) (d) 

Figure 7. X-ray images of the Christ Crucified of Cutro: (a,b) feet, (c) right hand, and (d) legs exposed
by lateral (a,c) or antero-posterior projection (b), after modern nail removal, and (d).

SEM-EDS analyses performed on micro-fragments taken from the original surface
of both the front and back of the Crucified Christ allowed the identification of historical
pigments, excluding modern pigments due to previous restorations, localised thank to the
preliminary UV fluorescence observations.

The following pigments were identified on the flesh tone layers and blood drips at
the level of the rib cage: lead white (white lead carbonate, (PbCO3)2·Pb(OH)2) [25,26],
cinnabar/vermilion (HgS) [27], red lead (Pb3O4) or litharge (PbO) [26–28], and iron oxide
based (ochres and earth pigments) [29]. In all the analysed samples, the presence of high
sulphur and calcium contents was verified, attributable to calcium sulphate (gypsum),
which can be attributed to the preparation layer.
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The SEM-EDS spectrum acquired on CC_01 and CC_02 samples from the flesh tone
layer show the presence of a first pictorial constituted by lead white and a low amount of
clay mineral-based pigments (Figure 8). The overlapped dark red layer reveals the use of
cinnabar/vermilion (HgS) (Figure 9). Moreover, the presence of additional chromophore
elements, such as red lead or litharge, is not excluded; the latter may have also been used
as a drier for protective varnishes [30]. Finally, the EDS analysis on internal layer confirms
the identification of calcium sulphate as a constituent of the preparation layer (Figure 10).

 

Figure 8. Christ Crucified of Cutro: SEM-EDS analyses on flesh tone pictorial layer of CC_01 sample.

 

Figure 9. Christ Crucified of Cutro: SEM-EDS analyses on surface dark red pictorial layer of CC_01
sample.

Figure 10. Christ Crucified of Cutro: SEM-EDS analyses on preparation layer of CC_01 sample.

10
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Sample CC_03 (Figure 11), a micro-fragment from the drip of blood radiopaque in RX
image, shows the presence of Hg and S, suggesting the use of cinnabar/vermilion, mixed
with a lead-based pigment. Traces of phosphorus could indicate the use of an organic
matrix for thickness applied to make the volume of blood drops. The presence of lead
could be related to litharge (lead oxide) added as siccative [30]. Furthermore, the presence
of aluminium, magnesium, and potassium suggest the use of mordants for the red lake, in
a mixture to obtain the dark intense colour tone [31].

 

Figure 11. Christ Crucified of Cutro: SEM-EDS analyses on CC_03 sample from thick blood layer.

For the identification of the wood species, sample CC_04 taken from the top of the
head was analysed by SEM-EDS (Figure 12). The SEM images showed the presence of
a surface homogeneous layer that, from the EDS analysis, related to calcium sulphate
constituting the preparation layer [32]. The morphological evidence provided by SEM
observations of the wooden fragment suggests the use of poplar (Populus).

 

Figure 12. Christ Crucified of Cutro: SEM images of CC_04 wooden sample and preparation layer.

The genus Populus does not allow the precise identification of different species be-
longing to the group. The technological features of the wood are of three more diffused and
similar species (P. alba, P. nigra, P. tremula), and there is a lack of knowledge of the correct
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species [4–6]. However, no information on the wood used for the body of Christ (which,
as observed in the X-ray, appears to consist of a single central stem to which the head and
arms were anchored) was obtained, due to the inability for further sampling.

3.2. Crucified Christ, Sanctuary of Sant’Umile at Bisignano (Cosenza, Calabria)

In this case, the preliminary cover meter survey also revealed metallic elements in
the area between the head and neck and at the end of the torso. The low radiopacity of
the pictorial and preparation layers allowed documentation of the features of the wooden
volume of the whole sculpture, analysed by antero-posterior projection. In addition,
portions of the head and neck were also acquired by latero-lateral and oblique 45◦ projection
for a more complete understanding of the dimension and orientation of the nails already
localised by the first cover meter survey.

The radiography images of the head and the upper part of torso (Figure 13) revealed
the shape and direction of the three nails documented at the base of the nape of the
neck; moreover, small nails applied to the head used to fix the crown of thorns were also
documented. At shoulder height, there are no nails or metallic elements, but the assembly
of the arms to the main stem by means of tenons and pegs (or thorns) is clearly visible. In
the central part of the torso, the perimeter of the hollow rectangular carving is documented
(Figure 13b). The absence of pictorial layers on the inner surface of the carving and the
reduced thickness of the pictorial layer make the course of the fibres of the wooden stem
used to carve the body legible.

 
(a) (b) 

 
(c) (d) 

Figure 13. X-ray images of Christ Crucified from Bisignano: (a) head and part of the right shoulder
(45◦ oblique projection); (b) neck and chest; (c) loincloth and part of legs; (d) abdomen and upper
portion of the loincloth (antero-posterior projection).
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The direction of the fibres of the head suggests that the piece of wood used comes from
the same trunk, this one carved and shaped to obtain the desired inclination. The head
and the rest of the main trunk return the same level of radiopacity, and we note the greater
density of fibres in continuity in the central part of the two assembled parts (Figure 13a,b).
There is also evidence of two wooden thorns inserted into the chest and carved at one
end forming nipples, very similar to those documented in the Crucified Christ of Cutro.
The blood flowing from Christ’s chest (Figure 13c) is characterised by high radiopacity,
suggesting the use of one or more pigments with a high atomic number such as Pb or Hg.
At the end of the torso (Figure 13c,d), the X-ray images show the presence of two nails
probably inserted to anchor a rectangular wooden element, applied to close the cavity
carved on the back of trunk.

The loincloth (Figure 13d), as well as the legs and feet (Figure 14a,b) appear to have
been carved from a single trunk constituting the body: neither joint lines, anchors, nor nails
were observed. As for the hands and wrists (Figure 14c), no metal nails or pins were found,
and the low radiopacity of the pictorial layer allowed us to confirm the absence of junction
systems. The RX investigation highlights that the arms–hands parts are each carved from
a single wooden piece attached to the torso at shoulder height. The blood drops on both
the hands and the feet (Figure 14b,c) are characterised by the same radiopacity found in
the drops on the chest (Figure 13). In general, there is little evidence of xylophagous insect
damage and limited lacunae and/or abrasion of the original pictorial layers. In contrast,
the wooden element constituting the closure of the hollow part at the back appears more
degraded, showing a higher density of holes due to the past attachment of xylophagous
insects and unevenness in the wooden thickness involved in RX transmission.

(a) (b) (c) 

Figure 14. X-ray images of Christ Crucified from Bisignano: (a) the knees and legs; (b) the feet–ankles;
(c) the right arm–hand.

Preliminary observation of sample CB_01 (from flesh tone layer) under a digital
optical microscope (Figure 15) revealed the presence of a white preparatory layer on
which a pinkish-coloured pictorial layer, characterised by a darker pink thin film, has been
overlapped. Laterally on the fragment, fabric fibres were observed that could be traced
to the use of a canvas, applied in some areas of the sculptures, confirming the evidence
observed through X-ray images at high magnification.
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Figure 15. SEM analyses and digital light microscope observations of samples CB_01. EDX spectra
obtained from each layer: preparation (Layer 1); flesh tone pictorial layer (Layer 2); darker pink thin
film (Layer 3).

The described stratigraphy and the presence of canvas filaments were also documented
through SEM image and EDS analyses (Figure 16). The EDS spectra acquired on each three
layers document the following stratigraphic sequence, from the bottom: a preparation
layer (layer 1), consisting of calcium and sulphur (calcium sulphate) [24,29,31]; a middle
layer (layer 2), predominantly composed by Pb, attributable to lead white (lead carbonate,
(PbCO3)2·Pb(OH)2) [26]; and a surface layer (layer 3), applied to make the pinkish layering
tone, consisting of iron oxide pigments, clay minerals, and probably red lacquer, suggested
by the presence of potassium (a chemical element that could be related to the mordant for
the red lake) [12,31,32].

Preliminary observations by using a digital optical microscope and SEM of CB_02
sample document that the micro-fragment (from a drop of blood in the ribcage) consists
of a homogenous matrix (Figure 16). In particular, the SEM image reveals the presence
of radiopaque grains of pigment, and the EDS spectra acquired on these irregular grains
detected mercury and sulphur, attributable to the use of cinnabar/vermilion [33,34] and
aluminium and sulphur, which can be correlated to a possible use of a mordant in the
production of red lake [35,36]. These chromophores (cinnabar/vermilion and red lake) are
immersed in an organic matrix that was probably used to three-dimensionally mould the
blood drops [37,38].

The xylotomic investigation for identifying the wood species [39] was performed
on sample BC_03, from the hair corresponding to a lacuna). The optical microscope
observation was carried out in three cross sections: transverse, tangential longitudinal, and
radial longitudinal (Figure 17).

14



Heritage 2025, 8, 516

 
Figure 16. Digital optical microscope observations and SEM images of samples CB_02. EDX spectra
obtained on radiopaque pigment and radiolucent dyes grains, added in the organic matrix.

 

Figure 17. Light microscope images of three cross sections obtained from sample CB_03 and charac-
teristic of the identified wood genus: (a) transverse; (b) tangential; (c,d) radial sections. Dimension of
observed area is 50 μm.

Schweingruber’s keys [40,41] were used for identification: based on the observed
typical feature set, the sample is attributable to maple wood (Acer sp.), a genus represented
by several species that are difficult to distinguish microscopically, especially in the case of
small fragments. Maple is a suitable wood for carving, although its use in ancient wooden
sculpture is poorly documented [42,43].

3.3. Crucified Christ from the Church of San Salvatore from Gangi (Palermo)

The preliminary inspection by cover meter indicated the presence of metallic nails or
pins in the right knee, loincloth knot, head, lower part/neck, and abdomen. Radiographic
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investigations aimed at understanding the construction technique had limitations due to
the high radiopacity of the pictorial materials or the overlapping of more pictorial layers
that homogeneously covered the entire wooden surface.

Despite this restraint, information on the interconnection systems between the different
carved wooden portions was deduced. The RX projections performed for the head and
right shoulder (Figure 18a,b) showed how the anchorage of the head to the main trunk
was made by three long nails documented at the base of the nape (Figure 18a,b). A more
radiopaque straight line at the base of the head is observed on radiography. The areas of
high radiopacity present on the upper portion of the head, particularly along the right side,
can be interpreted as fillings (Figure 18c).

  
(a) (b) 

 
(c) (d) 

Figure 18. X-ray images of Christ Crucified from Gangi: (a,b) head and part of the right shoulder;
(c) neck and left shoulder; (d) loincloth.

At the level of the shoulders (Figure 18c), no metallic elements are found. The high
radiopacity of the surface pictorial layers does not allow one to clearly observe the wooden
volume, but the pattern of the surface cracks in the pictorial surface allowed us to hypothe-
sise a mortise–tenons system, fixed by means of dowels (or pins), for the junctions of the
arms to the main trunk. There is a longitudinal–radial shrinkage crack, running from the
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neck to the navel, that confirms the use of a single trunk to carve the body of the Christ,
excluding the head and arms.

The lower part of the torso is not directly visible due to the high radiopacity of the
pictorial layer. Instead, the thin surface fracture lines (Figure 18d) affect the pictorial layers
and, finally, the lacunae in the underlying pictorial layer and allow documentation of the
past conservation state of the sculpture. It seems highly probable that the longitudinal
crack at the level of the navel (Figure 18d) was already present in the past and partially
reinforced with the two small nails.

In correspondence with the loincloth, a greater radiolucency can be observed
(Figure 18d) due to the absence of the lead white pictorial layer. In this portion, thanks to
the low radiopacity, the good state of preservation of the wooden support and the absence
of degradation attributable to xylophagous insects were confirmed.

The different response in X-ray of the right side of the loincloth and the high number
of nails observed at the knot, (Figure 18d), which do not coincide with the other cases,
confirms that this portion was affected by the remaking of the entire wooden volume
and not only by a superficial pictorial integration. The two small aligned metal elements
revealed in the right knee (Figure 19a) are interpreted as anchoring pins for the dowel
that was used for the volume construction. The radiographic investigation of the feet and
ankles (Figure 19b) verified the absence of metal nails or pins, and the high radiopacity
of the pictorial layer (whose lacunae and fractures are well-followed) does not allow us
to visualise the perimeter of the junction system used for the attachment of the feet to
the legs. Similar observations were carried out for the hands and wrists of this Christ
(Figure 19c); only a thin metal wire used to anchor the fragment of a finger can be observed.
It worth noting that the thick drops of blood appear radiopaque, deducing that cinnabar or
lead-based mixtures were not added to the organic matrix, as revealed in the Cutro and the
Bisignano Crucifixes.

  
(a) (b) (c) 

Figure 19. X-ray images of Christ Crucified from Bisignano: (a) the knees and legs; (b) the feet–ankles;
(c) the left arm–hand.

For an immediate and preliminary inspection of the pictorial surface and subsequent
assessment of the areas affected by retouching or pictorial integration, an observation of
the entire artwork was carried out under 365 nm UV LED. This investigation was also
fundamental for assessing the areas to be investigated under X-ray fluorescence to study
the historical pictorial layers overlapped over time. Observation under UV light provided
an initial mapping and differentiation of the protective or consolidating materials applied
to the surfaces (Figure 20).
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Figure 20. Visible fluorescence under UV LED observation of the pictorial surfaces of Christ Crucified
of Gangi, before the restoration works.

On the right side of the body and on the lateral portion of the loincloth, the inhomo-
geneity of the visible fluorescence behaviour can be attributed to residues of the previous
aged protective varnish that had not been completely removed [18,19]. The gilding layers
of loincloth with floral decoration showed no evidence of repainting, but the unevenness
found is due to the presence of an unevenly applied protective coating that can be localised
by its bluish fluorescence response [20]. In some areas, a yellow–orange fluorescence
indicating the presence of an organic material (probably shellac) [17], which appears more
unevenly on the face and torso of Christ, was observed.

Discontinuity in the superficial pictorial layer was more clearly identified due to the
different response under UV LED of the darker underlying layer of the flesh tone [21]. The
beard was also affected by repainting; in fact, a darker colouring was observed along the
edge that was not affected by the older layer of varnish, distinguishable by the yellowish
fluorescence [22]. On the back, in particular, the absence of fluorescence of the repainting is
evident, which highlights the path of the fractures generated at the joints in the shoulders
and the longitudinal crack of the central part of the torso (also observed in X-ray) [18].

Finally, four surface areas were analysed by an X-ray fluorescence spectrometer to
identify the pictorial layers’ composition. The chemical analysis aimed to preliminarily
qualitatively characterise the complex superimposition of the pictorial layers applied over
time, observed by means of a digital optical microscope in correspondence with falls or
lacunas of upper layers (Figure 21).

Above the preparation, at least three layers were identified (Figure 21): (1) the first
constitutes a probable imprimitura; (2,3) the other two layers are related to layers of flesh
tone juxtaposed over time to adapt to the artistic and cultural style typical of Fra’ Umile
(repainting, dated back to 1656) and to compensate for extensive colour losses in the first
layer, as revealed by the RX images. The XRF analyses performed on the three selected
areas in correspondence with the pictorial layers identified the presence of historically used
pigments and excluded the presence of modern synthetic pigments.
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Figure 21. Vis and UV optical microscopic details of the performed XRF analysis with corresponding
XRF spectra of the identified layers and pigments, from left: 1, preparation/imprimitura; 2. original
pictorial layer; 3. historical repainting layer (1656).

Lead white and iron oxide pigments (ochres or earths) have been identified both in the
underlying layers and in the more superficial pictorial layers. In the red layer of the oldest
pictorial layer, localised at a lacuna of the surface layer of the foot, the use of lead white and
ochres or earths and a low amount of cinnabar/vermilion were identified (Figure 22). In
this case, the xylotomic investigation was not carried out, as no samples were authorised.

 

Figure 22. Red pigments localised on the oldest pictorial layer, for which the use of red lead-based
pigment has been suggested by high XRF signal intensity of lead.
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4. Discussion

All three Crucifix sculptures have been involved in a systematic RX diagnostic imag-
ing investigation. Although the artworks are similar, some technical and conservative
differences have been clearly documented. Firstly, with regard to the presence of metal
elements, the Christ Crucified in Cutro and the one in Bisignano show a concentration of
metallic elements mainly between the head and neck. In the Crucifix in Gangi, in addition
to the presence of metal elements such as nails between the head and neck, metal elements
were also observed on the right knee, abdomen, and loincloth knot, the latter applied
during a previous restoration. From the point of view of the characteristics revealed by
the X-ray images, distinctive details emerge in each sculpture. In the Crucifix from Cutro,
for example, one can clearly see the nails used to fix the head to the bust and small nails
used to fasten the crown of thorns; in addition, the anchoring of the arms was carried
out without metal joints but with a tenons–mortise system and pins. The entire sculpture,
with the exception of the head and arms, was carved by using a single wooden trunk.
These construction characteristics can also be found in the Crucifix in Bisignano. In both
cases, Cutro and Bisignano, the rectangular cavity present in the central part of the torso
along the entire length was revealed. This evidence agrees with what is reported in the
literature [4–6]. Most of the statues, indeed, are made of a single stem, excavated on
the back of the statue in order to prevent the opening of the shrinkage cracks, and all
the components of the figure that cannot be included on the projection of the stem are
carved on external wooden parts, jointed with mechanical connections, strengthened by
organic glue.

The presence of a canvas (an incamottatura to reduce the movement of the wood along
the joints) along the left arm of Crucifix in Bisignano, constitutes a different technical choice
from that of Cutro.

In the Crucifix in Gangi, radiographic investigations aimed at understanding the
construction technique showed limitations due to the high radiopacity of the double lead-
based pictorial layers covering the entire wooden surface. However, some distinctive
details emerged, such as the radiopaque stucco integration on the head, face, and loincloth,
indicating probable restorations over time after its creation.

For this Crucifix, the anchoring system of the arms via the tenon–mortise system and
of the reclining head carved separately and fixed to the trunk via nails remain the same as
the two previous cases. However, the rectangular cavity in the trunk was not revealed in
the Gangi Crucifix, and the absence of this technical solution in fact caused the formation
of shrinkage fractures, highlighted on the x-ray images.

From a conservation point of view, all three artworks show a good general conser-
vation state, with little evidence of xylophagous insect damage and limited lacunae or
abrasions of the pictorial layers. Thanks to the wooden samples analyses, in two cases, it
was possible to identify the type of wood used in the production of the sculpture or part of
this. For the Cutro Crucifix, the use of poplar (Populus) was identified by morphological
SEM images, while for the Bisignano Crucifix, the use of maple wood (Acer sp.) was
identified by cross-sectional optical microscope observation. The former appears more
commonly used than the latter in the 16th and 17th century wood sculpture production. It
should be noted that the identification of the wood species relates to the head of the cruci-
fixes investigated; the impossibility of systematic sampling does not allow for a complete
identification of any different genus used for carving the arms and the main trunk.

In the case of Bisignano, however, it was hypothesised, on the basis of the continuous
trend and the same density of the fibres observed in RX, that the head was obtained from
part of the same trunk.
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In order to fully understand the differences and similarities of the painting techniques
used in the three crucifixes, SEM-EDS investigation and X-ray fluorescence analyses, where
sampling was not permitted, were carried out. The SEM-EDS analyses performed on the
Cutro Crucifix allowed us to identify the use of traditional historical pigments, such as
lead white, cinnabar/vermilion, and minium or litharge. These pigments were found
in the flesh tones and blood drippings. Similarly, analyses carried out on the Crucified
Christ in Bisignano confirmed the use of these pigments, and iron oxide pigments have also
been hypothesised [31,44]. Both crucifixes show a similar stratigraphic sequence, with a
preparation layer consisting of calcium sulphate (gypsum) [29]. Analyses carried out on the
Crucified Christ in Gangi by X-ray fluorescence investigation also revealed the following
pigments: lead white and iron oxide pigments were identified for the flesh tone layers.
For all three artworks, the use of cinnabar/vermilion mixed with minium or litharge with
red lake in the organic matrix appears likely in the blood areas [17]. Table 1 shows the
main identified chemical elements found in the three works with the identification hy-
pothesis of the preparation layer and the probable pigments used for the embodiment and
blood drops.

Table 1. Main results obtained through elemental analysis on the three crucifixes analysed.

Artwork Sample Colour
Identified
Elements

Preparation Layer Identified Pigments

Crucified Christ from
Santissimo Crocifisso

Church at Cutro
(Calabria)

CC_01 Flesh tone Ca, S, Hg, Si Calcium sulphate cinnabar/vermilion

CC_02 Flesh tone Ca, S, Pb, Hg, Si, Al Calcium sulphate and
lead white

cinnabar/vermilion; earth; lead white;
litharge

CC_03 Blood
Dark red Ca, S, Pb, Hg, P, Si, Al, Mg, K Calcium sulphate cinnabar/vermilion, earth; lead white;

minium; shellac; litharge

Crucified Christ from
Sanctuary of Sant’Umile
da Bisignano (Calabria)

CB_01 Flesh tone Ca, S, Pb, Si, Al, K, Mg, Fe Calcium sulphate and
lead white

cinnabar/vermilion; earth; lead white;
minium; shellac; litharge; pigment

CB_02 Blood
Dark red Hg, S; Al, Cl cinnabar/vermilion; shellac

Crucified Christ from
Saint Salvatore Church

at Gangi (Sicily)

3 points Flesh tone Pb, Fe, Ca Calcium sulphate lead white; ochre or earth pigments

1 point Blood
Dark red Pb, S, Hg, Fe, Ca - red lead; low amount of cinnabar/vermilion;

ochre or earth pigments

The similarities observed both in the polychrome (Table 1) and construction technique
of the wooden sculptures reflect an artistic and historical tradition typical of artworks
created in the period between the 16th and 17th centuries. Moreover, the observed similari-
ties support the attribution to the same artist or workshop. In fact, although some small
differences have been observed between the Calabrian works, whose attribution is known,
and the Sicilian one, whose attribution is uncertain, we can affirm that they are similar
in terms of the construction technique in terms of the number of pieces and the assembly
methods of the wooden statue and the composition and stratigraphy of the pictorial layers

5. Conclusions

The three wooden sculptures analysed, the Crucified Christ from Santissimo Crocifisso
Church at Cutro (Calabria), the Crucified Christ from the Sanctuary of Sant’Umile da
Bisignano (Calabria), and the Crucified Christ from Saint Salvatore Church at Gangi (Sicilia),
revealed interesting similarities thanks to the analyses conducted using a digital direct
radiography imaging, SEM-EDX, and X-ray fluorescence analyses. The investigations
showed similar construction techniques and pictorial materials for the three sculptures,
supporting the hypothesis of a chronological coincidence and attribution to the same
workshop based on stylistic analyses and historical archival documents. The similarities in
construction and artistic techniques reflect an artistic tradition of the 16th and 17th centuries.
These observations support the attribution of the artworks to Fra’ Umile da Petralia, and
regarding that of Gangi, to his workshop and successors relating to the pictorial materials
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and artistic technique used for the stylistic adaptation entrusted to Fra Umile’s successors
testified to in an archive document from 1656.

This preliminary study highlights the importance of systematic research into the ma-
terials and construction solutions of wooden crucifixes in Southern Italy, not yet widely
available to the scientific community, which could contribute to the correct identification
and differentiation of the active artists and their workshops. Starting from the study of
works of art of certain attribution, as in this case, the systematic collection of technical
knowledge on the pictorial technique, the carving and construction techniques, the assem-
bling, the woods selected for the different parts of the statue, and those used in the different
geographical areas, would enable a set of knowledge and data to support attributions even
on scientific bases and not only on artistic–stylistic criteria often influenced by the difficult
reading of the original models and surfaces altered by numerous overlaps and restorations.
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Abstract

In this study, we present the dating results of an ancient kiln excavated near Ceva (Northern
Italy) obtained through combined archaeomagnetic and thermoluminescence approaches.
For archaeomagnetic dating, the full geomagnetic field vector (both direction and intensity)
was determined. The archaeomagnetic direction was defined through stepwise alternating
field demagnetization of in situ-oriented samples of baked clay, and the archaeointensity
value was obtained through the Thellier–Coe protocol, including corrections for magnetic
anisotropy and cooling rate effects. Thermoluminescence analyses were obtained individu-
ally on three samples, using the conventional multiple-aliquot, additive dose procedure.
Archaeomagnetic dating was carried out twice, once using the directional results only
and once using the full geomagnetic field vector. The independent dating provided by
the thermoluminescence analysis was used for comparison, examining the added value
of incorporating archaeointensity measurements alongside directional data. The new ar-
chaeomagnetic and thermoluminescence results were integrated with previously available
radiocarbon dating, using Bayesian modeling for chronological reconstructions. Our results
show that the use of archaeointensity in archaeomagnetic dating can be advantageous,
better refining the dating. This multidisciplinary strategy underscores the significance
of cross-dating in establishing robust chronological frameworks and highlights the cru-
cial role of transdisciplinary methodologies in advancing and refining dating techniques
in archaeology.

Keywords: archaeomagnetic dating; thermoluminescence; ancient kiln; combining
chronologies; cross-dating

1. Introduction

Dating plays a crucial role in archaeology, particularly when historical records or age-
diagnostic artifacts are absent. In such cases, laboratory-based scientific dating techniques
become essential. Archaeological research has long benefited from a wide array of these
methods, especially from the mid-20th century onwards, following World War II, when
rapid advancements in physics and technology significantly improved the experimental
protocols and the precision of such dating methods.
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Radiocarbon and thermoluminescence (TL) are among the most widely used and
well-established dating techniques in archaeology. These methods are particularly effective
for dating ancient combustion structures, where charcoal is often preserved, and where
high-temperature processes reset the TL signal to zero. Archaeomagnetic dating, though
less widely known and relatively recent, has also shown strong potential in dating an-
cient kilns and has been successfully applied in the past [1,2]. While radiocarbon dating
estimates the age of charcoal, typically resulting from incomplete wood combustion, TL
and archaeomagnetic methods date the last firing of a structure, such as a kiln, effectively
dating the time of its final use [3,4]. Each of these techniques relies on the ability to precisely
measure a physical quantity that changes over time, and each one depends on a specific
event that sets a “time-clock” to zero.

Thermoluminescence is one of the most widely recognized and effective techniques
for dating heated or burnt materials [5–7]. TL dating determines the time elapsed since
crystalline minerals in a material were last heated to high temperatures, as occurs in
ceramics and combustion structures, or last exposed to sunlight, as in sediments or sun-
dried clays. Two physical quantities are essential for TL dating: the total accumulated
radiation dose over time, known as the paleodose or equivalent dose (ED, measured in
Gy), and the annual dose rate (DR, measured in Gy/ka or mGy/a), which reflects the rate
of energy accumulation. The age of the sample is calculated by dividing the paleodose by
the annual dose rate.

Archaeomagnetic dating, on the other hand, is based on the property of certain
minerals to acquire remanent magnetization when heated, recording the Earth’s magnetic
field at the time of their last firing [4]. These magnetic signatures, preserved in rocks,
clays, and soils, and often in archaeological ceramics and baked clays, can be analyzed
to reconstruct the geomagnetic field’s direction and/or intensity at the time of heating.
Archaeomagnetic dating is obtained by comparing this magnetic information with reference
to secular variation (SV) curves that document changes in the Earth’s magnetic field over
time. This technique has been considerably refined in recent decades, with the development
of high-resolution SV curves for several countries, and the establishment of geomagnetic
field models at both regional and global scales. Most archaeomagnetic studies focus on
in situ fired features, such as kilns, ovens, hearths, furnaces, and burnt floors, typically
using the geomagnetic direction. However, applications based on geomagnetic intensity or
the full field vector remain relatively rare [8–10], mainly due to the complexity and low
success rate of archaeointensity experiments and the limited availability of reliable intensity
SV curves.

In recent years, archaeomagnetic dating has become a valuable tool not only when
traditional dating methods are unavailable or unsuitable but also because it allows for
the direct dating of the structure itself, rather than associated materials. Notably, both TL
and archaeomagnetic dating aim to date the same event: the last high-temperature firing
of the artifact or structure. In contrast, radiocarbon dating targets the age of the wood
from which the charcoal was formed, i.e., the time of tree cutting, which may not coincide
exactly with the last use of an ancient combustion structure. Each technique, however, has
its specific advantages and limitations, influenced by factors such as material availability,
sample characteristics, preservation conditions, and the chronological range. When feasible,
comparing and combining the results obtained from independent dating methods yields
undoubtedly a more precise and robust chronological framework [11–14].

In this study, we present a cross-dating analysis of an ancient kiln excavated in
Ceva, Northern Italy, by integrating new archaeomagnetic and thermoluminescence dating
results with one previously obtained radiocarbon date and archaeological evidence. The
inclusion of independent TL dating allowed us to evaluate the added value of incorporating
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archaeointensity data into archaeomagnetic analyses, alongside directional information. To
our knowledge, this is the first study to successfully combine three entirely independent
laboratory dating techniques applied to material from the same combustion structure.
Our findings emphasize not only the benefits of cross-dating for establishing reliable
chronological results but also the vital role of interdisciplinary approaches in enhancing
dating methodologies.

2. Materials and Methods

2.1. Archaeological Site and Sampling

During the construction of a new rest area along the A6 Torino–Savona highway
in Ceva (CN), in the locality of Mollere (44.37◦ N, 8.05◦ E), the remains of an ancient
production site were identified approximately 0.6 m below ground level. The archaeological
excavation, conducted by F.T. Studio s.r.l. under the direction of the Soprintendenza ABAP-
AL (Ministry of Culture), revealed a complex comprising a rectangular kiln and a small
service room with a square plan and a pebble foundation [15]. The kiln remains allowed
for the identification of a combustion chamber (measuring 12.4 m in length and 4.3 m in
width) and a praefurnium (measuring 4 m in length and 1–1.9 m in width), both carved into
the natural clay layer of the hillside. The combustion chamber was divided longitudinally
into two corridors by a central septum. A set of five pillars, which originally supported as
many arches, is still visible (Figure 1a). The perforated baking floor, most likely resting on
these arches, was not preserved, although some collapsed fragments were found within
the kiln. The praefurnium, located north of the combustion chamber, had a funnel shape
and a lowered canopy cover. Abundant charcoal remains, likely from the last firing, were
discovered on the highly heat-altered, bluish-gray kiln floor. The kiln was excavated
and shaped directly in the unfired clay, as evidenced by visible finger impressions left
by its builders along the walls. Structural solidity was achieved through heat-induced
hardening. The characteristics of the structure correspond to a typology used in the Italic
region during the Roman era, dating back to the Republican period (V–I century BC) [16],
type II c. Unfortunately, only seven non-diagnostic sherds of coarse pottery were found
within the destruction layers: the presence of traces of pitch inside some of them may be
linked to a ceramic typology attested in the area between the Late Iron Age (“Ligurian III
C”, 250–125 BC) [17] and the beginning of Roman penetration in this part of Piedmont (II–I
century BC) [18]. In the same layer of destruction that filled the kiln combustion chamber, a
bronze coin was also found. Although illegible, the weight and dimensions of the coin are
probably attributable to a semi-uncial republican triens, minted between 91 and 82 BC or,
alternatively, to non-Roman issues that can be dated between 130 and 90 BC [15]. Therefore,
based on the general production context, the kiln can be archaeologically attributed to the
late Republican period: the site bears witness to the presence of a Roman settlement along a
communication route that connected the inland areas of Piedmont with the Ligurian coast
at Vada Sabatia (modern-day Vado-Savona), a likely southern branch of the Via Fulvia,
constructed around 125 BC [19].

For this study, a total of 22 samples of baked clay were collected: 17 from the main
combustion chamber and 5 from the praefurnium. To be able to use the samples for archaeo-
magnetic directional analysis, all samples were oriented in situ with both a magnetic and
a solar compass and an inclinometer. Sampling was performed either with the plaster of
Paris, used to create a flat orientation surface, or with gluing small plastic disks on the
baked clay (Figure 1b,c). Three of these samples were used for TL analysis. One charcoal
sample was also extracted from the praefurnium (US29) and used for radiocarbon dating at
the CEDAD Laboratory in Lecce, Italy.
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Figure 1. (a) View of the investigated kiln at Ceva, località Mollere, with the position of the inves-
tigated samples (white dots: archaeomagnetic samples; red stars: TL samples; orange diamond:
radiocarbon sample); (b) oriented samples collected for archaeomagnetic research with the use of
plaster of Paris; (c) oriented samples with plastic disc.

2.2. Archaeomagnetic Analysis

Archaeomagnetic analyses were conducted at the ALP-CIMaN Palaeomagnetic Lab-
oratory in Peveragno, Italy. The magnetic mineralogy of representative samples was
examined using isothermal remanent magnetization (IRM) acquisition curves, obtained
with an ASC pulse magnetizer, which applied IRM at increasing magnetic fields up to 1 T.
A JR6 spinner magnetometer (AGICO) was used to measure the remanent magnetization
after each IRM step.

The archaeomagnetic direction was determined through stepwise alternating field
demagnetization, performed up to a peak field of 100–120 mT using a D2000 demagnetizer
(ASC Scientific, Narragansett, RI, USA). The demagnetization results were plotted on
orthogonal projection diagrams [20], and the direction of the Characteristic Remanent
Magnetization (ChRM) for each sample was calculated using principal component analysis
with Remasoft 3.0 software [21].

Archaeointensity was assessed using the classical Thellier method, as modified by
Coe [22,23]. Samples were subjected to multiple zero-field and in-field heating and cooling
steps in aTD-48 furnace (ASC Scientific, USA), up to a maximum temperature of 500–530 ◦C.
During the in-field steps, a laboratory field of 60 μT was applied during both heating and
cooling. To monitor potential mineralogical alterations, additional partial thermoremanent
magnetization (pTRM) checks were performed every two experimental temperature steps.
The effect of magnetic anisotropy on the thermoremanent magnetization (ATRM) was also
investigated through the acquisition of six additional TRM in six different directions (+x,
−x, +y, −y, +z, −z) in order to define the ATRM tensor. Finally, the cooling rate dependence
of TRM acquisition was estimated by applying three additional in-field heating steps: one
with rapid cooling time of around 45 min, one with slow cooling time of around 6 h, and
one more with rapid cooling time of around 45 min. From these three steps, we obtained
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the correction factor for the effect of cooling rate upon TRM intensity, and the alteration
factor used to estimate changes in the TRM acquisition capacity of the specimens during the
cooling rate protocol. Archaeointensity results were plotted in Arai diagrams and analyzed
using the Thellier Tool v.4.22 software [24].

2.3. Thermoluminescence Analysis

TL analyses were carried out at the Nuclear Physics Laboratory of the Physics Depart-
ment, Aristotle University of Thessaloniki, Greece. ED was calculated using the multigrain,
multiple-aliquot, additive dose thermoluminescence procedure (MAAD TL), as described
in [5,7,25]. Handling and pretreatment of the samples were performed in subdued red-light
conditions. Grains of dimensions within the range between 4 and 12 μm were suspended
in acetone and finally precipitated onto 1 cm diameter aluminum discs according to [26].
The chemical protocol suggested by [27] was applied, following mechanical treatment. A
5% water content was used for the calculation of the dose rate.

All TL measurements were performed by means of a Littlemore-type 711 setup, with
a PM tube (EMI 9635QA bialkali; Sb K-Cs), a thermocouple-type 90/10 Ni/Cr and 97/03
Ni/Al, and a heat filter transmitting in the 320–440 nm range. In all cases, for beta doses,
a 90Sr/90Y beta source delivering 1.72 Gy/min at the sample position was used. All TL
measurements were performed in a nitrogen atmosphere up to a maximum temperature of
500 ◦C at a constant heating rate of 2 ◦C/s. Three different additive doses were used, namely,
7, 14, and 20 Gy. Only linear fittings were used in the present approach. Equivalent doses
were calculated with 1σ error values. Errors were mainly derived from the uncertainties in
curve fitting and were calculated by standard error propagation analysis.

The annual dose rate was calculated based on the decay rates of naturally occurring
radionuclides inside the clay matrix, namely, potassium (40K), thorium (232Th), and natural
uranium (235U and 238U), along with cosmic rays. Uranium and thorium concentrations (in
units of parts per million, ppm) were estimated using thick source alpha counting [28,29],
while the potassium concentration (in %) by using Scanning Electron Microscopy coupled
with Energy Dispersion X-ray (SEM-EDX) analysis [30]. Dose-rate calculations were made
using the conversion factors of [31]. Only the clay matrix was measured for the dose
rate calculations.

3. Results

3.1. Direction and Archaeointensity Determination

Magnetic mineralogy investigated through stepwise IRM curves shows the presence
of low coercivity minerals, most probably magnetite and/or Ti-magnetite, together with a
contribution of high-coercivity minerals, most probably hematite. These results are further
confirmed by the intensity decay curves obtained through stepwise AF demagnetization,
which show that about 70 to 80% of the Natural Remanent Magnetization (NRM) is canceled
at applied fields of 100 mT, while in some cases (e.g., sample 19) an important portion
of the NRM is not demagnetized (Figure 2a,b). In general, almost all samples show a
very stable and easily isolated ChRM, with linear and well-defined Zijdelveld diagrams
(Figure 2c). The mean ChRM direction, calculated from 18 independently oriented samples,
is D = 359.1◦ I = 64.4 ◦, alpha-95 = 2.5◦, and precision parameter k = 192 (Figure 2d).

Archaeointensity results show generally well-defined and linear Arai plots, with
successful pTRM checks (Figure 3). From the 17 specimens investigated, coming from
6 independent samples (generally three specimens per sample were investigated), 15 gave
successful archaeointensity determinations. Archaeointensity values at the specimen level
were accepted only when the linear segment in the Arai plots was defined by more than
four points (N > 6), quality parameter q was higher than five (generally q > 15), and
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no clear magnetomineralogical alteration was observed. All results were corrected for
anisotropy and cooling-rate effects. The application of these corrections resulted in a
reduction in the initial archaeointensity value by approximately 10%, underscoring their
significance in ensuring the reliability and accuracy of archaeointensity determinations.
The final mean archaeointensity value for the kiln calculated after the cooling rate and
anisotropy corrections, based on the mean values of the six independently collected samples,
is F = 61.6 ± 3.7 μT. The detailed archaeointensity results, at both specimen and sample
levels, are given in the Supplementary Materials (Table S1).

Figure 2. Archaeomagnetic results: (a) IRM acquisition curves and (b) intensity decay curves for
representative samples; (c) stepwise AF demagnetization results represented in Zijderveld diagram;
(d) equal area projection of the ChRM direction of the investigated samples. The pink dot illustrates
the mean direction calculated for the kiln.

Figure 3. Archaeointensity results obtained for representative samples and represented in NRM-TRM
diagrams, known as Arai plots. Diagrams are normalized to the initial NRM intensity. During the
archaeointensity experiments, regular pTRM checks were performed (triangles in the Arai plots).

3.2. Archaeomagnetic Dating

Archaeomagnetic dating of the last firing of the Ceva kiln was obtained using the
ArchaeoPyDating tool [32], which is an online, open-access web-based interface that allows
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the comparison of the experimentally determined directional and intensity values from the
investigated material with a reference SV curve available for a certain geographical area. In
this study, we calculated a temporal probability density separately for each geomagnetic
field element (declination, inclination, and intensity), after comparison with the most
recently published Italian secular variation curve [33], calculated at the locality of Viterbo
(Figure 4a). Archaeomagnetic dating was conducted twice: first using only directional
data, and then using the full geomagnetic vector (combining both direction and intensity).
Comparison of the directional data with the Italian SV curves [33] yielded two possible age
intervals at a 95% probability level: 435–370 BC and 260 BC–35 AD (Figure 4b–d). Based on
the stratigraphy and the available archaeological evidence, which suggests a late Republican
period for the findings, the earlier interval can be confidently excluded, suggesting that
the final firing of the Ceva kiln most likely occurred between 260 BC and 35 AD. Dating
was then repeated for a second time, this time incorporating the full geomagnetic vector
(direction and intensity). This yielded a better constrained chronological range, placing the
last use of the kiln in a very narrow and well-defined time interval, between 115 BC and
45 AD (35 BC ± 80) (Figure 4e–h).

Figure 4. Archaeomagnetic dating results obtained after comparison with the Italian SV curves
(Tema and Lanos, 2021) [33]: (a) Location of the Ceva kiln (blue dot) and origin coordinates of the
Italian reference curve (Viterbo, yellow star); (b,c) Comparison of the declination and inclination
values (in green) with the declination and inclination reference SV curves (in red), respectively. Bands
represent the uncertainties of the laboratory measurements and the curves; (d) combined declination
and inclination probability densities (from (b,c)), representing the final dating result based on the
directional data; (e,f) same as (b,c); (g) comparison of the intensity value with the intensity reference
curve; (h) combined directional and intensity probability densities (from (e–g)), representing the
final dating result based on the full geomagnetic field vector (direction and intensity). See text for
further details.
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3.3. Thermoluminescence Dating

TL results for the three independent samples are reported in Table 1. TL glow curves
and a typical plot of ED against glow curve temperature for representative samples are
shown in Figure 5. In all cases, ED plateaus are wide enough, over 105 ◦C wide (Figure 5a
and Table 1). Linearity was established using the slope curve S over the entire TL glow
curve temperature region [25], as clearly seen in both insets of Figure 5b. The equivalent
doses were obtained as the mean values of the best plateaus for each sample. The calculated
ages for the three samples investigated are very consistent among each other, providing
an average age of 137 BC to 181 AD, at 95% probability. Insignificant fading (<1%) was
detected over a period of one month.

Table 1. Summary of the TL dating results for the three samples investigated. Error values are within
1σ level for all values except the TL ages, which are presented within 2σ error level.

Sample U (ppm) 232Th (ppm) 40K (%) ED (Gy) ΔT (◦C) DR (Gy/ka)
TL Age

(ka)
TL Age
(yrs BC)

CE2 7.01 ± 0.10 11.14 ± 0.19 0.89 ± 0.05 7.93 ± 0.33 125 ± 2 3.736 ± 0.257 2.120 ± 0.203 98 ± 203

CE5 7.44 ± 0.11 12.18 ± 0.15 0.95 ± 0.06 8.36 ± 0.32 108 ± 2 3.989 ± 0.231 2.095 ± 0.198 71 ± 198

CE20 7.22 ± 0.11 11.44 ± 0.13 0.97 ± 0.05 8.04 ± 0.29 114 ± 2 3.893 ± 0.212 2.066 ± 0.206 41 ± 206

Figure 5. Thermoluminescence results: (a) TL glow curves related to the TL age calculation for the
sample CE5. The additive doses delivered were 7, 15, and 20 Gy. Reheats have been subtracted. Each
glow curve plotted is the average of three individually measured glow curves. (b) The equivalent
dose plotted vs. temperature for the sample CE2. Solid line indicates the best ED plateau. Upper
inset presents a representative NTL + β (filled points) dose response curve for the temperature of
300 ◦C. The arrow shows the equivalent dose. Lower inset presents the linearity curve S throughout
the entire TL glow curve temperature regions for all three additive doses.

4. Discussion and Conclusions

One of the unique strengths of comparing TL and archaeomagnetic dating results lies
in their ability to independently date the same physical event, which corresponds to the last
high-temperature firing of a structure or object. This overlap is especially valuable in fired
archaeological structures, such as the kiln investigated in our study, where materials have
been repeatedly heated at high temperatures during the continuous kiln’s use. In such cases,
comparing results from these two methods offers several key advantages for refining and
validating chronological interpretations, while at the same time, multidisciplinary dating
cross-checking strongly contributes to overcoming the specific technical and methodological
limitations related to each single dating technique.

Like all dating techniques, TL has specific limitations mainly related to the sensitivity
to environmental radiation and to the relatively high uncertainty of the final result. Accurate
dose rate estimation requires detailed knowledge of the surrounding soil’s radioactivity
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over time, which may not always be possible, while clay matrix inhomogeneity induced
by repeated heatings can result in age overestimations [14]. Another possible error source
could be the leaching of the potassium content [34]. On the other hand, archaeomagnetic
dating is importantly limited by the availability and resolution of well-constrained reference
SV curves, which are more developed in some parts of the world than others, and better
detailed for some chronological periods than others [35]. Moreover, determining the
direction of the past geomagnetic field requires that the material is still found in situ
(at the exact position it was heated for the last time), while laboratory archaeointensity
determination procedures are complicated and time-consuming, with often a low success
rate. Post-depositional movements or re-heating of the material can alter the magnetic
signal, complicating interpretations.

In this perspective, and given the individual limitations of each method, integrating
multiple dating approaches as proposed in this study, undoubtedly enhances chronological
precision and confidence, while at the same time, such cross-checking offers the opportunity
to test and improve the single techniques. In the case of the Ceva kiln, apart from the
new TL and archaeomagnetic data presented here, radiocarbon analysis was previously
carried out on one charcoal sample (LTL21346) collected from the stratigraphic level US29
from the praefurnium of the kiln. Since this charcoal-rich layer lies immediately beneath
the remains of the destruction of the praefurnium covering, it is likely that it consists of
the combustion remains of the last firing. Sample preparation and measurements were
performed at the CEDAD Laboratory in Lecce (Centro di Datazione e Diagnostica), and the
radiocarbon dating was obtained using the accelerator mass spectroscopy (AMS) technique.
The result was corrected for δ13C [36] and calibrated to calendar age [37], using the
OxCal3.10 software (the uncalibrated age is 2134 ± 45 BP). According to the report, the
calibrated radiocarbon age of the sample calculated at 95% of probability is 355 BC–279
BC (19.9%) and 232 BC–42 BC (75.5%) (CEDAD Technical report, 2021: Rif. CEDAD:
2021_00116, see Supplementary Materials Table S2). Thanks to this radiocarbon result, the
Ceva kiln represents a unique case study so far in the literature, giving the possibility to
directly cross-check three of the most widely used dating techniques in archaeology: TL,
archaeomagnetism, and radiocarbon.

Our new TL and archaeomagnetic results show exceptionally good agreement. Based
on the TL dating, the last heating of the kiln occurred within the time range between 137 BC
to 181 AD (22 ± 159 AD) within a 95.4% confidence level (2σ). On the other hand, the
archaeomagnetic dating based on the directional results gives an age of 260 BC and 35 AD. It
is interesting to note that using the full geomagnetic field vector for archaeomagnetic dating
purposes (instead of direction only) further constrains the archaeomagnetic age at 115 BC to
45 AD, being in excellent agreement with the TL results. These results are also in agreement
with the radiocarbon date, even if radiocarbon suggests a slightly older age, most probably
due to the well-known old wood effect, taking into consideration that radiocarbon dates
the age of the investigated wood and not the time of the kiln’s abandonment.

Having this exceptional opportunity to have dating results involving three different
dating methods, we applied Bayesian modelling to integrate TL, archaeomagnetic, and
radiocarbon dates into a unique age. Analysis was performed using the ChronoModel
software v. 3.2.7 [38,39], which provides a robust Bayesian tool for chronology building
in order to estimate the date of a target event by a combination of individual dates of
various techniques obtained from archaeological materials, assuming the samples are
contemporaneous. ChronoModel is open-source and freely available [40], ensuring full
transparency, repeatability, and reproducibility of the analyses. Its calculations are based on
Markov Chain Monte Carlo (MCMC) numerical methods, providing a statistically sound
framework for estimating the timing of archaeological events.
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The comparison of all dating results confirms their very good agreement, while the
combined Bayesian analysis constrains the last use of the kiln to between 213 BC and 111 AD
at a 2σ confidence level (Figure 6). This interval is fully consistent with the archaeological
evidence and, although broader than those obtained from the individual techniques, it
provides a more reliable chronological framework and emphasizes the importance of
cross-checking dating methods in archaeology. Extremely narrow dating intervals are not
necessarily more reliable, particularly when derived from a single method, which may give
a misleading impression of precision.

Figure 6. Bayesian analysis combining the ages obtained by all applied techniques, namely, TL,
archaeomagnetism (AM), and radiocarbon (sample LTL 21346), using Chronomodel software. Red
lines correspond to the individual probability density calculated for each technique, while the red
areas present the most significant density in the framework of the combined analysis procedure. The
final combined interval at 95% of probability is reported at the upper part of the figure (indicated
with grey shadow).

Our study demonstrates that, although laboratory-based dating methods such as TL,
archaeomagnetism, and radiocarbon dating each have inherent limitations, their strategic
integration and cross-validation are essential for building robust archaeological chronolo-
gies. Moreover, the inclusion of archaeointensity measurements in archaeomagnetic dat-
ing proves particularly beneficial, as it helps to refine age estimates and achieve tightly
constrained results. Undoubtedly, integrative approaches not only compensate for the
limitations of individual techniques but also contribute to a more detailed and reliable
understanding of the archaeological record.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract

Isotopic analyses are useful tools with a wide range of applications, including environmen-
tal studies, archaeology and biomedicine. Founded in 2019 at the University of Campania
“Luigi Vanvitelli”, the iCONa laboratory specialises in stable isotope mass spectrometry,
with a particular focus on cultural heritage. The laboratory performs carbon, nitrogen
and oxygen isotopic analyses, including the most recent advances in compound-specific
stable isotope analysis of amino acids (CSIA-AAs). In addition to these analytical services,
iCONa provides chemical and physical sample preparation for a variety of sample types.
This paper focuses on our applications in the field of cultural heritage, exploring how the
analysis of stable isotopes performed on archaeological remains can be used to reconstruct
past subsistence strategies and human behaviours. We also discuss the challenges inherent
in isotopic analysis and recent methodological advances in the field.

Keywords: stable isotope analysis; cultural heritage; IRMS; compound-specific analysis;
dietary mixing models; elemental analysis; incremental dentine

1. Introduction

Isotopic techniques have become powerful and versatile tools across a wide range
of disciplines, including environmental and ecological sciences [1], archaeology [2], food
traceability [3,4], biomedicine [5] and forensic investigations [6,7]. At the core of these
applications lies the concept of isotopes, i.e., atoms of the same element which differ in
the number of neutrons inside their nucleus [8]. In stable isotope analysis, the isotopic
composition of an element is typically expressed as the ratio of its heavier to its lighter
isotope [9]. The “delta notation” (δ) expresses the relative difference in this ratio in a sample
compared to a defined standard, typically reported in parts per thousand (‰) [10].

A key advantage of isotopic analysis is its ability to differentiate between substances
that are chemically identical but originate from different sources, thereby enabling the
tracing of specific elements or molecules. The technique is also micro-destructive, requiring
only milligram or sub-milligram quantities of material, thus minimising sample loss.
This is especially relevant when analysing irreplaceable materials, such as archaeological
specimens [11–13].

In the framework of these relevant methodologies, the iCONa lab (“isotopic Carbon,
Oxygen and Nitrogen analysis laboratory”) was founded in 2019 within the Department of
Environmental, Biological and Pharmaceutical Sciences and Technologies at the University

Heritage 2025, 8, 296 https://doi.org/10.3390/heritage8080296
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of Campania “Luigi Vanvitelli”, with the primary function of performing stable isotope
mass spectrometry analysis, with applications principally in archaeometry, environmental,
food and biomedical fields. Moreover, the iCONa lab contributes to cultural heritage
research within the MAReA (Mediterranean bioArchaeological Research Advances) centre,
an inter-university laboratory that is jointly operated by Sapienza Università di Roma and
University of Campania “Luigi Vanvitelli”.

The first facilities installation took place in March 2019, with subsequent years wit-
nessing the incorporation of additional instrumentation. This expansion aimed to enable
the isotopic analysis of carbon (δ13C), nitrogen (δ15N) and oxygen (δ18O), as well as the
determination of carbon and nitrogen concentrations (%C and %N) across various sample
types, including solid, liquid and gaseous samples. A recent development has been the
expansion of a specific section dedicated to compound-specific analysis, with the result
that amino acids and lipids can now be measured.

In addition to the measurement of isotopic ratios, the laboratory provides a section of
physical-chemical sample preparation, with specific protocols developed depending on the
type of sample to be analysed. This allows organic and inorganic sample preparation also
for radiocarbon (14C) dating and strontium isotope analysis (87Sr/86Sr), being performed
in collaboration with external research centres.

In this paper, we explore our applications in the cultural heritage field, with specific
emphasis on stable isotope analysis conducted on archaeological remains, including human
and faunal skeletal samples, and charred botanical materials. This technique is widely
employed to investigate research questions concerning ancient subsistence strategies,
environmental conditions, mobility, animal management and agricultural practices of
past populations, allowing to shed light on sociocultural developments, trade networks
and adaptations to environmental changes [9,14].

However, isotopic analyses present inherent challenges and limitations that can com-
promise the reliability of the data. Challenges associated with sampling—including
representativeness, sample size, and ethical and scientific concerns—must be consid-
ered [12,15,16]. Standardising pretreatment protocols is also essential to minimise variabil-
ity and contamination, supported by detailed documentation of all chemical steps to ensure
methodological transparency and allowing for data reproducibility [17]. Moreover, data
interpretation can vary significantly depending on the scale of analysis, which should be
appropriately tailored according to the research question. Consequently, it is imperative to
address these issues to ensure the validity of the analytical results and data interpretation.

Here we provide an overview of our applications in the cultural heritage field, in-
cluding a description of the facilities utilised, the type of samples pretreatment and our
progression towards more advanced isotopic techniques. By highlighting these elements,
we aim to address the evolving methodologies that can enhance our understanding of past
human behaviours through stable isotope analysis, with a specific focus on the investigation
of past subsistence strategies.

2. Materials and Methods

2.1. Facilities

The laboratory is equipped with high-precision analytical instrumentation, all branded
Thermo Scientific (Bremen, Germany). An Isotope Ratio Mass Spectrometer (IRMS Delta
V Advantage, Thermo Fisher Scientific, Waltham, MA, USA) is used to measure isotopic
ratios, based on the principle of separations of ions with different masses, permitting the
measurement of their relative abundance [18]. The instrument is provided with a dual inlet
system for direct measurement of gaseous samples, while is connected through a Helium
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flow to peripherals for solid and liquid samples, each peripheral depending on the specific
isotopic ratio of interest.

For δ13C and δ15N analysis, an Elemental Analyser (Flash EA 1112 series, Thermo
Fisher Scientific, Waltham, MA, USA) allows the combustion of solid and liquid samples
at 1020 ◦C by means of O2 gas. Specifically, the samples are weighed in tin capsules,
with masses from 0.8 to 2 mg, according to the archaeological material to be processed,
and uploaded into an autosampler. After combustion, the gases produced from the bulk
samples undergo a red-ox reaction in a quartz tube, manually packed with specific reagents.
In particular, we use chromium oxide, silvered cobalt oxide and reduced copper wires,
separated by quartz wool. In this way, CO2 and N2 gases are obtained and subsequently
separated by a pre-packed chromatographic column, which operates at 60 ◦C. Before the
GC column, a filter is placed to remove water from the sample, filled with magnesium
perchlorate. The EA, standing alone, also enables the measurement of carbon and nitro-
gen concentrations, by means of a Thermal Conductivity Detector (TCD, Thermo Fisher
Scientific, Waltham, MA, USA).

For δ18O analysis, the peripheral used is a Thermo Chemical Elemental Analyzer (TC-
EA, Thermo Fisher Scientific, Waltham, MA, USA), where pyrolysis occurs at 1350–1450 ◦C,
depending on the organic or inorganic origin of the sample, respectively. In this case,
samples are weighed in silver capsules, with weights in the range of a few mg, but still
uploaded in an autosampler, as for the EA. The reaction happens in a glassy carbon tube
filled with granulate glassy carbon and positioned in a ceramic tube. The catalytic breaking
of molecules at high temperature generates CO (and N2, chromatographically separated)
gas on which the oxygen isotope ratio is measured.

For compound-specific isotope analysis (CSIA), the laboratory is equipped with a Gas
Chromatograph (Trace 1310- GC Isolink II, Thermo Fisher Scientific, Waltham, MA, USA),
which allows the selection of specific molecules whose isotope ratios can be measured.
The instrument can measure both δ13C and δ15N, as it is equipped with a liquid nitrogen
trap that retains the CO2 produced by the combustion of the sample, allowing only N2

to pass through. Depending on the molecule to be measured (amino acids or fatty acids),
a specific chromatography column is assembled. In this case, the sample undergoes a
specific chemical pretreatment (derivatisation), to enhance the volatility of the molecule to
be detected [19]. The system is equipped with a 150-position autosampler.

All the peripherals are connected to the IRMS in continuous flow, by means of a
CONFLO IV, which allows the passage of both the sample and reference gases, alternated
according to the selected measurement method. The reference gases used are CO2 for δ13C
measurements, N2 for δ15N measurements and CO for δ18O one.

2.2. Measurement Methods

The entire instrumentation is managed by Isodat 3.0 Thermo Scientific software, which
allows the setting up of specific measurement methods according to sample type and the
isotope ratio to be measured. For example, at the iCONa lab, a method was created for
measuring the combined δ15N and δ13C of collagen samples for paleodiet investigation.
This method exploits the carbon versus nitrogen dilution method and allows also for the
measurement of C and N concentrations in a single 480-s run using around 1 mg of each
sample. Given the often limited and valuable nature of collagen samples, this method
offers a micro-destructive approach that maximises data recovery from approximately 1 mg
of each sample, alongside significant time saving.

In our laboratory measurement protocols, internationally certified standards (IAEA
standards) are used to accurately calibrate raw measurements. They are included in each
run list, every 24 samples, also to check the quality of the measurement and so to calculate
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analytical precision on precious samples that do not allow for replicate analysis. Typical
analytical precision is 0.1‰ for δ13C and 0.2‰ for δ15N.

Figure 1 shows the standardised variable Z calculated for the δ13C measure-
ments of the standard IAEA-CH-6 (sucrose, certified δ13C = −10.449 ± 0.033 ‰)
over three years (2020–2022), and of the standard IAEA-CH-3 (cellulose, certified
δ13C = −24.724 ± 0.041 ‰) for approximately one and a half years (2023- half 2024). Both
the standards are used for the sample’s calibration in the combined measurements of
carbon and nitrogen isotopes, whereas the CH-6 standard was replaced with the CH-3 one,
due to its lack of availability until recently. The Z value quantifies the distance between
a data point and the mean of a dataset; it is therefore obtained by the difference between
each observed value and the average, related to its own standard deviation [20].

Figure 1. Variable Z values calculated for the standards IAEA-CH-6 (blue circles) and IAEA-CH-3
(orange circles).

Figure 1 indicates that all the measurements are in the range of two standard deviations
(Z values less than 2) from the mean and most in that of one standard deviation (Z values
less than 1).

2.3. Overview of Samples Processed

Figure 2a shows the quantitative distribution of the samples processed at the iCONa
lab, from the installation year to date, divided into disciplinary research fields. In addi-
tion, the quantity of the standards used for measurement calibrations and quality check
is presented.

Figure 2. Pie charts representing the distribution of samples analysed at iCONa lab between 2019
and 2024 according to the disciplinary research field (a) and the typology of archaeological samples
(b).
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A first observation clearly shows that the environmental section prevails, specifically
because it includes many different applications in this field [21–23] and thus there is
diversity in the matrices analysed (wood, roots, leaves, soils, microalgal biomass, etc.). The
marine biology category specifically regards analysis of different fish species, for studies of
changes in trophic levels influenced by environmental and anthropogenic factors.

In addition, it can be observed that biomedical applications represent the smallest slice
of the graph, as this field has recently been dealt within our study, but it is clearly expanding
due to the numerous collaborations with biological and medical research teams [24].

The typology of archaeological samples processed at the iCONa lab, as presented in
Figure 2b, reveals a marked emphasis on osteoarchaeological materials: 57% of the samples
consist of bones, while teeth account for 33%. Conversely, archaeobotanical samples,
specifically charcoal and seeds, represent a considerably smaller fraction of the laboratory’s
workload, at 6% and 4%, respectively. The observed variation in sample frequency directly
corresponds to the broad spectrum of research questions addressed by the iCONa lab and
its collaborative partners.

Each type of sample necessitates tailored pretreatment protocols to ensure reliable
isotopic analyses. The following paragraph will briefly explore the specific preparation
techniques needed for each archaeological material.

2.4. Sampling and Pretreating Archaeological Remains for Isotopic Analyses: Challenges and
Advantages of Micro-Destructive Techniques

Stable isotope analysis is an inherently micro-destructive technique. However, recent
advancements in isotopic methods and sample pretreatment protocols have significantly
reduced the amount of archaeological material needed. Despite these improvements,
careful sample selection remains essential to balance scientific goals with the preservation
of valuable archaeological specimens. Adopting a research-question-driven approach is
essential, ensuring that materials are only sampled when non-invasive methods cannot
yield the required information. Consequently, an increasing body of research is focusing on
establishing best practices for sampling archaeological organic materials for stable isotope
analysis, addressing both ethical and scientific concerns associated with the irreversible
nature of these procedures [11,12,15,16,25].

Different sampling strategies are required depending on the material type (e.g., ar-
chaeological bone or tooth), the specific research question (e.g., early life vs. later life
dietary habits) and the type of isotopic analysis being performed (e.g., carbon and nitrogen
isotope analysis for diet, or strontium isotope analysis for mobility). Sample preservation
also needs to be considered, as diagenesis—chemical, physical and biological alterations
occurring in the archaeological record—can impact the integrity of the material and the
reliability of isotopic data [26]. Furthermore, effective pretreatment protocols are needed
to avoid sample contamination, to promote methodological transparency and to ensure
reliable data interpretation [17,27–29].

Table 1 provides a summary of the pretreatment protocols, required sample sizes and
types of isotopic analysis performed at the iCONa lab, along with the distinct information
that each methodology provides. The specified sample sizes are intended for samples
in a good state of preservation; samples with poor conservation status usually require
increased quantities.

Our laboratory employs a comprehensive analytical approach, integrating established
traditional methodologies with advanced isotopic techniques. Notably, our expertise in
incremental dentine analysis represents a key differentiator in this field; to our knowledge,
our facility is currently the sole laboratory in Italy conducting this specialised method-
ology in-house. Additionally, our commitment to advancing analytical capabilities is
demonstrated by the current development of a dedicated setup for compound-specific
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isotope analysis of amino acids (CSIA-AAs), a service not currently available in other Italian
research facilities.

Table 1. Summary of the sample types, the required mass for each sample, the pretreatment protocols
utilised, the isotopic analyses conducted at the iCONa lab and the types of information that can be
obtained from these analyses.

Sample Type Sample Weight Pretreatment Protocol Information

Bone 300–500 mg
Bone collagen extraction described
in [29], omitting the ultrafiltration
step

Paleodiet and
animal management practices
reconstruction (δ13C, δ15N)
Radiocarbon dating (14C)

Tooth

Variable Dentine collagen extraction [30]

Paleodiet and
animal management practices
reconstruction (δ13C, δ15N)
Radiocarbon dating (14C)

Variable Incremental dentine sampling [31,32] Infant feeding practices and early life
dietary habits (δ13C, δ15N)

5–10 mg Enamel sampling and strontium
extraction [33] Spatial mobility (87Sr/86Sr)

Charcoal/Seeds Min. 5–10 mg

Standard ABA protocol [34] or its
modified versions [27], depending on
the material type and preservation
state

Agricultural practices,
paleoenvironmental and
paleoclimate reconstruction (δ13C,
δ15N)
Radiocarbon dating (14C)

3. Stable Isotope Analysis to Reconstruct Past Subsistence Strategies
with a High Level of Resolution: Recent Methodological Advances

3.1. Stable Carbon and Nitrogen Isotope Analysis: Basic Principles and Limitations

Stable isotope analysis of human bones and teeth has become an essential tool for
addressing a wide range of archaeological research questions related to past subsistence
strategies and human–environment interactions. The main isotopic proxies utilised to
investigate past dietary practices are stable carbon (δ13C) and nitrogen (δ15N) isotopes
measured on bone and dentine collagen. Bulk collagen stable carbon values allow us to
estimate the proportions of C3 plants and cereals (e.g., wheat, barley, rye, legumes, fruits,
vegetables) versus C4 cereals (e.g., millet, sorghum) in the diet, and to distinguish between
terrestrial and marine dietary sources, as each has distinct carbon isotopic signatures [2,9,14].
In contrast, nitrogen isotopes offer insights into the trophic levels within the food chain and
allow us to infer the protein contribution to the consumer’s diet [9,14,35]. Therefore, the
combination of stable carbon and nitrogen analysis is essential for comprehensive dietary
reconstruction. To accurately interpret human isotopic measurements, it is also necessary to
establish an isotopic baseline of both faunal and plant remains. Local baselines are essential
for reconstructing agricultural practices and animal management strategies and for gaining
more detailed insight into human dietary choices [36–38].

However, stable isotope analysis of human skeletal remains presents limitations
that can restrain the reliability of dietary reconstructions. One primary drawback is its
averaging nature, which often obscures individual variations in diet and fails to capture
short-term or seasonal changes, instead reflecting only longer-term dietary patterns [39].
Additionally, the complexity of isotopic signatures—shaped by factors such as metabolic
processes, baseline variability and different access to local resources—complicates result
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interpretation, particularly when trying to estimate the dietary contribution of different
food sources that may exhibit overlapping isotopic signatures [40,41].

To address these limitations and improve the resolution of data interpretation, re-
searchers have developed advanced methodologies over the past few decades, including
incremental dentine analysis, compound-specific stable isotope analysis of amino acids
(CSIA-AAs) and dietary mixing models. Incremental dentine analysis allows us to explore
early life dietary changes, linking isotopic signatures to specific life stages and enabling
palaeodietary reconstruction with a high temporal resolution [31,32,42,43]. CSIA-AAs
enhance the precision of dietary source identification by analysing the isotopic ratios of
individual amino acids, allowing for differentiation of various food sources more effectively
compared to bulk collagen stable isotope analysis [44,45]. Furthermore, dietary mixing
models, which can incorporate non-isotopic prior information, can quantify the relative
contributions of the available food sources for past populations [41,46,47].

In the next paragraph, an overview of these methodological and interpretative ad-
vances in the isotopic field, which are also employed at the iCONa lab, will be provided.
This discussion will highlight how these innovative techniques enhance insights into
dietary patterns and refine isotopic-based historical narratives.

3.2. Incremental Dentine Analysis: Investigating Early Life Dietary Habits with a High
Temporal Resolution

Due to different turnover rates, bones and teeth provides distinct types of informa-
tion tailored to the required research question. Bones undergo continuous remodelling
throughout life, influenced by factors such as biological sex, health, nutrition, age and
the type of skeletal element, incorporating the isotopic signatures of the diet consumed
during that period. Consequently, the turnover rate is an essential factor to consider when
selecting bone samples for stable isotope analysis, depending on the research focus. For
example, ribs, which remodel quickly, reflect dietary intake from the last few years of
life, while femurs, which remodel more slowly, capture a longer-term dietary signal over
approximately a decade [48,49].

In contrast, teeth do not remodel after they form, which allows them to preserve an
in vivo isotopic record of diet from infancy through to adolescence [32,50]. Each tooth
forms during a specific life stage, allowing for the study of dietary patterns at different
points in an individual’s early life. For instance, the first molar records dietary informa-
tion from early childhood, while the third molar provides insight into diet during late
adolescence [51]. By sampling multiple teeth from the same individual, it is possible to
reconstruct a more detailed dietary history over time [52]. However, bulk collagen analysis
of tooth dentine provides an averaged isotopic signal across the entire period of tooth
formation, limiting the ability to study short-term dietary changes. Refined methods, such
as sectioning dentine increments, allow for more precise insights into dietary shifts over
shorter periods [31,32,42,43,53,54].

Dentine is a calcified tissue that grows sequentially from the crown of the tooth to-
wards the root apex, forming a series of incremental layers. In humans, the daily secretion
rate of dentine ranges from approximately 2 to 6 micrometres (μm) [55]. By sequentially
sampling and performing stable carbon and nitrogen isotope analysis on each dentine
increment, high temporal resolution insights into past individuals’ dietary habits can be
achieved [54]. Over the past 20 years, multiple sectioning techniques have been devel-
oped [31,32,42,43,53–55]. At the iCONa lab, we employ both the micro-punch method
developed by Czermak et al. [32] and the micro-slice technique introduced by Beaumont
et al. [31] for sequential sampling of human dentine. Incremental dentine analysis is partic-
ularly useful for reconstructing breastfeeding and weaning practices in past populations
using measurements of stable carbon (δ13C) and nitrogen (δ15N) isotope ratios on dentine
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increments from the first permanent molar, which records isotopic signals from approx-
imately three months postpartum to around nine and half years of age [52,56]. During
exclusive breastfeeding, infants consume 15N-enriched milk, placing them at a higher
trophic level in the food chain compared to their mothers [57]. A decrease in δ15N identifies
the transition from exclusive breastfeeding to the introduction of complementary foods
(e.g., cereals, fruits), which are lower in protein compared to human milk [58]. The cessation
of the decrease in δ15N values, followed by an isotopic plateau, is employed to estimate the
end of breastfeeding [57,59].

Consequently, incremental dentine analysis not only enhances our understanding of
past dietary habits at a high temporal resolution but also offers detailed insights into the
sociocultural dynamics of infant feeding strategies in ancient populations [57].

3.3. Compound-Specific Stable Isotope Analysis of Amino Acids: Overcoming the Limitations of
Bulk Stable Isotope Analysis

The application of compound-specific stable isotope analysis of amino acids (CSIA-
AAs) has emerged as a transformative approach for reconstructing ancient diets, offering
enhanced resolution compared to bulk isotope methods.

By analysing the isotopic signatures of individual amino acids, CSIA enables the
disentanglement of complex dietary inputs and metabolic pathways, providing critical
insights into past ecological interactions. For nitrogen isotopes, the ability to distinguish be-
tween trophic and source amino acids allows for precise determination of trophic positions,
revealing the balance between plant and animal protein consumption in human and animal
diets [60]. Similarly, carbon isotope analysis of essential amino acids facilitates the tracing
of primary producers within food webs, enabling the differentiation of terrestrial and
aquatic dietary sources or the identification of C3 versus C4 plant contributions [61]. This
specificity is particularly valuable in archaeological contexts where mixed diets, isotopic
mixing zones or environmental variability can obscure signals in bulk isotope data [62].

Furthermore, CSIA’s capability to target individual biochemical compounds reduces
the impact of diagenetic alterations, which can significantly affect the reliability of bulk
analyses [19]. Advances in preparation techniques and analytical sensitivity have also
minimised sample size requirements, making CSIA suitable for rare or fragmented archae-
ological specimens [45,63].

This methodology not only reconstructs dietary practices with a requirement for
smaller sample quantities and reduced susceptibility to contamination but also sheds light
on broader ecological and environmental conditions, contributing to a holistic understand-
ing of ancient lifeways and their adaptation to changing environments [60,64].

3.4. Bayesian Dietary Mixing Models: Estimating Quantitative Dietary Reconstructions

Bayesian dietary mixing models represent a cutting-edge approach for quantitatively
reconstructing individual diets by analysing the relative contributions of various food
sources through isotopic data from consumers and their dietary sources [41,46,47,65]. In
the field of archaeology, stable carbon and nitrogen isotopic ratios measured on bone
collagen serve as the primary isotopic proxies for reconstructing past diets; however, other
isotopic ratios and tissue types can also be utilised for this purpose [41,66].

Accurate dietary reconstruction through dietary mixing models requires careful con-
sideration of several key factors. One significant challenge is the isotopic fractionation that
occurs during metabolic processes, resulting in diet-to-tissue isotopic offsets [67,68]. These
offsets, which accounts for the isotopic differences between ingested foods and the con-
sumer tissues, are typically estimated through controlled feeding experiments [46,47,69].

Another consideration in quantitative dietary reconstructions is the estimation of
the isotopic composition of macronutrients—specifically, proteins compared to lipids and
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carbohydrates—in food remains. Potential variations between the isotopic values obtained
from food remains (e.g., faunal bone collagen) and those of the edible parts of the food (e.g.,
meat protein) require the use of offset corrections [47,69]. Additionally, when dealing with
plant and cereal remains, it is essential to account for charring effects that may have altered
their in vivo isotopic signatures [46,47].

It is also necessary to consider the macronutrient composition of the food groups
available for the studied population [69]. Animal-based foods generally contain higher
protein levels, while plant-based foods are predominantly carbohydrate-rich [70]. Moreover,
macronutrient composition can vary significantly across different animal species [69]. By
considering the average macronutrient profiles of each food group, and their relative
uncertainties, dietary mixing models can more accurately reflect the dietary contributions
of food sources [47].

Lastly, it is essential to acknowledge dietary routing mechanisms by which carbon and
nitrogen from dietary macronutrients (proteins, carbohydrates and lipids) are incorporated
into bone collagen [71]. Controlled feeding studies have shown that nitrogen isotopes are
sourced from dietary protein, while carbon isotopes predominantly originate from protein,
with lesser contributions from carbohydrates and lipids [46,47,71,72].

Advanced models, such as ReSources (previously FRUITS; [46]), effectively address
these parameters and their associated uncertainties. Notably, ReSources allows for the
integration of non-isotopic prior constraints, which can be derived from historical records,
zooarchaeological findings and archaeobotanical data [73,74]. This incorporation signifi-
cantly enhances the precision of dietary estimates, especially when it comes to distinguish-
ing between food sources that exhibit overlapping isotopic signatures [46,47].

Bayesian dietary mixing models therefore represent a significant advancement in
stable isotope analysis, offering a quantitative approach to reconstructing past diets. By
incorporating multiple parameters, including diet-to-tissue offsets, macronutrient and
isotopic composition of food groups, dietary routing and the possibility to integrate non-
isotopic prior information, these models provide more detailed insights into past human
subsistence strategies [40,46,69,75,76].

However, it is essential to also acknowledge the limitations of dietary mixing models.
The reliability of dietary reconstructions heavily relies on the quality of the input data,
including isotopic values for potential food sources to reconstruct local baselines [39,41,70].
Furthermore, while quantitatively reconstructing paleodiets, assumptions of the linearity of
isotopic fractionation and the homogeneity of food sources within the selected population
may not always accurately reflect the complexities of the human diet [70].

4. Research Lines and Collaborations of iCONa Lab in the
Archaeological Field

At the iCONa lab we explore a range of research questions related to past human
subsistence strategies, mobility, agricultural and animal management practices across
different historical periods and geographic areas, in collaboration with academic and
cultural institutions.

A key focus of our research is isotope-based past dietary reconstruction, which we
explore with different levels of resolution. One significant line of research delves into the
exploration of socioeconomic practices of the Basque region (Spain) during the Middle
Ages. Through stable carbon and nitrogen isotope analyses of human, animal and plant
remains, we reconstructed the dietary patterns as well as agricultural and animal husbandry
techniques utilised by medieval rural communities within this region. This work has been
conducted in the framework of an ongoing collaboration with the University of the Basque
Country [77,78].

45



Heritage 2025, 8, 296

Another research pathway aims at investigating palaeodietary practices with a higher
level of resolution, by employing advanced isotopic techniques. We utilised incremental
dentine stable carbon and nitrogen isotope analysis to gain detailed insights into breastfeed-
ing and weaning practices across the Roman Empire, as part of a collaborative effort with
the Max Planck Institute of Geoanthropology, the Archaeological Park of Pompeii and the
Archaeological Park of Ostia Antica. This study inferred a possible link between infant feed-
ing strategies and settlement complexity across the Roman Empire. The results suggested
shorter breastfeeding durations in highly complex urban centres like Pompeii (79 CE),
compared to rural sites like Ostia AVM (1st–2nd centuries CE), potentially influenced by
factors such as access to medical knowledge and socioeconomic conditions [57].

Our collaboration with the Archaeological Park of Ostia Antica also included the
investigation of subsistence practices of the Late-Antiquity individuals buried in the Ante-
murale Area of Portus Romae. The employment of a multidisciplinary approach allowed
for the reconstruction of the cultural and biological traits of this population. Stable carbon
and nitrogen isotope analyses suggested a diet primarily based on C3 terrestrial resources,
while strontium isotope analysis implied their local geographic origins [79].

In pursuit of exploring past human behaviours with multi-scale approaches, one of our
research efforts focuses on the collection of extensive isotopic data across various chrono-
logical and geographical contexts, particularly emphasising Europe and the Mediterranean
Basin. Within the framework of the Mediterranean Bioarchaeological Research Advances
(MAReA) centre’s efforts, several isotopic databases have been published in Open Access,
serving as valuable resources for bioarchaeological research. These include CIMA: Com-
pendium Isotoporum Medii Aevi [74,80], IsoMedIta: A Stable Isotope Database for Medieval
Italy [81], Isotòpia: A Stable Isotope Database for Classical Antiquity [82] and MAIA:
Mediterranean Archive of Isotopic dAta [83]. These databases serve as comprehensive
isotopic archives that help identify research gaps and investigate a variety of archaeological
questions using multi-scale approaches. These activities are framed within the Pandora &
IsoMemo initiative “https://isomemo.gea.mpg.de/ (accessed on 22 July 2025)”.

Our ongoing collaboration with the University of Foggia and the University of Salento
is contributing to a broader understanding of dietary practices, resource management, past
mobility and environmental adaptation in medieval communities from the Apulia region
(Southern Italy). A collaborative effort, led by the Max Planck Institute of Geoanthropology,
highlighted a farming economy based on cereal production complemented by intensive
pig and ovicaprid husbandry in Late Medieval Capitanata. Dietary differences reflected
a socioeconomic hierarchy, with elites likely to have greater access to animal protein and
higher-quality grains [73].

While palaeodietary studies provide valuable insights into subsistence strategies of an-
cient populations, radiocarbon dating serves as a useful tool for establishing chronological
frameworks within archaeological studies. Radiocarbon dating performed on mortars and
charcoals was employed to investigate and reassess the chronologies of the encastellation
phenomenon (incastellamento) in medieval Italy. A multidisciplinary approach was em-
ployed to establish more precise timelines of and provide novel insights into the formation
and transformation processes of fortified structures between the 11th and 12th centuries
CE, thereby enhancing our understanding of the historical context and significance of
encastellation in northern Italy. This line of research has been carried out within the frame-
work of PRIN 2020 Project “The Times of CASTLES: Multidisciplinary Research for a New
Chronology of the Building Sites of Incastellamento (XI–XII centuries) (MIUR protocol:
20203YX58R, CUP: B53C2100029000, PI: Prof. Giovanna Bianchi).

By employing a combined approach of stable carbon and nitrogen isotope analyses
alongside radiocarbon dating of bone collagen, we also investigated the individuals buried
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in the Selvicciola Necropolis, a notable Copper Age burial site in Central Italy. This integra-
tive methodology revealed a burial chronology spanning approximately 2000 years and
provided valuable insights into the dietary practices and burial patterns of this commu-
nity [84].

Our laboratory’s publication record showcases the breadth of research questions
we address, employing diverse levels of resolution. These investigations collectively
encompass multiple archaeological contexts, with multidisciplinary approaches made
possible by our engagement with numerous institutions and collaborative partners.

5. Conclusions

This paper has emphasised the contributions, in the context of the iCONa lab, of stable
isotope analysis to the field of cultural heritage, particularly focusing on archaeological
remains such as bones, teeth and charred botanical materials. These analytical techniques
provide valuable insights into ancient subsistence strategies, past mobility and agricul-
tural and husbandry practices, allowing us to explore how past populations adapted to
environmental, political and socioeconomic changes.

The research undertaken herein underscores the importance of acknowledging and
addressing the inherent challenges associated with isotopic analyses. Key issues such as the
representativeness of sampling and the necessity for methodological standardisation must
be carefully examined to uphold the validity and integrity of our results. Tackling these
challenges is essential for enhancing the reliability of data interpretation. Furthermore,
the ongoing advancement of isotopic methodologies has proven essential in refining our
understanding of past subsistence strategies with heightened resolution level.

The iCONa lab distinguishes itself from facilities operating primarily as service labora-
tories through its dual commitment to methodological advancement and active engagement
in original research. This approach, enhanced by our collaborative efforts with a variety
of academic and institutional partners, ensures that our analytical advances translate into
contributions which address multiple research questions in the cultural heritage field.
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Abstract: The present work describes the first results of the project “Lipari Obsidian and
Neolithic Human Communities in the Aeolian Islands”, which aims to study the connection
between obsidian sources on the island of Lipari and Neolithic populations on the Aeolian
archipelago in Italy. Obsidian is a natural volcanic glass used to produce chipped tools; in
the Neolithic period it was the sharpest known material and its trade played an important
role in the Mediterranean area. It is thus of particular interest for tracing prehistoric
trading patterns. Indeed, Lipari obsidian has a wide distribution and has been found even
in southern France, Dalmatia, Sicily and mainland Italy. To reach the project goal, we
considered both raw materials from different obsidian geological samples and artefacts
from Neolithic settlements on the Aeolian islands, and performed fission-track dating (FT),
a radiometric technique that can be used for uranium-bearing minerals and glasses. The
preliminary results facilitated the age determination of geological samples, which we could
relate to the different eruption phases. Archaeological samples were also dated; their link
with the studied volcanic deposits and lava flows made it possible to shed some new light
on raw material procurement and on the ability of the Neolithic populations to move from
their locations, with particular attention to the consequences of environmental features on
the first human settlements on the Aeolian islands.

Keywords: Neolithic settlements; obsidian flows; fission-track dating

1. Introduction

1.1. The Project

The present work is part of the project “Lipari Obsidian and Neolithic Human Commu-
nities in the Aeolian Islands”, which concerns the study and analysis of obsidian flows on
the island of Lipari in relation to the population of the Aeolian Islands during the Neolithic.
The project proposes some scientific aims that concern a synthesis of archaeological and
volcanological studies, and at the same time new chronological elements for the temporal
reconstruction of the volcanic events that produced obsidian.

The area of interest of the project is the correlation between the first phases of popula-
tion and the exploitation of this raw material.

The main objectives of the project are:

Heritage 2025, 8, 69 https://doi.org/10.3390/heritage8020069
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(1) Analysis of the supply sources (location, dates, sample analysis) of raw material and
obsidian artefacts in use in the Aeolian Neolithic settlements, witnessing the volcanic
activities of Lipari in prehistory.

(2) Hypotheses on the methods of collecting raw material and the mobility of communi-
ties in relation to the Neolithic settlements in the Aeolian Islands.

(3) Environmental characteristics that may have influenced the first population of
the islands.

In the present paper we describe how, through the fission-track method, it is possible to
determine the age of lava flows and pyroclastic deposits from which the pieces of obsidian
used by the Neolithic communities of Lipari were extracted. This will allow us to develop
a local chronological framework of the exploitation of the raw material and to compare it
with the absolute and cultural chronologies of the prehistory of the Mediterranean.

1.2. The Neolitic of the Aeolian Islands

The archipelago of the Aeolian Islands (Figure 1) includes seven islands, Lipari, Vul-
cano, Salina, Panarea, Stromboli, Filicudi and Alicudi, and some islets. Except for Vulcano,
all the islands and islets have preserved traces of frequentation and settlements starting
from the Neolithic [1–5]. The main impetus for the beginning of human settlement in the
area was the presence on the island of Lipari of excellent quality obsidian, black, shiny,
glassy and perfect for making cutting tools. Control of this raw material allowed for its ex-
change on a long-distance basis, determining the first form of “trade” in the Mediterranean.

Figure 1. The Aeolian Islands archipelago.

The subaerial eruptive history of Lipari [6] developed between about 267,000 years ago
and the Late Middle Ages. There were several eruptions that produced obsidian. The oldest
is Monte Guardia (27–24,000 years ago) which seems to have never been used, followed by
Canneto Dentro and Vallone del Gabellotto (about 8700–8400 years before present) which
were exploited during prehistory. Finally, the formation of the Monte Pilato and Forgia
Vecchia volcanoes probably occurred in two phases at the end of the 8th century [6,7] and
in the 13th century [8,9].

The actual territory in the north-eastern part of the island is the result of the most
recent eruptions and natural erosion that have modified the environment frequented dur-
ing prehistory. Detailed analyses of the geological sources have allowed us to identify
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two sources where obsidian was collected in the Neolithic: Vallone del Gabellotto and
Canneto Dentro [10], and probably a third source in Vallone Fiume Bianco [11]. Due to
the changes in this part of the territory, the areas for collecting raw materials frequented
during the Neolithic are no longer visible, but two supply and processing areas have been
discovered. The first, Canneto–Lami, relating to the early Neolithic, has been dated through
carbon-14 dating at 6290 ± 30 BP (calibrated 5320–5217 BC) in [11]; the second, Canneto–
Acquacalda, relating to the late Neolithic, has returned a fragment of red monochrome
pottery from the Diana culture [12]. The exploitation of Lipari obsidian began in the Ne-
olithic around the middle of the 6th millennium BC and continued until the Middle Bronze
Age (1500–1300 BC), but then disappeared completely. The large quantity of processing
chips, blades and exploited cores found in the settlements of the Aeolian Islands, from the
Neolithic to the Early Bronze Age, demonstrates that the working of this material took
place as a domestic craft within the villages [2]. In the most ancient phase of the population
of the Aeolian Islands (Stentinello culture), dated around 5300 BC, two main settlements
are known: one in Lipari at the Castellaro site [12] and the other in Salina at the Rinicedda
site [13]. Both are characterized by their position in flat areas where subsistence agriculture
is possible. Archaeological traces speak of small agricultural communities who lived in huts
made of reeds and clay. Their main activity was the exploitation and collection of obsidian.
The ceramics that characterize the Stentinello culture are decorated with impressions made
by hand or molds. This pottery is associated with the production of fine purified ceramics
painted with red or brown banded motifs [14]. The rapid coastal advance of the Neolithic
settlers led to the establishment of exchange networks that determined an early circulation
of obsidian for hundreds of kilometers, and consequently the Aeolian Neolithic community
manifested the need to control the primary source of raw material. In fact, during the
periods of painted vases, first trichrome pottery then Serra d’Alto pottery, the settlement
stabilized only in Lipari on the coastal cliff, today called a castle, naturally fortified by rocky
crags that due to these characteristics have been inhabited continuously over the centuries.
During the late Neolithic, the Diana culture emerged, characterized by a red monochrome
pottery, widespread in Sicily and the Italian peninsula between 4500 and 4000 BC. Its name
derives from the large settlement located on a large coastal plain that was discovered in
the middle of the last century in Lipari in the Diana district [15]. During the period of
the Diana culture the obsidian chipping technique became highly specialized [16]. All the
islands, except Vulcano, were inhabited with settlements; the diffusion of Lipari obsidian
reached the entire Mediterranean area and beyond [17].

The end of the Neolithic dates back to the beginning of the 4th millennium BC (Diana–
Spatarella culture) and coincided with a period of economic and demographic crisis caused
by the introduction of metalworking techniques, which reduced the demand for obsidian,
and by the volcanic activities of Stromboli and Vulcano which directly and indirectly
influenced the population of Lipari with consequences throughout the archipelago [18].

1.3. Provenance Studies for Obsidian Samples

As part of the present project, fission-track (FT) dating of obsidian is utilized as
a tool for provenance determination. This approach is widely practiced in the field of
archaeometry and has been applied in various contexts, as obsidian holds paramount
importance for archaeological studies predating the advent of ceramics [19–22].

Several chemical analyses have demonstrated their effectiveness in distinguishing
sources of obsidian since the initial studies conducted in the 1960s [19,23–26]. Early methods
included emission spectrometry [27] and proton inelastic scattering [28]. Over time, more
advanced techniques were introduced, such as laser ablation–inductively coupled plasma
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mass spectrometry (LA-ICP-MS) [29], particle-induced X-ray emission (PIXE) [30,31] and
energy-dispersive spectroscopy with a scanning electron microscope (SEM-EDS) [32].

One of the most commonly used methods remains neutron activation analysis
(NAA) [33], a nuclear technique occasionally paired with particle-induced gamma emission
(PIGE) [26] or X-ray fluorescence (XRF) [32]. This unique analytical method offers high
precision and detects a wide range of elements; however, it requires irradiating samples
with a neutron flux. Over the years, Raman micro-spectroscopy [21,31], Mössbauer spec-
troscopy [15] and optical emission spectroscopy (OES) [27] have also been employed for
similar purposes.

Among the techniques applied to obsidian provenance studies, energy-dispersive
X-ray fluorescence (ED-XRF) has emerged as a leading method [16,17,34–38]. It enables the
quantification of elements in a non-destructive manner, offering relatively low detection
limits for samples of any size. Furthermore, both portable and laboratory-based equipment
are available for this purpose. Despite this, the suboptimal detection of low atomic number
(Z) elements necessitates specialized calculation and calibration software, requiring cus-
tomized data processing [39]. This limitation is often addressed by focusing on element
ratios rather than absolute elemental concentrations for geographic origin discrimina-
tion [16,32,38]. Using this approach, studies on obsidian samples consistently demonstrate
the capability of XRF—whether performed with tabletop or portable devices—to reliably
identify sample provenance [40,41].

Starting from this premise, it is worth emphasizing the practical advantages of FT
dating, particularly its ability to provide absolute age constraints. This capability not only
supports provenance determination but also enhances broader archaeological chronologies.
While the method necessitates specialized laboratory facilities and a minimum uranium
content in the analyzed glass, it serves as a valuable complement to geochemical techniques,
especially in complex volcanic settings.

2. Materials and Methods

In 2019, a research agreement was signed between the Archaeological Park of the
Aeolian Islands—Luigi Bernabò Brea Museum and the University of Milan—Department
of Physics, which implemented some of the aims proposed by the previously mentioned
project. The sampling of obsidian flows and tephra layers accessible on the island of Lipari
was carried out and, at the same time, samples of obsidian artefacts of the chipping products
(debitage) from archaeological excavation contexts in the main Neolithic settlements of the
Aeolian archipelago were selected [11].

2.1. Obsidian Samples

Samples from both geological sources and archaeological sites were selected for this
study. The geological samples are from dated volcanic phases and comprehend obsidian
blocks from pyroclastic deposits and lava flows, or from secondary beds near known or
supposed ancient obsidian sources. The archaeological materials, mainly splinters and
blades, were from both Salina and Lipari Islands.

2.1.1. Geological Samples

In the present work, 11 geological samples (see Figure 2 for the location of the sampling
and Figure 3 for a selection of fragments) have been analyzed; Table 1 summarizes their
provenance and eruption age, while further details are given below.
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Figure 2. Map of the island of Lipari: the locations where geological samples and Lipari archaeological
site samples have been collected are marked in red.

Figure 3. From left to right, obsidian fragments from geological samples 12, 12B and 13A, respectively.
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Table 1. Obsidian geological samples used to characterize possible recruitment sites for Neolithic
people.

Sample Sampling Area Coordinates

LIP2 Canneto Dentro (at a desalination plant) agricultural soil with
obsidian in secondary deposit) 38◦28′56′′ N; 14◦57′22′′ E

LIP3 Canneto Dentro (thepra layer) 38◦29′1′′ N; 14◦57′37′′ E
LIP3A Canneto Dentro (thepra layer) 38◦29′1′′ N; 14◦57′37′′ E
LIP4 Vallone Fiume Bianco (thepra layer) 38◦29′44′′ N; 14◦56′ 2′′ E
LIP5 Vallone Fiume Bianco (in the river bed) 38◦29′44′′ N; 14◦56′2′′ E
LIP6 Vallone Fiume Bianco (at a modern pumice quarry—thepra layer) 38◦29′58′′ N; 14◦55′49′′ E
LIP7 Vallone Gabellotto (Pomiciazzo lava flow) 38◦29′42′′ N; 14◦57′24′′ E

LIP12 Monte Guardia (by surface collection) 38◦27′42′′ N; 14◦56′51′′ E
LIP12A Monte Guardia (by surface collection) 38◦27′37′′ N; 14◦56′41′′ E
LIP12B Monte Guardia (by surface collection) 38◦27′37′′ N; 14◦56′41′′ E
LIP13A Vallone Gabellotto (thepra layer from the right slope of the river) 38◦29′37′′ N; 14◦57′29′′ E

LIP2, LIP3 and LIP3A are all from the Canneto Dentro area, and have never been
directly dated before. LIP2 was extracted in agricultural land within a secondary deposit
formed after a landslide. This obsidian sample appears black and shiny despite being
immersed in soil material. LIP3 was taken from a pyroclastic deposit formed during
the Canneto Dentro dome emplacement and appears black in color with a shiny and
compact surface. LIP3A has the same origin as LIP3, and it is characterized by a black
color, an opaque appearance and a rough surface, as well as by the presence of bubbles
and inclusions. These samples should belong to the same eruptive phase as Vallone del
Gabellotto–M. Pilato, Epoch 9a of the geological map [6].

LIP4 and LIP5 are both attributed to the Vallone del Gabellotto Formation. The former
is composed of four separate fragments collected from the pumice tephra layer and looks
greyish and rough, with many bubbles present in the obsidian itself. LIP5 was collected
from the bed of a stream at Vallone Fiume Bianco; the sample has a black color and a shiny
surface which presents, in some areas, residues of rocky material. LIP6 was collected from
a layer of a pumice quarry in the Vallone Fiume Bianco area, and it is characterized by a
black color, a shiny and compact appearance and a smooth surface; inside, it has a large
number of bubbles and inclusions. LIP7, from the Pomiciazzo lava flow (on the right bank
of the Gabellotto gorge), is black, shiny and relatively opaque, with some inclusion visible
under the microscope, and surrounded by a different rocky material. LIP13A is a black and
shiny obsidian block, with many inclusions, in a pumice tephra layer from the left bank
side of the Gabellotto gorge.

LIP12, LIP12A and LIP12B appear to be opaque, black to gray in color and with a
very large number of inclusions. These samples come from the Monte Guardia and Monte
Giardina flows and have an expected age of 27–24,000 years BP [6].

2.1.2. Archaeological Samples

Nine archaeological samples (see Table 2 for details and Figure 4 for a selection of
fragments) were selected among obsidian artefacts from the Neolithic sites of Lipari and
Salina [4], held among Lipari Museum materials, such as splinters and blades of different
shapes and sizes, used for various types of daily activities. Details of the samples are given
in the following.
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Table 2. Obsidian archaeological samples from Neolithic archaeological sites.

Sample Sampling Area Excavation Year

MU2 Lipari, Contrada Diana, Trench XVII, Square E, Cut 4 1953
MU4 Lipari Castellaro 1957
MU6 Salina, Rinicedda, Area A, Cuts 2–6 1989
MU7 Salina, Rinicedda, Square L-M 42–44 US 6, Cut 1 2008
MU9 Salina, Rinicedda, Square N43 US 6, Cut 3 2008
MU10 Salina, Rinicedda, Square N44 US 6, Cut 2 2008
MU12 Salina, Rinicedda, Square O44 US 7, Cut 1 2008
MU13 Salina, Rinicedda, Square M45 US 7, Cut 3 2008
MU14 Lipari, Canneto–Acquacalda, neolithic quarry 1977

Figure 4. From left to right, top to bottom: obsidian fragments from archaeological samples MU2,
MU4, MU9, MU10, MU12, MU13 and MU14, respectively.

Sample MU2 consists of eight pieces found in 1953 in Lipari in the Contrada Di-
ana district. All samples have an opaque appearance and a black color with gray areas.
They present, depending on the fragment under analysis, a variable bubble and inclusion
presence, which made fission-track dating a delicate task.

Sample MU4 consists of two blocks excavated in 1957 in Lipari at the Castellaro site.
They appear slightly different from each other: one is opaque and with a black color tending
towards grey, while the other is blacker and shiny. Under the microscope, the fragments
under analysis have bubbles and inclusions inside them.

Samples MU6 (two fragments), MU7 (four fragments), MU9 (three fragments), MU10
(three fragments), MU12 (five fragments) and MU13 (two fragments) are from the Rinicedda
archaeological site on Salina Island excavated in 1989 and 2008. They are all opaque and
black, with bubbles and inclusions. Sample MU7 shows the presence, in some areas, of
rocky material; MU13 is grayish.

Sample MU14 (three fragments) was recovered from a Neolithic quarry on the Canneto–
Acquacalda road. The fragments are black and characterized internally by the presence of
bubbles and inclusions.

2.2. Fission-Track Dating

Obsidian, a naturally occurring volcanic glass formed when lava extruded from a
volcano cools rapidly with minimal crystal growth, can be dated by means of the fission-
track method, which has already proved to be useful for source identification [42,43] and
provenance studies [44,45]. In Neolithic times, obsidian was the sharpest known material,
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and it is thus considered one of the earliest pieces of evidence for commerce conducted
over a long distance.

Fission-track dating (FTD) [46–48] is based on the detection of the fission products of
uranium that create damage trails (fission tracks) within minerals [49,50]. It is a radiometric
technique used for both very old materials, such as meteorites, and younger objects,
including artifacts from archaeological sites, providing a versatile tool for dating a wide
range of samples. In fission-track dating, the fission products are identified as microscopic
damage trails or tracks in the crystal lattice rather than as daughter isotopes. 238U undergoes
spontaneous fission decay, and it is the only isotope with a decay rate relevant to the
significant production of natural fission tracks. As detailed in Section 2.1.1, the density
of spontaneous fission tracks in a material increases over time as events accumulate,
making it directly proportional to the age of the sample. In general, obsidian is datable
by FTD [49,51–53], and thus this technique is a tool for reconstructing the chronological
framework of Lipari obsidian flows. As collecting and processing obsidian was the main
economic resource for the Neolithic population of Lipari, FTD on archaeological findings
allows us to correlate obsidian artifacts with natural sources.

The physical bases of FTD rely on the fact that the spontaneous nuclear fission of
uranium 238 within minerals creates damage trails, the so-called fission tracks, that can
be etched and observed with an optical microscope [54–56]: the surface density of fis-
sion tracks on a thin chip of material thus represents a measure of the time over which
tracks accumulate. Both spontaneous and induced fission tracks are uniformly distributed
throughout the entire volume of the material under study, as the uranium that generates
them is uniformly distributed. However, the counting is performed on an internal surface
obtained by sectioning the material. For this reason, we refer to surface density.

To calculate the fission-track age, it is necessary to measure the amount of uranium
present by irradiating the sample with thermal neutrons in a nuclear reactor. This procedure
artificially induces fission on uranium 235; the ratio between uranium 238 and uranium
235 fission-track density is used to calculate the age.

2.2.1. Fission-Track Age Equation

The fission-track method is based on the natural radioactive decay of the unstable
parent nucleus, uranium 238, into a stable daughter nucleus, the fission fragments. The age
equation in its most complete form is given by:

T =
1

λα
ln

(
1 +

λα

λ f

σφ

η

Ns

Ni

)
, (1)

where:
λα is the decay constant of uranium 238 for alpha decay;
Ns/Ni is the ratio between the number of uranium 238 nuclei per unit volume that

decay by means of spontaneous fission and the number of uranium 235 nuclei per unit
volume that decay by means of induced fission after neutron irradiation. The ratio can
be determined through the ratio of surface densities of fission tracks determined in the
non-irradiated and irradiated samples.

For samples younger than 100 million years (Ma), that is, for the vast majority of the
studied materials, the approximate form of the age equation is used:

T =
φσ

λ f η
·ρs

ρi
, (2)

where:
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T is the age in years,
ρs is the surface density of fossil tracks,
and ρi is the surface density of induced tracks.
From Equation (2), it can be clearly seen that T is proportional to the surface density

of fossil and induced tracks, and thus to the uranium content in the sample, as well as to
the thermal neutron dose and a series of constants, namely [57]:

• Φ is the thermal neutron dose (neutrons/cm2), which can take different values de-
pending on the dosimeter used and the characteristics of the nuclear reactor;

• σ is the neutron cross-section for the fission of uranium 235; this is not a true constant
but is an average associated with the spectrum of thermal neutrons produced in
nuclear reactors under standard conditions;

• λf is the decay constant for the spontaneous fission of uranium 238; this value includes
some uncertainty due to the low probability of the event;

• η is the isotopic ratio of uranium 238 to uranium 235.

The values of the above-described parameters used in the present research are reported
in Table 3.

Table 3. Numerical values of the parameters to be used in the age equation.

Φ 1.48 × 1015 n/cm2

σ 580.2 barn
λ f 7.03 × 10−17 y−1

η 137.88

The age Equation (2) is valid if several important assumptions are met [58], i.e., if it
is assumed that every single fission event leaves a latent track in the material and that
this track remains stable over time; that the system is considered “closed”, meaning there
have been no variations in the uranium content of the sample; if the uranium content is
assumed to be uniformly distributed throughout the material; and if the fission tracks from
the spontaneous fission of uranium 238 and the induced fission tracks of uranium 235 are
considered equivalent, as they have a negligible difference in energy.

The total error value in the age equation is given by the sum of the errors encountered
in the calculation of the individual variables, namely those related to the dose Φ and the
ratio ρs/ρi, assuming λ, σ and η as constants.

2.2.2. Experimental Procedure

Samples for FTD require long and laborious preparation, consisting of a series of steps
that can be summarized as follows. Firstly, the obsidian block is broken into thin chips,
divided into two batches, one of which is irradiated with thermal neutrons. The neutron
irradiation took place using the TRIGA MARK II research reactor at the L.E.N.A. laboratory
at the University of Pavia. The reactor is fueled with low-enriched 235U and moderated
with light demineralized water, with a steady-state power of 250 kW. For the irradiation
facility, the rotating sample holder, LS (Lazy Susan), was selected in order to achieve a
thermal flux around 1 × 1012 n cm−2 s−1 [59].

After irradiating part of the samples, the chips from both batches are embedded into
epoxy resin, so as to obtain resin cylinders that serve as support for the processing. For this
purpose, a two-component epoxy resin (Buehler), which polymerizes at room temperature,
was used. Grinding and polishing are the last two stages of sample preparation before
etching; the chemical treatment, employed to selectively etch the obsidian surface, enlarges
the fission tracks and allows a clearer detection through optical microscope observation.
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The standard conditions for the chemical treatment of obsidian are HF in a 20% aqueous
solution at a temperature of 40 ◦C for 120 s.

At the end of this procedure, it is possible to count the fossil and induced traces and
to perform the calculations for age determinations.

3. Results

The results obtained are summarized in Figure 5, which shows the comparison be-
tween the dates obtained for the geological samples and the archaeological samples. More
details and the discussion of the results are provided in Sections 3.1 and 3.2.

Table 4. FTD ages obtained for obsidian geological samples used to characterize possible recruitment
sites for Neolithic people.

Sample Sampling Area Stratigraphy Age (y) FTD Age (y)

LIP2 Canneto Dentro 9000–8000 * 9714 ± 5610
LIP3 Canneto Dentro 9000–8000 10,587 ± 3747

LIP3A Canneto Dentro 9000–8000 9265 ± 6557
LIP4 Vallone Fiume Bianco 9000–8000 9491 ± 1885
LIP5 Vallone Fiume Bianco 9000–8000 10,473 ± 6049
LIP6 Vallone Fiume Bianco 9000–8000 10,019 ± 4101
LIP7 Vallone Gabellotto 8700–8400 10,183 ± 2739

LIP12 Monte Guardia 27,000–24,000 21,306 ± 4778
LIP12A Monte Guardia 27,000–24,000 25,117 ± 5977
LIP12B Monte Guardia 27,000–24,000 28,969 ± 8086
LIP13A Vallone Gabellotto 8700–8400 11,922 ± 3208

* The age of Canneto Dentro has been assumed from geological studies, but never directly dated until the
present work.

Figure 5. Graphical summary of the results outlined in Tables 3 and 4, highlighting the relationship
between the ages of obsidian geological samples (blue dots) and archaeological findings (red dots).
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3.1. Geological Samples

The results obtained for the geological samples analyzed in this work are reported in
Table 4.

The most ancient geological samples (LIP12, LIP12A and LIP12B) are in agreement
with the volcanism activity in southern Lipari—Epoch 8a dated 27–24,000 years before
present [6]. The other samples belong to the Vallone del Gabellotto Formation, whose
stratigraphic interval age is still uncertain. The Canneto Dentro tephra, associated with the
obsidian dome, is placed in Epoch 8b, recognized as occurring between the older layers of
the Upper Brown Tuffs (24–20 ka) and the Vallone del Gabellotto (8.7–8.4 ka) [6,60]. In recent
literature, the date 8.6 ka is assumed as the most probable age of the Vallone del Gabellotto
Formation that included the Pomiciazzo obsidian lava flow; however, another date was
obtained with the fission-track method, 11,400 ± 1800 BP [44], on obsidian samples from
Vallone del Gabellotto. The samples LIP4, LIP5 and LIP6 belong to a long period of volcanic
activity but concern an area distant from the primary source of the Vallone del Gabellotto,
located where the Fiume Bianco torrent digs the tephra layers of pumice belonging to the
Vallone del Gabellotto Formation, uncovering the obsidian blocks present in that deposit
dating up to 7170 years BP [61].

3.2. Archaeological Samples

Table 5 shows the fission-track datings obtained for the archaeological samples that are
clearly related to the obsidian taken from the Vallone del Gabellotto formation. In the most
ancient settlements, Castellaro (Lipari) and Rinicedda (Salina), the obsidian was probably
collected from two main sources: (1) the bed of the near river Fiume Bianco and (2) the
first Vallone del Gabellotto quarry [11]. In the more recent Neolithic settlement, Contrada
Diana, the obsidian was collected primarily in the Vallone del Gabellotto area that included
the Canneto Dentro source [10,17]. The most ancient dates are reported from samples of the
Rinicedda site (MU6, MU12, MU13). We could suppose that this obsidian belongs to a more
ancient eruption which is no longer visible. It is possible that the Neolithic community
first inhabited Salina Island and then Lipari Island. This hypothesis could agree with the
observations made by Buchner in 1949 [62] in the Papesca locality (actually Capo Rosso)
where he observed the presence of older lava at the base of the stratigraphy [63].

Table 5. FTD ages obtained for obsidian archaeological samples from the Lipari and Salina sites.

Sample Archaeological Site Excavation Context FTD Age (y)

MU2 Lipari, Contrada Diana Trench XVII, E (1953) 12,276 ± 6148
MU4 Lipari Castellaro (1957) 8660 ± 6129
MU6 Salina, Rinicedda Square A (1989) 11,749 ± 1707
MU7 Salina, Rinicedda Square L-M 42–44 US 6 (2008) 10,726 ± 5371
MU9 Salina, Rinicedda Square N43 US6 (2008) 13,461 ± 6031

MU10 Salina, Rinicedda Square N44 US6 (2008) 10,261 ± 7261
MU12 Salina, Rinicedda Square O44 US7 (2008) 13,063 ± 4951
MU13 Salina, Rinicedda Square M45 US7 (2008) 14,740 ± 4935
MU14 Lipari, Canneto–Acquacalda Second quarry (1977) 8256 ± 4772

The MU14 sample was collected in the Neolithic second quarry, discovered by Buchner
near the Canneto–Acquacalda road, used during the Diana culture phase. This is the
youngest sample among the archaeological ones dated in this work. The fission-track date
accorded with the chronology of the Vallone del Gabellotto formation but the sample MU2
from Contrada Diana has a different and older date.

Considering that the C14 dating carried out in the archaeological sites indicates the
beginning of the population of the Aeolian Islands in the middle of the VI millennium BC,
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it is assumed that the period of quiescence of the volcanoes of Lipari had begun. In the
Middle Ages, the volcanic activity resumed, modifying the territory of the north-eastern
part of the island.

Comparing the dates of geological and archaeological samples, a higher incidence
is observed around 10,000 years ago, suggesting the presence of an eruptive phase of
the Vallone del Gabellotto formation older than the one dated at 8700–8400 years but not
yet identified.

4. Conclusions

After the first outcome of this project, which focuses on the dating of geological and
archaeological samples using the fission-track method and is the first of its kind to be
proposed, we can summarize our conclusive remarks as follows:

These findings may support the hypothesis that obsidian from Lipari was collected
and used in early Neolithic (impressed ware) or even Mesolithic settlements outside Lipari,
even before the stable occupation of the Aeolian Islands.

The preliminary results presented in the present paper clearly show the potential
of the fission-track dating method for provenance studies, particularly in cases where
geochemically similar obsidian sources cannot be distinguished using traditional methods.
Moreover, its ability to provide absolute age constraints contributes not only to provenance
determination but also to broader archaeological chronologies.

The project “Lipari Obsidian and Neolithic Human Communities in the Aeolian
Islands” is currently ongoing, aiming to further investigate and deepen our understanding
of these aspects.
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Abstract: This study presents the results of the analyses of 15 structural mortars from the
building at civ. 21, level +0 of the Sarno Bath complex in Pompeii. These samples were
collected during recent stratigraphic excavations (year 2022) for detailed in-laboratory com-
positional characterization, aiming to trace the construction phases of the originating walls.
The 2022 samples were firstly analyzed via quantitative phase analysis–X-ray powder diffrac-
tion. The resulting quantitative mineralogical profiles were then processed alongside those
analyzed in previous studies from level +0 structures of the Sarno Baths using multivariate
statistical methods, including principal component analysis (PCA) and discriminant anal-
ysis, applied to quantitative phase analysis (QPA)–X-ray powder diffraction data (XRPD),
to identify and map the construction phases. This approach enabled the correlation of the
2022 samples with previously established construction phases. Polarized-light optical mi-
croscopy and scanning electron microscopy (SEM) coupled with energy dispersive X-ray
spectroscopy (EDS) were then primarily used for validation purposes. These methods high-
lighted the compositional differences between samples and revealed significant features
related to the use of specific raw materials. These results confirm the reliability of the semi-
automated sample processing proposed in this research, adopting discriminant analysis as a
machine-learning-based tool for defining construction phases in Pompeian contexts.

Keywords: ancient mortars; QPA-XRPD; discriminant analysis; principal component analysis;
Somma–Vesuvius; Phlegraean Fields

1. Introduction

Archaeometric research on ancient mortars, investigated by adopting a diverse array of
analytical techniques, has become increasingly common in the last decade. The selection of
analytical methods is guided by the research objectives and the study’s context. At Pompeii,
mortar analyses have often been employed to examine compositional characteristics from a
diachronic perspective or in relation to their functional application. A central aim in the com-
positional analysis of Vesuvian mortars has been to emphasize petrographic and mineralogical
variations, facilitating the identification and chronological sequencing of construction phases
in specific buildings. These tasks were usually achieved by adopting traditional approaches,
primarily based on polarized-light optical microscopy investigations [1–4]. Other studies have
combined multiple analytical techniques to distinguish mortars by their production chronol-
ogy and corresponding construction phases, leveraging specific petrographic, mineralogical,
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and geochemical variations [5–8]. Recently, the complex building history of the Sarno Bath
complex, studied by researchers from the University of Padua, has offered a unique oppor-
tunity to investigate a lesser-known building at Pompeii. The construction phases of this
building had remained uncertain due to the absence of detailed modern excavation reports
and archival documentation from early-20th-century restorations. Therefore, mortar analysis
has been used to distinguish the construction phases of the building by examining their
compositional characteristics. Secco et al. [9] and Dilaria et al. [10] centered their analyses on
a mineralogical characterization approach utilizing QPA-XRPD, which identified consistent
mineralogical assemblages indicative of building phase sequences. These mineralogical as-
semblages were properly framed by processing via PCA (principal component analysis) of
the QPA-XRPD data, which successfully differentiated mortar groups according to reliable
ancient and modern construction and restoration phases. By characterizing mortar groups
aligned with the building phases of the complex, this approach offers valuable insights into
the construction history of the Sarno Baths.

The current research builds upon previous studies and aims to analyze a new dataset
of mortar samples collected during stratigraphic excavations at the house located at civ. 21
(level +0) of the Sarno Bath complex (Regio VIII, Insula 2, n. 17–21) (Figure 1a,b).

 

Figure 1. (a) General plan of Pompeii with indication of Insula 2 in Regio VIII; (b) Indication of the
house at civ. 21 in Via delle Scuole, within the Sarno Bath Complex (modified from [10]).

The recent excavations, conducted in 2022 by the Department of Cultural Heritage
at the University of Padua, were carried out in collaboration with the Archaeological
Park of Pompeii, under the scientific coordination of M.S. Busana. The samples were
initially analyzed using QPA-XRPD, and their mineralogical quantitative profiles were
integrated into the existing dataset of previously analyzed mortar samples from the Sarno
Bath complex. The statistical distribution of the new samples was then compared with the
existing data, revealing overlaps within distribution clusters. However, certain samples
presented uncertainties that could not be fully addressed by PCA.
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To further validate these observations and enhance the attribution of samples to
specific construction phases, a discriminant analysis (DA) approach was adopted. This mul-
tivariate statistical method, often used for predictive purposes [11], classifies data into
categories based on posterior probabilities calculated from observed features. Using a
training dataset with pre-classified samples as markers, DA estimates the likelihood that
new observations belong to a specific category by considering variable distributions and
prior probabilities. In essence, DA compares the position of data points relative to the
centers of class distributions while accounting for internal variability, assigning samples to
categories that have the highest posterior probability. In archaeology, DA has been applied
to relate new observations to classified datasets, particularly in probabilistic determinations
comparing archaeological geomaterials (e.g., stone, ceramics) with geologically compatible
samples from known sources [12–16]. In this study, DA was innovatively employed as a
machine-learning tool for automated phase attribution, based on the compositional com-
patibility of mortar samples from the 2022 excavation with those previously analyzed and
linked to known construction phases. Pre-classified samples from level +0, analyzed in [10],
served as training markers. By analyzing the mineralogical affinities of samples, DA as-
signed the unknown-phase 2022 samples to specific construction phases based on their
probabilistic compatibility with known-phase samples, using two confidence intervals.

Both PCA and DA analysis were developed using multivariate statistical tools inte-
grated into Statgraphics Centurion PRO 19 (© 2023 Statgraphics Technologies, Inc., The Plains,
VA, USA). The data were ultimately validated through cross-comparison with optical mi-
croscopy analysis of samples prepared as 30 μm thin sections. Additionally, SEM-EDS analyses
provided insights into the potential sources of the volcanic aggregate fraction further validating
the mineralogical differences observed after QPA-XRPD analyses and PCA/DA associations.
These findings enhanced the chronological framework of the construction phases and corrobo-
rated stratigraphic hypotheses established through field archaeological investigations.

2. The Previous Research

Research on the Sarno Bath complex in Pompeii began in 2016, focusing on a multi-
analytical examination of its construction history and state of preservation. This included
investigating construction techniques, seismic monitoring, archival data on the building’s
history, and the materials used, including structural mortars [17].

The Sarno Bath complex, situated in Regio VIII, Insula 2 near the Forum, represents a
significant Roman spa complex constructed on Pompeii’s southwestern volcanic plateau [18].
Initially excavated between 1887 and 1890, with additional façade work in the 1950s, the site has
a long history of use, dating back to the Archaic and Samnite periods. By the 2nd century BCE,
during the Late Republican period, terraced domus were built in this area. The baths were
realized in a later period and, in their final arrangement, spanned approximately 3700 m2 across
four terraced floors descending the plateau, featuring a façade with an entrance overlooking
the Sarno Valley. The ground floor (level +0) comprised three interconnected housing units
with independent entrances, today accessible from Vicolo della Regina and Via delle Scuole.
Below, level -1 housed cisterns and service rooms were accessed via a vaulted corridor. Level -2
contained three panoramic apartments connected by a decorated cryptoporticus, while level -3
housed the actual baths and seven small rooms of uncertain function along a windowed corridor.
Finally, level -4 included five service rooms, above a thick opus caementicium foundation.

The multidisciplinary research conducted by the University of Padua provided a
deeper understanding of the complex’s construction history, enabling the identification of
four key phases of its construction and restoration [19].

• Phase I: Isolated structures with unspecified function and chronology identified un-
derneath later buildings of phase II.
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• Phase II: Construction of at least two terraced domus, including walls and floors and
equipped with water cisterns, certainly before the Imperial age.

• Phase III: Reorganization of the domus into their current layout likely occurred after the
Augustan age (early 1st century CE). This phase involved reframing earlier structures
and filling pits that remained incomplete at the time of the 79 CE eruption. A large
terraced building was constructed during this phase, housing (or intended to house)
the thermal baths on levels -3 and -4, accessible independently via a tunnel leading to
Vicolo della Regina.

• Phase IV: 19th- and 20th-century restorations, often poorly documented, altered the
original layout and plan of the buildings.

A crucial contribution to the identification of the construction phases came from
the analyses of structural mortar samples discussed in [9,10]. Overall, around 80 mortar
samples from both dated and undated structures were analyzed using optical microscopy
(OM) and X-ray powder diffraction with quantitative phase analysis (QPA-XRPD). Principal
component analysis (PCA) of the QPA-XRPD data classified the samples into three main
groups, aligned with distinct construction phases and restoration periods. OM validated
these groupings by confirming the statistical differentiation of the mineralogical profiles.
The groupings attributions are reported hereafter.

� Group 1: Modern restoration mortars (phase IV), subdivided into Gr 1a, 1b, and 1c, corre-
sponding to specific restoration interventions. Gr 1c mortars likely date to 19th-century
restorations, as supported by thermoluminescence dating of bricks [9]. Gr 1b mortars,
characterized by leucite-rich materials, suggest restorations postdating the 1930s.

� Group 2: Mortars dated between the end of the Augustan age and 79 CE (phase III),
with subgroups Gr 2a and 2b. These likely reflect construction activities before and
after the earthquake of 62/63 CE.

� Group 3: Mortars attributed to two sub-groups. Subgroup Gr 3a aligns with structures
dated to the pre-Imperial age (phase I–II), while for 3b the chronological association
is unclear.

PCA analysis identified distinct mineralogical markers differentiating the phases, as
reported below. These findings, combined with stratigraphic and archival data, provide a
robust chronological framework for understanding the Sarno Baths’ architectural evolution
before and after the 79 CE eruption of Mt. Vesuvius.

3. The 2022 Excavations at Civ. 21

During the 2022 campaign two excavation trenches were opened at the ground floor
(level +0) of the house at civ. 21 of Via delle Scuole. The first one was located in correspon-
dence with rooms G1 and G2 (sector D) and the second one in correspondence with room O
(sector E). In both sectors, the excavation activity brought to light structures attributable to
the two already known building phases of the complex, namely phase II (pre-Imperial age)
and phase III (post-Augustan age). In particular, in sector D it was possible to distinguish
some structures and layers certainly belonging to the house currently visible at civ. 21
(phase III) and structures and floors attributable to the earlier building already partially
investigated in 2018–2019, called ‘Casa A’ (phase II). A similar situation was observed in
sector E, where both structures related to the domus currently visible at civ. 21 (phase III)
and evidence referring to a pre-existing domus (the so-called ‘Casa B’, phase) were found.

Regarding chronology, the 2022 excavation finds suggest that the domus at civ. 21 was
constructed during the 1st century CE and the work was still in progress in 79 CE, while the
earlier domus (Casa A and Casa B) were likely built in the second half or towards the end of
the 2nd century BCE or at the beginning of the 1st century BCE.
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4. The 2022 Sampling

In the 2022 research campaign, 15 lime mortar samples were taken and analyzed
(Figure 2). They all consisted of bedding mortars of masonry structures (Table 1). Among
the wall structures sampled, some were attributed, on a stratigraphic basis, to a specific
building phase. This is the case, for example, of walls USM 304 and 302, referable to the
so-called ‘Casa A’ (phase II), and walls USM 81 and 83, clearly part of the more recent domus
at civ. 21 (phase III). For other structures, the archaeological stratigraphic sequence did not
provide clues to identify a possible construction phase. In particular, in some cases, it was
unclear whether the entire structure belonged to the same construction phase or if the
upper elevation was more recent, built on an older foundation. This is the case, for instance,
for walls USM 80, 300, and 301. Given this uncertainty, a sample was taken from both the
foundation and the elevation of each structure.

 

Figure 2. Samples collected from the 2022 excavation (circular labels in grey) together with those
already analyzed from civ. 21 and associated to groups identified in [10].

With regard to the construction techniques of the sampled walls, no particular dif-
ferences were observed. In fact, the foundations all consist of irregular stone elements
bonded by lime mortar and arranged in an irregular manner (opus incertum). Different
lithotypes are often used within the same structure; however, in most cases, compact and
vesicular tephrite are most prevalent as masonry elements (Figure 3a). Regarding the
elevated portions, two distinct techniques were identified. The first technique involves the
use of irregular stone elements of various lithologies (predominantly travertine), arranged
in an irregular pattern (opus incertum) and bound with lime mortar (Figure 3b). The second
technique involves the exclusive use of yellow tuff, shaped into sub-rhomboidal elements
arranged in rows, inclined at a 45-degree angle (opus quasi reticulatum) (Figure 3c).
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Table 1. Samples collected from the 2022 excavation with indication of the structural function,
materials, construction technique, and hypothetical building phase (attributed on a stratigraphic
basis) of the wall structures sampled.

Sample Wall Number Structural Function Building Materials Building Technique
Hypothetical Building

Phase (Based on
Archaeological Data)

M326 USM338 Foundation Compact and vesicular tephrite Opus incertum II

M327 USM83 Foundation Vesicular tephrite, yellow
tuff, travertine Opus incertum III

M328 USM83 Elevation Yellow tuff Opus quasi reticulatum III

M329 USM81 Foundation Compact tephrite Opus incertum Not determined

M330 USM81 Elevation Yellow tuff + bricks (in the chains) Opus quasi reticulatum III

M331 USM301 Foundation Compact tephrite Opus incertum Not determined

M332 USM301 Elevation Yellow tuff Opus quasi reticulatum III

M333 USM300 Foundation Vesicular tephrite, white
limestone, travertine, bricks Opus incertum Not determined

M334 USM300 Elevation Travertine, compact and vesicular
tephrite, grey tuff Opus incertum III?

M335 USM83 Foundation Vesicular tephrite, yellow
tuff, travertine Opus incertum Not determined

M336 USM304 Foundation Compact and vesicular tephrite,
travertine, bricks Opus incertum Not determined

M337 USM304 Foundation/
Threshold basis?

Compact and vesicular tephrite,
travertine, bricks Opus incertum Not determined

M338 USM515 Foundation Travertine Opus incertum Not determined

M339 USM 173 Elevation Compact tephrite, reused
brick fragments Opus incertum Not determined

M345 n.d. Elevation, corner chain Grey tuff, bricks Opus vittatum mixtum Not determined

 

Figure 3. The building techniques used in the wall structures sampled: (a) foundation in opus incertum;
(b) elevation in opus incertum; (c) elevation in opus quasi reticulatum; (d) elevation in opus incertum.

Typically, bricks are used to construct the corner chains in this type of structure.
Another documented technique is opus vittatum mixtum (Figure 3d), seen in the corner
chain of the west wall of the tunnel leading to the lower floor. This technique consists of
alternating courses of parallelepiped blocks of grey tuff and bricks.
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5. Analytical Workflow and Data Processing

From an analytical perspective, all samples were initially analyzed using QPA-XRPD
(see Supplementary Materials S1 for instrumental parameters and equipment details [16,20–22])
to facilitate a mineralogical comparison with the samples reported in [9,10]. Beyond identifying
the primary mineral phases in the mortar samples (Figure 4), XRPD analysis also clearly
revealed secondary phases associated with alteration processes in some mortars from already
exposed structures (raised walls). These included gypsum, halite, and gaylussite, which were
linked to the migration and crystallization of soluble salts, as described in [23]. In particular,
gypsum was identified as a product of atmospheric weathering on exposed mortars, consistent
with previous studies [5,24]. Halite, another common alteration product in ancient mortars,
was similarly detected [25]. To ensure consistency in the analysis, the proportions of the remain-
ing primary mineral phases were recalculated to 100% wt (see Supplementary Materials S2).

Figure 4. XRPD spectra of representative mortar samples from the 2022 excavation, showing the
d-spacing of the principal peak of all mineral phases other than amorphous. For those mineral phases
overlapping their main peaks, an indicative secondary peak has been highlighted (i.e., aragonite).

5.1. PCA on Mineralogical Data

The resulting mineralogical data were reprocessed alongside the samples analyzed
in [10] from level +0 of the Sarno Baths using PCA. This statistical method extracts a
limited number of linear combinations that effectively capture the variability of the original
mortar mineralogical profiles. It generates a set of principal components that represent
the dataset’s variations. This analysis employed the original mineralogical phases of the
mortar samples as descriptive variables (recalculated at 100%wt after the removal of the
alteration phases). The sample distribution was reported in a scatterplot according to the
value of the first two extracted components (PC1, PC2), as the first two components are
those describing the main variance of the dataset. The resulting bivariate diagram (Figure 5)
highlights strong correlations between the 2022 excavation samples and the previously
analyzed samples.
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Figure 5. PCA distribution of the 2022 excavation samples according to QPA-XRPD data (trian-
gles), processed together with mortar from level +0, in colored dots according to final groupings
identified in [10].

The PCA distribution diagram shows a trend in the PC1 and PC2 axes similar to that
observed in [10], with vectors indicating mineralogical phases that are interrelated and
characteristic of the identified sample groups:

• Group 3a (PC1 and PC2 values between 0 and +4). This group comprises samples
attributed to the pre-Imperial construction period. The connoting mineral phases,
positively correlated with group distribution, include hematite, plagioclase, olivine,
and, subordinately, clinopyroxene (Cpx). Some 2022 samples, such as M339, M336,
M337, and M326, fall within this range.

• Group 3b (PC1 and PC2 ~+1). No 2022 excavation samples clearly align with this subgroup.
• Group 2a (PC1: −1 to −4, PC2: 0 to −3). These samples, dating to the pre-79 CE Imperial

phase, are characterized by high concentrations of amorphous phases and biotite. None
of the 2022 samples fall directly within this interval. However, samples M334 and M345
lie in intermediate positions between groups 2a and 2b.

• Group 2b (PC1: −1 to +2, PC2: 0 to −3): This group also collects samples from the
pre-79 CE Imperial phase. This group is defined by positively correlated phases such
as K-feldspar, analcime, and, to a lesser extent, aragonite. Most 2022 samples, including
M327, M329, M330, M331, M333, M335, and M338, and, align with this group. Petro-
graphic analysis reveals a higher concentration of pyroxenes (augite), olivine, and vol-
canic clasts with K-feldspar microlites (sanidine) compared to group 2a mortars.
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• Modern restoration mortars (groups 1a, 1b, and 1c, PC1: 0 to −4, PC2: 0 to +4): These
groups are defined by positive correlations with calcite, leucite, dolomite, and quartz.
None of the 2022 samples fall within or near this quadrant, suggesting no modern
restoration mortars were sampled.

From the PCA results, even if it is clear that no 2022 samples correspond to modern
restoration mortars, certain correlations between some samples and specific groups remain
ambiguous. In fact, several samples occupy intermediate positions, particularly between
groups 3a and 2a/2b. This suggests that, while the 2022 samples align with established
construction phases, mineralogical fingerprints alone may not definitively associate sam-
ples with specific groups. This is partly due to the inherent limitations of PCA analysis,
as the first two PCs together account for only about 45% of the total dataset’s variability.
Secondary correlations can be explained by analyzing the remaining PCs with eigenvalues
greater than or equal to 1.0 (PC3 to 6), which, however, account for minor fractions of the
dataset’s variability (each contributing less than 10%).

5.2. Discriminant Analysis of Mineralogical Data

Discriminant analysis was employed as a machine-learning predictive method to auto-
matically attribute samples of uncertain phase to a specific construction phase. The training
dataset comprised the same samples used in the PCA analysis, representing structures al-
ready assigned to construction phases of level +0 of the Sarno Bath complex. Mineralogical
phases descriptive of the dataset served as independent discriminant variables, while the
2022 excavation samples were treated as uncertain data to be probabilistically associated
with a construction phase based on their compatibility with the centroids of the reference
sample groups. A total of 45 cases were used to develop a model to discriminate among
the six levels of attribution. Using a stepwise selection algorithm, it was determined that
six variables (amorphous, analcime, hematite, olivine, leucite, dolomite) were significant
predictors of group. The four discriminating functions with p-values less than 0.05 are
statistically significant at the 95.0% confidence level. The data processing enabled the as-
signment of most samples to a specific group (i.e., construction phase) with high confidence
(>99% for 1st probability), as reported in Table 2.

Table 2. Results of the discriminant analysis (DA, stepwise method—forward selection) on the
samples from the 2022 excavation attributed to groups at two probabilistic intervals.

Sample Assigned Group (1st) Prob. (%) Assigned Group (2nd) Prob. (%) Based on PCA

M326 3a 100 null null 3a

M336 3a 100 null null 3a

M337 3a 100 null null 3a

M339 3a 100 null null 3a

M327 2b 100 null null 2b

M328 2b 100 null null 2b ?

M329 2b 99.87 2a 0.13 2b

M330 2b 99.03 3b 0.97 2b

M331 2b 99.98 2a 0.02 2b

M333 2b 99.98 3b 0.02 2b

M334 2b 99.41 2a 0.59 2a or 2b

M335 2b 100 null null 2b

M338 2b 99.06 2a 0.94 2b

M345 2a 88.37 2b 11.63 2a or 2b

M332 3b 51.85 2b 48.15 2b ?
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• Group 3a: Samples M326, M336, M337, and M339 were confidently assigned to this
group, consistent with the PCA results.

• Group 2b: Samples M327, M328, M329, M330, M331, M333, M334, M335, and M338
were reliably attributed to this group.

• Group 2a: Sample M345 was assigned to group 2a with good probability (88.37%
1st probability); however, a potential association with group 2b cannot be excluded
(11.63% 2nd probability), highlighting the difficulty in definitively attributing this
sample to one of these groups.

• Sample M332: This sample’s attribution remains uncertain. DA indicated nearly
equal probabilities of belonging to group 3b or group 2b. This uncertainty is possibly
due to the limited representativeness of the reference dataset, which lacks the larger,
categorized markers (e.g., phased mortars) typically used in DA. Expanding the
dataset with more reference markers could significantly reduce this uncertainty. Based
on PCA observations of the first two principal components, this sample seems more
compatible with group 2b.

5.3. OM and SEM-EDS Analyses (Data Verification)

The results of the statistical processing of the mineralogical descriptive data were sub-
sequently validated through petrographic and chemical characterization of the compounds,
using transmitted light optical microscopy and SEM-EDS investigations of representa-
tive samples prepared in 30 μm thin sections (see Supplementary Materials S1 for details
on instrumental parameters and equipment [16,20–22]) This analysis further confirmed
the attribution of the samples based on the distinctive petro-mineralogical features that
characterize the mortars sampled in the 2022 archaeological campaign. The samples at-
tributed to group 3a (M326, M336, M337, and M339) are primarily composed of highly
vesicular tephrites exhibiting a hypocrystalline hyalopilitic structure. These aggregates
contain scattered phenocrysts, typically constituted by clinopyroxenes (augite–diopside)
and feldspars, predominantly of the plagioclase variety (labradorite/bytownite), with
subordinate K-feldspars (sanidine), often arranged as glomerophyres (Figure 6a). More-
over, single-grained leucite phenocrysts are usually almost completely transformed into
analcime due to analcimization processes [26] (Figure 7(a–b2)). Accessory minerals include
olivine, biotite, hematite, and opaque minerals (Figure 8(a1–a3)). The vesicular tephrite
component ranges from multi-millimeter-sized clasts to powdered fractions, forming ciner-
itic shards tightly blended with the lime-based binder. The binder is carbonate-based,
homogeneous, micritic, and thoroughly integrated with such scoriaceous aggregate, typi-
cally in binder-to-aggregate (B:A) ratios of approximately 1:2 or 1:3. Unmixed lime lumps
are minimal. The mortar porosity is low, with rounded vesicle-type pores predominating.
A completely subordinate fraction of the aggregate is constituted by extremely scattered
grains of pyroclastic rocks (pumices).

The samples confidently attributed to group 2b (M327, M328, M329, M330, M331,
M333, M334, M335, and M338) include the same highly vesicular tephrites found in group
3a (Figure 6b). However, in the mortars of group 2b, these tephrites are mixed in comparable
proportions with pumice clasts exhibiting reacted borders. They can be classified into
two main types: one is highly vesicular and aphyric/vitrophyric, with scattered biotite
phenocrysts (Figure 8(b1–b3)), while the other is feebly porphyritic/hyalopilitic with
reduced internal vascularity (Figure 8(c1–c3)). Rarely, scattered tuffs with cineritic matrices
were identified. They embed pumices, volcanic shards, and individual mineral components
such as biotite, K-feldspar, occasional clinopyroxenes, and opaque minerals. A subordinate
component of the aggregate includes grains of effusive rocks with porphyritic/trachytic
textures, characterized by feldspars with sanidine > plagioclase > anorthoclase, and opaque
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minerals, along with accessory clinopyroxenes and biotite. The carbonate binder in these
samples is micritic to microsparitic, slightly heterogeneous, with a greater occurrence of
poorly mixed lime lumps. The binder-to-aggregate ratio (L:A) tends towards 1:2. The open
porosity is scarce and primarily constituted by vugh/vesicle type voids.

 

Figure 6. Micrographs in optical microscopy with transmitted polarized light (parallel nicol) of
representative samples from the groups previously defined. (a) M326 (group 3a); (b) M338 (group 2b);
(c) M345 (group 2a); (d) M332 (compatible with group 2b). Legend: Vt = vesicular tephrite; p = pumice;
PL = plagioclase; PLg = plagioclase (glomerophyre); L = lump; LT = leucite (usually analcimized);
Cpx = clinopyroxene.

 

Figure 7. Analcimized leucite mineralization in a vesicular tephrite clast included in sample
M326. (a) TL-OM cross-polar high-magnification micrograph of analcimized leucite. (b) SEM image
(backscattered electron) of the analcimized leucite; (b1,b2) EDS microanalyses in two points of the
analcimized leucite.

Sample M345 differs from the group 2b samples as its aggregate fraction is primar-
ily composed of aphyric juveniles with scattered biotite phenocrysts, and slightly por-
phyritic/hyalopilitic pumices. The presence of grains and shards of vesicular tephrite
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(Figure 6c) is significantly lower. Based on these characteristics, it may be classified with
the group 2a mortars, which are connoted by a high concentration of amorphous material
and biotite, quantified also after QPA-XRPD analyses, indicative of the elevated pumice
fraction included in the sample constituting this group. A totally subordinate component
of the aggregates consists of more compact tephrite grains. These grains often contain
phenocrysts of biotite, clinopyroxene, plagioclase, and minerals of leucite, with a lower
degree of analcimization (Figure 9(a–a2)).

 

Figure 8. OM-TL (parallel nicols) and SEM (backscattered electrons) acquisition of represen-
tative volcanic clasts included in mortars. (a1–a3) vesicular tephrite; (b1–b3) aphyric pumice;
(c1–c3) hyalopilitic pumice.

Finally, although sample M332 is probabilistically associated by DA to group 2b or
group 3b (with nearly equal likelihood), petrographic analysis suggests it does not exhibit
significant differences from the group 2b samples (Figure 6d). Thus, it is more plausibly
associated with group 2b, aligning with the observations from the PCA distributions.
The mortar features observed via OM coupled with SEM-EDS support the PCA distribution
of samples according to their QPA-XRPD profiles.

In conclusion, samples from group 3a are positively correlated with trend vectors for
plagioclase, hematite, clinopyroxene, and olivine, indicative of the common mineralizations
detected in the high tephritic/cineritic fraction present in these composites. In contrast,
group 2a samples exhibit an inverse correlation in respect to the mineralogical phases that
characterize group 3a mortars. In fact, group 2a mortars feature positive correlations of
amorphous fraction and biotite content, which reflects the elevated presence of aphyric
pumice in the mortars of these composites. Intermediate correlations are observed in group
2b samples, which show a high concentration of analcime, attributable to the analcimized
leucites found in both vesicular tephrites and certain pumices. These mineral phase
vectors, in turn, are entirely counter-correlated with samples from modern restorations,
distinguished by positive correlations with calcite content (indicative of lime-rich mortars),
quartz (different source of certain aggregates), and leucite [10]. In particular, the high
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leucite content in the group 1 mortars is likely associated with the presence of pumice
fragments enriched with leucite, characterized by abundant mineralizations within the
volcanic glass unaffected by analcimization, as detected in modern restoration sample
M259 analyzed in [10] (Figure 10).

 

Figure 9. Leucite mineralization in a tephrite included in sample M345. (a) SEM image (backscattered
electron) of the leucite mineral with clear analcimization rims; (a1,a2) EDS microanalyses in two
points of the analcimized leucite.

 

Figure 10. SEM-EDS analysis of a pumice clast embedded in modern restoration mortar M259
(as analyzed in [10]). BEI micrographs reveal the presence of fresh leucite mineralization within the
volcanic glass, whereas analcime rims are not detected. EDS maps confirm this observation, showing
distinct K-enriched and mildly Al-enriched regions corresponding to the leucite minerals, with no
detectable Na-enriched areas—further evidence of the absence of analcimization processes.
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6. Discussion

6.1. Sequencing Building Interventions

The analyses of the 2022 mortars allowed the sampled structures to be attributed
with certainty to a specific building phase based on the characteristics of the mortar
employed (Figure 11). In some cases, the analytical results confirmed the hypotheses
already proposed on an archaeological–stratigraphic basis. In other instances, the analysis
resolved uncertainties regarding the attribution of certain structures to specific building
phases. Notably, the absence of differences between the mortars used in the foundations
and those in the elevations clarified that certain structures (USM 80, 300, and 301) were
not constructed atop older walls but were entirely built within the same phase (phase III)
from the foundation upward. This insight enabled a more accurate interpretation of the
building’s architectural evolution and construction processes.

The analysis also provided critical insights for refining the sequence of construction
activities within the complex. Notably, the classification of sample M338 within group
2b revealed an important revision of prior assumptions [10]. In fact, it demonstrated that
mortars from group 2b actually predate those of group 2a. This conclusion is supported by
the fact that the sample originates from a levelled wall structure unequivocally associated
with an earlier construction phase (USM 515), predating the house currently visible at civ.
n. 21. Indeed, this structure is overlaid by the kitchen counter in room O, likely realized in
the last phase of restoration before the 79 CE eruption (Figure 12).

 

Figure 11. Samples collected from the 2022 excavation in circular labels colored according to attributed
groups after the processing of analytical data.

As for the building techniques, the mortar analysis confirmed what had already been
hypothesized on the basis of archaeological data, namely that in the complex there is no
close relationship between construction techniques and building phases, in particular in the
more recent one. In fact, even if opus incertum seems to predominate in phase II structures
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(characterized by group 3a mortars), at least at foundation level, the same technique
continued to be used in phase III structures, in which other techniques are also recognizable
(opus quasi reticulatum, opus vittatum mixtum). A similar trend can also be observed with
regard to the materials used in the wall structures. In phase II walls, compact and vesicular
tephrite predominate (though not exclusively), while in phase III structures, a wider variety
of stone materials is found (compact and vesicular tephrite, but also travertine, yellow tuff,
and grey tuff), sometimes used in combination with brick.

 

Figure 12. The wall USM 515 overlaid by the kitchen counter in room O (sector E).

6.2. Chronology and Raw Materials

The aspects outlined above allow for an analysis of the formulation of mortars used in
the building, identifying a clear evolutionary trend in the combinations of raw materials,
particularly concerning the aggregates. Petrographic investigations clearly reveal a signifi-
cant evolution in mortar production, especially in relation to the aggregate fraction. In the
samples of group Gr 3a, attributed to phase II and associated with the earliest construction
periods of the domus in the Sarno Bath complex, there is a predominant presence of ground
vesicular tephrite, milled down into fragments or powder. These soft stones, also known as
Lava Foam or Lava-Schiuma [27–29], were extensively quarried and employed in construc-
tion in Pompeii [29–32]. In the Sarno Baths, they constitute a recurrent material adopted
for masonry structures [33]; in fact, this stone type was employed in the construction of
phase II walls investigated along with the 2022 excavations in the civ. 21 (see Table 1).
Discarded chips during the in situ cutting of these soft stones were subsequently repur-
posed as aggregate in the mortar production for phases I and II. According to the TAS
diagram (Figure 13a), these clasts exhibit a chemical composition ranging from basaltic
trachyandesite (approaching shoshonite) to tephriphonolite, aligning perfectly with the
chemical range of Somma–Vesuvius lavas [34,35] (for the results of the SEM-EDS analyses
on volcanic aggregates, see Supplementary Materials S3).
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Figure 13. TAS scatterplots of pumices clasts and lavas (tephrites) included in samples M326 (Gr 3a),
M345 (Gr 2a), and M328 (Gr 2b), respectively, overlapped to the geochemical intervals of compatible
volcanic products of the Neapolitan district: (a) three primary eruptive facies of Somma–Vesuvius
(reference from [22] and related sources; lava geochemical intervals are modified from [30]); (b) main
eruptive events of the Phlegraean Fields, comprising pre-Campanian and Campanian Ignimbrite
(pre-CI/CI), pre-Neapolitan and Neapolitan Yellow Tuff (pre-NYT/NYT), post-NYT, and Phlegraean-
correlated volcanoes of Ischia and Procida–Vivara (reference from [22] and related sources).

In the mortars of group Gr 2b, we detected a significant increase in pumice grains,
which become predominant in group Gr 2a, although vesicular tephrite lavas remain present
to some extent. Moreover, silica-undersaturated pumice clasts, which range in composi-
tion from tephriphonolite to basaltic trachyandesite, are less common. In contrast, most of
the juveniles, and in particular the aphyric clasts, primarily exhibit a phonolitic chemical
composition. This geochemical composition overlaps with the main Phlegraean volcanic prod-
ucts [36,37] (Figure 13b) as well as the Somma–Vesuvius older (>9 k.a. BP) and prehistorical
(9 k.a. BP—79 CE) Plinian and sub-Plinian explosive series [38,39] (Figure 13a). Consistent
with the findings of [8] regarding the clasts present in Pompeian mortars from the Sam-
nite period, our analysis of the Gr 3a mortars, associated with pre-Imperial construction
phases, similarly outlines the absence of pumices with phonolitic compositions. Moreover,
it is noteworthy that such chemical compositions are often identified in mortars through the
analysis of pumices serving as pozzolanic aggregates, where these clasts are associated with
Phlegraean eruptions [16,22,40], particularly those occurring after the Neapolitan Yellow Tuff
event (post-NYT eruptions). This aspect aligns well with the increasing use of yellow tuff in
masonry, likely linked to Phlegraean volcanic activity [36,37], particularly during the pre- and
post-earthquake renovations of 62/63 CE. The first evidence of its use extends back to the
late Republican period and continues to expand into later decades [32,41,42]. The increasing
use of yellow tuff as masonry material in the construction and reconstruction activities of the
Imperial period in Pompeii could therefore be associated with the growing presence of non-
lithified pyroclastic debris, such as pumice and aphyric shards, which were used as pozzolanic
aggregates in mortars and likely sourced predominantly from Phlegraean-related deposits.

7. Conclusive Remarks

The multi-analytical protocol we adopted, primarily based on the processing of min-
eralogical QPA-XRPD data using multivariate statistical analysis techniques, proved highly
effective in distinguishing construction phases and identifying raw materials used in the
Sarno Bath complex. This effectiveness is contingent on the availability of a comprehensive
reference dataset of samples associated with well-defined phases. The dataset must encom-
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pass all potential phases and subphases to ensure reliable classification of unknown samples.
The method we adopted acts like a machine-learning tool, efficiently assigning samples to
groups based on a well-classified training dataset. This semi-automated protocol is both cost
effective and time efficient, addressing group classification challenges with high confidence
by maximizing the use of the mineralogical characteristics of the samples. Ambiguous cases,
identified by low probabilistic attribution through discriminant analysis, are flagged for fur-
ther verification using complementary techniques such as optical microscopy and SEM-EDS.
Cross-validation of data and comparison with archaeological results has demonstrated the
method’s effectiveness. Following this data processing, the samples still remaining uncertain
are limited to a few instances (e.g., M332). In such cases, it may be necessary to employ other
advanced techniques (e.g., XRF on bulk mortars, or FT-IR) to more confidently define their
group affiliations or confirm their status as outliers.

In conclusion, this method can streamline workflows and reduce subjective and speculative
interpretations and assumption. Therefore, it could be effectively applied to the study of other
ancient buildings with long construction histories, not limited to Vesuvian sites. However,
it is crucial to first establish a comprehensive reference dataset that captures the variability of
ancient and modern mortars with a well-defined chronology. Such a dataset can then be used to
attribute other structures of uncertain chronology to specific construction or restoration episodes.

Finally, this analytical protocol can significantly aid structural investigations for di-
agnostic purposes and maintenance or restoration of buildings by distinguishing sectors
constructed at different times, which therefore may present diverse conservation risks.
From an archaeological perspective, it provides a cost-effective alternative to the extensive
and time-consuming stratigraphic excavation traditionally needed to establish the chronol-
ogy of structures based on associated artifact assemblages and absolute dating methods
(i.e., 14C), or alternatively serves as an efficient pre-screening tool for guiding targeted and
spatially limited stratigraphic investigations.
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Abstract: This paper presents the results of the analyses conducted on 46 stone samples
collected from Roman buildings in Oderzo, a small town located in the heart of the eastern
Venetian plain (29 samples), and from architectural artifacts preserved at the local archeo-
logical museum “Eno Bellis” (17 samples). The aim of this study is to identify the types
and provenance of the stones used for architectural purposes in Roman times in the city of
Oderzo (ancient Opitergium). All the materials were petrographically characterized using a
multi-analytical approach, including polarized light optical microscopy (PLM). Moreover,
volcanic rock samples were analyzed via X-ray fluorescence (XRF) and quantitative phase
analysis via X-Ray powder diffraction (QPA-XRPD) to obtain more detailed mineralogical
and geochemical characterizations. These methods proved valuable for better determining
the provenance of the materials. The results allowed us to determine the quarrying areas
that Opitergium mostly relied upon in antiquity for sourcing building materials, as well as
the stone trade networks in which the city was integrated. Preliminary findings indicate a
higher frequency of stones sourced from outcrops along the Prealpine Arc of north-eastern
Italy and Istria, including Aurisina limestone (Trieste Karst), and micritic limestones possi-
bly quarried in the Istrian peninsula for architectural artifacts. Conversely, lithotypes from
north-western Prealps appear to have been used less frequently. The volcanic rock samples
were entirely sourced from various quarry sites in the Euganean Volcanic District in the
Veneto region.

Keywords: Oderzo; stone resources; Roman architecture; PML; XRF; Discriminant analysis;
QPA-XRPD

1. Introduction

1.1. Objectives of the Research

In the framework of a broader research project on the Roman architecture of Regio X
(Venetia et Histria) conducted over the past few years by the Department of Cultural Heritage
in collaboration with the Department of Geosciences of the University of Padova [1–6], this
study aims to determine the provenance of the stones used in the city of Oderzo (Opitergium)
for architectural purposes during the Roman Age and their trade network. To do so, we
collected and analyzed 46 stone samples from two of the main archeological areas in the
city (the forum and the so called “Ex Carceri” area), as well as from architectural elements
preserved in the archeological museum “Eno Bellis” in Oderzo. This study focuses on the
use of local stones. The region (Figure 1) is, in fact, naturally rich in resources, including

Heritage 2025, 8, 44 https://doi.org/10.3390/heritage8020044
86



Heritage 2025, 8, 44

stones, which have been widely exploited since pre-Roman times. These primarily consist
of sedimentary rocks, specifically limestones, which outcrop in the Berici Hills, the Venetian
Prealps, the Triestine Karst, and the Istrian peninsula [1,7,8]. Additionally, the main outcrop
for the sourcing of volcanic rock materials consists of the Oligocene Euganean volcanic
district in the Veneto region [9]. Both sedimentary and volcanic rocks were extensively
used in Roman times for constructing structures, infrastructure, and artifacts, as well as for
general building purposes.

Figure 1. Diagram of the physiographic units of the Veneto–Friulan plain: (1) hydrography; (2) river
slopes; (3) springs line; (5) Euganean Hills, Berici Hills, Prealps; (6) Morainic ridges of the Piave and
Tagliamento river basins; (7) intermorainic depressions; (8) upper plain; (9) low plain; (10) tectonic
terraces; (11) lagoon islands; (12) gravel riverbeds; (13) sand uplands; (14) delta coastal system;
(15) toponyms (modified from [10]).

An in-depth scientific study of the quarrying and trading strategies, along with the
data derived from it, has considerable informational potential. In fact, identifying the
quarrying basins of origin makes it possible to reconstruct the trade routes that shaped
the region during Roman times and to identify possible preferential relationships with
certain quarries, which could indicate close economic ties between the builders, the quarry
workers, and those responsible for transporting the material to the site. Reconstructing
such dynamics is crucial as the quarrying phase and, in particular, the transportation of
the stone involved considerable costs that undoubtedly weighed heavily on the builders’
financial budgets.
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1.2. State of the Art

For a long time, research on Roman architecture has focused almost exclusively on
the formal, stylistic, and chronological aspects of ancient construction. In many studies
conducted between the 19th and 20th centuries, the meticulous analysis of these stylistic
aspects was not matched by equal attention to the construction materials and techniques
used in ancient buildings, nor to the related dynamics of supply, processing, and trade of
natural resources, including stone materials.

The study of stone resources and their use in Roman architecture is a relatively recent
topic. In regards to Northern Italy, the first to propose a review of the quarrying basins in the
Veneto region, as well as a distribution map of the different lithotypes used in urban centers
of the Roman Age, is A. Buonopane [11]. In more recent years, the University of Padua
started a research project on the stone resources of the X Regio, investigating the dynamics
of their extraction, circulation, and use. The research has, in some cases, focused on specific
urban centers and related territories, such as Aquileia [1] and Verona [12], where ancient
buildings have been examined through in-depth studies which included archaeometric
analysis on stone materials. In addition to these synthesis works, several contributions
have focused on the region’s stone resources, emphasizing different perspectives, such as
the trading and diffusion of stone types [2–4], provenance determination studies [6,13–19],
and transport routes and commercial dynamics of stone materials [20,21].

Despite such remarkable progress, the implementation of an interdisciplinary
approach—specifically, a multi-analytical protocol that includes petrographic and archaeo-
metric analyses—remains rare in the study of stone materials used in the Roman architec-
ture of the region.

2. History and Architecture of Roman Oderzo

Located in the heart of the Eastern Venetian plain, Oderzo stands on a hillock to the
right of a wide bend of the Monticano river. The area is bordered to the west by the Piave
river and to the east by the Livenza river [22,23]. The site’s advantageous location, relatively
close to the coastline and accessible in ancient times via the Navisego Vecchio-Piavon and
Monticano rivers [24], is undoubtedly one of the reasons for the settlement’s longevity. Its
development spans over three millennia, beginning between the 10th and 9th centuries
BC, where it served as an important crossroad and communication hub connecting eastern
Veneto, the Alpine region, and the Euganean area. During this period, the settlement
occupied the top of the hillock and consisted of a cluster of huts. The crossroad nature of
the site facilitated the early development of a complex road network, whose main routes
continued to be used even in Roman times [25].

The adaptation of the settlement layout to Roman urban standards occurred relatively
quickly (Figure 2). By the late 2nd century to early 1st century BC, the city was already
provided with a forum square. This period of architectural expansion was further en-
hanced by the nearby Via Postumia, constructed in 148 BC by the consul Spurius Postumius
Albinus [26].

In the second half of the 1st century BC, when the region was granted Roman cit-
izenship, the newly established municipium Opitergium underwent an extensive urban
restructuring plan that continued throughout the 1st century AD. This project led to
the construction of impressive public architectural complexes, including a monumental
square (forum) [27], a bath building [28], a temple [29], and many prestigious houses (do-
mus) [25,30,31]. A dense network of infrastructure, including paved roads [32], a river
dock [33], and city walls [34], also date to this period. During this time, as this study shows,
the import of stone material increased. The stone used in this phase of reconstruction and
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renovation came from quarries throughout the region, including those further away from
the city.

Figure 2. Map of Roman Opitergium, with an indication of the archeological areas analyzed in
this study [modified from [25]] (blue = rivers; yellow = ancient city area; red = ancient structures
and infrastructure).

The settlement’s development eventually slowed down due to the looming barbarian
invasion, which threatened the city as early as the 2nd century AD, notably with the
incursions of the Quadi and Marcomanni. This also led to a decrease in the import of stone
material, as evidenced by the rare stone samples taken from buildings dated to this period
and analyzed in this research.

A mosaic floor depicting hunting scenes [35], dated to the 3rd century AD, indicates a
brief revival of residential construction during the Late Antique period just before a decline
in the following centuries. At this stage, there was a modest increase in stone imports,
particularly from the nearby Prealps.

Our knowledge of the Late Antique and Medieval phases of the city comes from the
archeological evidence found in the so-called Ex Carceri area [36]. In the 7th century AD,
a new defense wall was constructed using the remnants of Roman structures (including
a section of the Augustan walls, a paved road, and a city gate), reusing numerous stone
elements from Roman funerary contexts, such as cylindrical altars, decorated stelae, and
an inscribed statue base [37]. The need for robust fortifications came from the Lombard
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invasion that led to the destruction of the city in 667, as recounted by Paolo Diacono in the
Historia Langobardorum (IV, 38, 45).

Despite the city’s destruction, occupation of the site continued, and new restructuring
projects soon began. A keep, built on the southwestern corner of the 7th century AD wall
using large blocks of Euganean trachyte and limestone taken from the ruins of monumental
buildings of Roman Opitergium, was realized between the 8th and 9th centuries [38]. These
structures were later utilized as foundations for new buildings and infrastructure, including
a tower house, a new city wall, and ultimately, the Medieval castle. The prison tower,
which lends its name to the area, was erected in 1797 on the castle’s ruins.

3. Materials and Methods

3.1. Sampling

For the purpose of this research, 46 stone samples were taken, 29 from structures
preserved in the archeological areas of the forum and the Ex Carceri and 17 from stone
artifacts preserved in the Archeological Museum “Eno Bellis” in Oderzo (Figure 3). In
particular, 16 pavement elements, with 8 from the cavaedium of the city gate (OD_01; OD_02;
OD_03; OD_04; OD_05; OD_06; OD_09; OD_10), 1 from a paved road (OD_11), 1 from
the pavement of the basilica (OD_19), 6 from the forum square (OD_25; OD_27; OD_28;
OD_31; OD_33; OD_35); 2 small pillars (OD_13; OD_14); 1 drainage lid (OD_29); 1 drainage
filter (OD_18); 3 thresholds, with 2 from the cavaedium of the city gate (OD_07; OD_12)
and 1 from the basilica (OD_20); and 23 architectural elements, with 1 acroterium (OD_52),
2 architraves (OD_45; OD_51), 5 ashlars (OD_08; OD_15; OD_16; OD_17; OD_36), 4 capitals
(OD_43; OD_49; OD_54; OD_55), 1 column base (OD_37), 3 columns (OD_38; OD_41;
OD_50), 5 cornices (OD_22; OD_23; OD_44; OD_46; OD_53), 1 frieze fragment (OD_39),
and 1 fragment of semi-column (OD_42). The operation was carried out via mechanical
removal, using a chisel, of centimeter-sized fragments of stone material. Where possible,
elements characterized with pre-existing gaps were favored, which allowed for the easy
identification and removal of the material, as well as minimal impact on structures. All
samples came from structures and artifacts dated to Roman times [39]. In buildings with
more than one construction phase, when possible, samples were taken from structures of
all the different phases in order to identify elements of either continuity or discontinuity in
the selection and use of stone materials.

3.2. Analythical Method

To gather as much information as possible from the stone samples, we applied an
analytical protocol that was already established [40]; it involved characterizing different
stone types using various archaeometric approaches, including textural and microfaunal
analyses through optical microscopy and geochemical analyses. The results are then
compared with established data on the petrographic and geochemical signatures of quarry
sites to determine the likely provenance of the rock samples.

The preliminary macroscopic identification allowed us to classify the samples into
two groups: one consisting of 30 sedimentary rock samples and the other of 16 volcanic
rock samples, predominantly Euganean trachyte. Subsequently, the samples underwent
two different characterization protocols. Both sedimentary rocks, primarily carbonate, and
volcanic rock samples were first analyzed petrographically using PLM to identify their
petrofacies, which are useful for determining their geological formation.

Moreover, a more detailed analytical approach was adopted for volcanic rocks, which
allowed us to identify the specific quarry site for most of the samples.
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Figure 3. Selection of archeological structures and artifacts sampled in the archeological areas and in
the archeological museum “Eno Bellis” in Oderzo: (a) OD_19 = drainage lid; (b) OD_55 = capital;
(c) OD_39 = decorated architrave; (d) OD_25 = paving slab; (e) OD_41 = column.

The volcanic rock samples were therefore characterized from a geochemical point of
view using XRF (X-ray fluorescence) analysis. The quantitative data of major and trace
elements thus obtained were then compared with databases of geological samples taken
from known quarries in the Euganean area [41] to assess correlations with the quarry
basins. Both the geological quarry samples and archeological ones were analyzed via XRF
by adopting the same analytical protocol as reported in [42]. Reference samples constitute
the geochemical databases implemented by the Department of Cultural Heritage and the
Department of Geosciences of the University of Padua, comprising modern geological
samples directly collected from Euganean quarries coupled with archeological samples
(analyzed in [40] and previous studies) unequivocally attributed to quarry outcrops. The
samples were categorized in groups according to their chemical composition via cluster
analyses and then compared in bivariate scatterplots to reference samples in order to better
identify their geological provenance from Euganean volcanic outcrops using a selection of
discriminant chemical elements selected among major elements, specifically REE and HFSE.
For further confirmation, the data obtained were analyzed using discriminant analysis,
with the same pattern of major and trace elements used to produce the scatterplots and
PCA/cluster analyses as the discriminant variables. The archeological samples were
again compared with 218 samples of known origin. Discriminant analysis (DA), using the
tools available in Statgraphics Centurion Pro 19, enabled the probabilistic identification
of quarry sites by providing percentage-based likelihoods of origin. When the probability
for a primary site did not reach 100% (unequivocal attribution), a secondary site was also
suggested on a probabilistic basis. This approach, frequently used by our team for volcanic
rock identification [6,40], provides robust probabilistic provenance attribution based on
geochemical data. Finally, a coherent selection of samples was subjected to QPA-XRPD
(X-ray powder diffraction) analysis to observe possible discrimination markers based on
the bulk mineralogy of the samples.
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3.3. Analytical Equipment

All analyses were conducted using equipment located at the Department of Geo-
sciences, University of Padova.

The PLM-TL (transmitted light) analyses were performed on rock samples prepared
on 30 μm thin sections using a Leica DM750 P microscope equipped with an integrated
FLEXACAM I5 digital camera (Leica Geosystems, Heerbrugg, Switzerland).

The XRF analyses were performed on volcanic rock samples with a WDS Panalytical
Zetium sequential spectrometer (Malvern Panalytical, Malvern, UK), operating under
vacuum conditions and equipped with a 2.4 kW Rh tube. The samples were calcined to
determine their loss on ignition (L.O.I.) by placing them in a muffle furnace at 860 ◦C for
about 20 min and then at 980 ◦C for about 2 h. The samples for the actual XRF analyses
were then prepared in beads using a lithium tetraborate (Li2B4O7) flux with a dilution of
1:10, and melting was carried out using a Claisse Eagon 2 bead mill (maximum temperature
achieved of about 1150 ◦C). The calculated major elements are Si, Ti, Al, Fe, Mn, Mg, Ca,
Na, K, and P (expressed as percentages of the relative oxides). The L.O.I. was calculated
separately. The calculated trace elements (expressed in ppm) are Sc, V, Cr, Co, Ni, Cu,
Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Pb, Th, and U. Instrumental precision (defined
by repeated analyses on the same sample) is within 0.6% relative for major elements and
within 3.0% relative for trace elements. Detection limits for Al, Mg, and Na are within
0.01%, within 0.2% for Si, and within 0.005% for Ti, Fe, Mn, Ca, K and P; for trace elements,
they are (in ppm) Sc = 3, V = 5, Cr = 6, Co = 3, Ni = 3, Cu = 3, Zn = 3, Ga = 3, Rb = 3, Sr = 3,
Y = 3, Zr = 3, Nb = 3, Ba = 10, La = 10, Ce = 10, Nd = 10, Pb = 5, Th = 3, and U = 3.

The QPA-XRPD analyses, performed on a selection of representative volcanic rocks,
were performed using a Bragg–Brentano θ-θ diffractometer PANalytical X’Pert PRO
(Malvern Panalytical, Malvern, UK), equipped with a real-time multiple strip (RTMS)
detector (Malvern, UK, PANalytical, Malvern, UKPIXcel by Panalytical). The quantifi-
cation of both crystalline and amorphous content was obtained through the addition of
20 wt% of zincite to the powders as an internal standard. Then, a quantitative phase
analysis (QPA) was performed using the Rietveld method [43]. Refinements were carried
out with the TOPAS software (version 4.1) by Bruker AXS (Bruker Corporation, USA).
The observed Bragg peaks in the powder patterns were modeled through a pseudo-Voigt
function, fitting the background with a 12-coefficient Chebyshev polynomial. For each
mineral phase, lattice parameters, Lorentzian crystal sizes, and scale factors were refined.
Any residual preferred orientation effect was modeled during the refinement with the
March Dollase algorithm [44]. The starting structural models for the refinements were
taken from the International Crystal Structure Database (ICSD). For the quantification
of low-angle smectite-like peaks, detected in some samples, the BGMN-Profex software,
version 5.1.8 (Brandt, Germany) with dedicated fitting functions for Rietveld refinements
of clay phases was adopted [45].

4. Results

4.1. PLM (Polarized Light Optical Microscopy)
4.1.1. Sedimentary Rocks

The analytical approach adopted for the study of sedimentary rocks involves the
analysis of samples using PLM in order to obtain a petrographic profile to identify, by com-
parison with databases of samples of known provenance, the extraction basin of origin. The
samples are mostly pertinent to carbonate rocks, among which are Aurisina limestone (nine
samples: OD_12; OD_20; OD_23; OD_39; OD_44; OD_45; OD_51; OD_52; OD_53), Scaglia
Rossa (six samples: OD_06; OD_08; OD_10; OD_16; OD_17; OD_19), and Vicenza stone
(three samples: OD_41; OD_54; OD_55). For an additional eight samples, the identification
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with a specific lithotype and corresponding source basin is uncertain; a total of five of these
samples (OD_37; OD_38; OD_42; OD_43; OD_50) exhibit characteristics consistent with
Karst limestones, while the remaining three samples (OD_15; OD_36; OD_49) resemble
compact limestones quarried from the Istrian peninsula. Among sedimentary rocks, there
are four sandstone samples (OD_18; OD_22; OD_35; OD_46).

Aurisina Limestone

The samples analyzed in this study (OD_12; OD_20; OD_23; OD_39; OD_44; OD_45;
OD_51; OD_52; OD_53) are predominantly classified as grainstone, with abundant frag-
ments of rudists and a smaller percentage of benthic foraminifera (including Miliolida and
Textulariida). Fragments of green algae (Thaumatoporella parvovesiculifera), echinoderms,
peloids, and rare intraclasts are also present (Figure 4a). They are compatible with the
quarry basin located in the Municipality of Duino-Aurisina, which is the largest and most
heavily exploited in the Trieste Karst. The lithological unit quarried in the area dates to
the transition from the Middle to the Upper Turonian (Late Cretaceous) and is character-
ized by compact limestones that are very rich in fragments of Radiolites, Neitheidae, and
Chondrodontidae with predominantly grayish-light hues [46,47]. The lithological unit
includes different varieties of limestones, which are commonly known by their trade names:
“Aurisina Chiara”, “Aurisina Fiorita”, “Aurisina Granitello”, and “Roman Stone”. These
varieties are distinguished based on texture, grain size, and bioclastic components [48,49].

Figure 4. PLM micrographs (plane polarized light) of a selection of samples of sedimentary rocks.
(a) OD_12; (b) OD_08; (c) OD_41; (d) OD_37; (e) OD_36; (f) OD_18; Rd, Rudists; Gt, Globotruncana;
Gl, Globigerina sp.; Am Amphistegina sp.; Ml, Miliolida; Ed, Echinoderms, Mc, micritic carbonates; Sp,
Sparite; Qz, Quartz.

Scaglia Rossa

The samples (OD_06; OD_08; OD_10; OD_16; OD_17; OD_19) analyzed mainly fall
under the definition of wackestone, with abundant planktonic foraminifera (Globotrun-
canidae, Globigerinidae, and Heterohelicidae), less frequent calcispheres, and a rare pres-
ence of iron hydroxides and fissure-filling clay minerals, compatible with the Scaglia Rossa
formation.

In the Veneto region, the Scaglia Rossa formation outcrops are found in the area of the
Euganean [10] and Lessini Hills [50], as well as in the Possagno/Valdobbiadene area [51].
This formation is generally classified as a wackestone, characterized by the abundant
presence of planktonic foraminifera and micritic cement (Figure 4b). In smaller quantities,
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calcispheres, radiolarians, and dinoflagellates are noted, while calpionellids, echinoderms,
and bivalves are rarer.

Vicenza Stone

Three of the samples analyzed are Vicenza stone (OD_41; OD_54; OD_55), a soft
limestone that outcrops mainly in the Berici Hills and the Lessini Mountains [9,52]. All
three samples have a petrographic profile that is consistent with the Oligocene formation
of Castelgomberto and are partially comparable to Petrofacies 1 that was identified in the
Roman site of Adria [40]. Specifically, these samples are red algae-encrusted grainstones,
with an abundant presence of benthic foraminifera (including Miliolida), Rotaliida (Am-
phistegina sp., Asterigerina sp.), and, in lower concentrations, hyaline foraminifera. Some
echinoderms, bivalves, and bryozoans are also noted. The samples are characterized by
high porosity (Figure 4c).

Trieste Karst (?)

For five samples (OD_37; OD_38; OD_42; OD_43; OD_50), the basin of origin could
not be identified with certainty. The petrographic data do not allow for precise attribution
to a single quarry site. In fact, the lack of definitive elements and index fossils for lithotype
recognition complicates the attempt to trace these samples to a specific outcrop. However,
their petrographic characteristics show some consistency with the lithotypes quarried in
the Trieste Karst.

The samples are mostly grainstones with abundant well-rounded clasts, which are
sometimes recrystallized and surrounded by a micritic rim of microbial origin. Intraclasts of
crystalline limestones are also present in almost every sample, as well as in well-developed
sparitic cement (Figure 4d).

In two samples (OD_42; OD_43), traces of organogenic detritus can be recognized,
including fragments of rudists, echinoderms, and algae (Bacinella irregularis).

Istrian Stone (?)

For three other samples (OD_15; OD_36; OD_49), the basin of provenance is also
uncertain. The three samples are mudstones; they are characterized by the presence
of fenestrae filled with sparitic calcite and rare peloids. Rare fossil fragments are also
present, but they are not easily recognizable (Figure 4e). Only one sample (OD_15) possibly
contains sponge spicules. The petrographic profile is partly consistent with that of compact
limestones quarried in the Istrian peninsula [9].

Sandstone

Among the sedimentary rock samples, four are sandstones (OD_18; OD_22; OD_35;
OD_46). They are medium-grained polygenic litharenites, predominantly consisting of
carbonate clasts (80–90%) and a subordinate siliciclastic fraction (10–20%) made up of
quartz and flint clasts, a common feature across all the samples. The clasts show a good
degree of compaction and are well cemented, resulting in generally low porosity (Figure 4f).

The closest rock outcrops compatible with the archeological samples are those of the
Venetian Prealps, where the Miocene formation of Molassa Sudalpina [51] is exposed.

4.1.2. Volcanic Rocks

All volcanic rock samples are petrographically consistent with the volcanic rocks
of the Oligocene Euganean volcanic district in the Veneto region. The results of this
study grouped the samples into four macrogroups based on specific textural and petro-
mineralogical features.
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Group 1 includes nine samples (OD_03; OD_04; OD_07; OD_11; OD_25; OD_27; OD_28;
OD_31; OD_33) (Figure 5a). These are trachytes with porphyritic/glomeroporphyritic tex-
tures and a microlithic matrices. The main phenocrysts are anorthoclase, plagioclase,
and biotite. Their petrographic profile corresponds well to the outcrops of M. Oliveto/
M. Alto.

Figure 5. PLM micrographs (crossed polarized light) of a selection of samples of volcanic rocks.
(a) OD_01; (b) OD_03; (c) OD_05; (d) OD_13; Ano, Anorthoclase; Bt, Biotite; Pl, Plagioclase;
Sa, Sanidine.

Group 2 comprises four samples (OD_01; OD_02; OD_09; OD_29), whose petrographic
and textural features are consistent with rocks from the Monselice quarry (Figure 5b). These
trachytic rocks are characterized by phenocrysts of anorthoclase, plagioclase, and, to a
lesser extent, sanidine. Accessory minerals include apatite, zircon, and opaque minerals.

Group 3 consists of a single sample (OD_05, Figure 5c), whose petrofabric does
not allow for clear attribution to a specific outcrop within the Euganean district. This
trachyte features a fine-grained matrix, with sanidine phenocrysts predominating over
plagioclases and anorthite, as well as biotite phenocrysts among the accessory phases. The
last group (Group 4) includes two samples (OD_13 and OD_14), characterized by rocks with
porphyritic structures and microcrystalline matrices. These rocks contain large-grained
quartz crystals embedded within the groundmass (Figure 5d).

4.2. Geochemical and Mineralogical Analyses of Volcanic Rock Samples

To achieve a more precise and detailed assessment of the provenance of the Euganean
volcanic rock samples from supply basins, all analyzed samples of these lithotypes under-
went chemical and mineralogical investigations via XRF and QPA-XRPD. These analyses
enabled a more accurate lithotype classification and supported the attribution of samples
to known quarries by assessing their geochemical and mineralogical compatibility with
geological reference samples (markers) from the database of the Euganean volcanic rocks
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implemented by the Department of Geosciences and the Department of Cultural Heritage
of the University of Padova.

According to the TAS diagram (Figure 6), most samples display a trachytic geochemical
profile, while only two samples (OD_13 and OD_14) show a rhyolitic profile, which is
due to their high SiO2 content (nearly 70% wt.), as documented through the XRF analysis
(Supplementary Table S1).

Figure 6. Total alkali vs. silica (TAS) geo-chemical distribution diagram of the volcanic rock samples
analyzed using XRF (after [53]). The samples within the rhyolite field are labeled.

Cluster analysis, performed using the furthest neighbor method with Euclidean dis-
tance, was applied to these samples based on descriptive geochemical values determined
using XRF, which allowed for the geochemical validation of the groupings determined
after petrographic observations (Figure 7). Group 2 is notably composed of samples OD_01,
09, 29, and 02, while Group 1 includes samples OD_03, 28, 07, 27, 04, 11, 31, and 33,
with sample OD_25 included in this cluster but at a greater distance (>4) from the other
ones. This analysis also clearly identifies the two rhyolitic samples, OD_13 and OD_14
(Group 4), as well as the more isolated sample CP_05 (quartz trachyte) with a distance > 3
(Group 3).

Precise provenance from quarry sites within the Euganean district was further de-
termined by comparing the geochemical profiles of the samples from Oderzo with that
of the reference ones. This was first determined by using selected bivariate scatterplots
reporting selected chemical elements useful for differentiating the Euganean trachytes
and rhyolites. The discriminant variables considered for the scatterplots were selected
following the methodology reported by Dilaria [40] and by building on the approaches
of Germinario et al. [54–56]. For instance, the Nb vs. V plot (Figure 8a) effectively distin-
guishes Group 2 samples as compatible with M. Merlo trachyte; they are clearly identifiable
because of the high Nb concentrations (>120 ppm). The K2O vs. TiO2 plot (Figure 8b) is
useful for isolating the trachyte from M. Oliveto, attributed to low TiO2 and K2O content.
This encompasses Group 1 samples, including OD_25. Despite being somewhat separated
both in the scatterplot as well as from the cluster analysis, OD_25 completely aligns with
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reference samples from M. Oliveto. This confirms the compatibility of this sample, along
with the others of Group 1, with this outcrop rather than the nearby M. Alto, which had
initially been suggested via petrographic analysis as a possible source for the rocks in this
group. In the Zr vs. Rb scatterplot (Figure 8c), the clustering for M. San Daniele samples is
consistent within Zr intervals around 450–500 ppm, with sample OD_05 falling within its
range. Further compatibility is coherent in the K2O vs. TiO2 plot. For the rhyolitic samples
OD_13 and OD_14, the Zr vs. Rb plot showing very low Zr content, below 300–350 ppm,
and high Sr values, over 170 ppm. They clearly overlap with reference samples from
Euganean rhyolites, though without a clear association with a specific outcrop.

Figure 7. Results of the cluster analysis (furthest neighbor method, Euclidean) of the Euganean
volcanic rock samples from Oderzo, based on XRF data.

Discriminant analysis (DA) further validated the sample associations with quarry
districts (Table 1, see coefficient factors in Supplementary Table S2). A series of discriminant
chemical elements was used as independent variables, with samples already associated
with quarry sites (samples in the reference database) as the classification factors. The
selected elements for distinguishing samples are Na2O, K2O, TiO2, V, Rb, Sr, Zr, Nb,
Al2O3, Nd, Ce, which are useful for trachyte discrimination, and SiO2. Ba is indicative
of rhyolite differentiation. The DA achieved a 94% accuracy rate in correctly classifying
218 reference samples, highlighting the effectiveness of these variables in distinguishing the
geochemical profiles of each quarry site. The results of DA, presented in Table 2, confirm
the scatterplot observations and identify the best-matching quarry sites for previously
unassigned archeological samples. In detail, the provenance of volcanic rock samples from
Groups 1 and 2 was further confirmed through DA. Moreover, DA proved the attribution
of OD_05 (Group 3) to M. San Daniele with a 100% confidence rate, while the two rhyolitic
samples OD_13 and OD_14 (Group 4) were attributed to the Forche del Diavolo rhyolite
outcrop in the Western part of the Euganean district with confidence levels of 99.9% and
100%, respectively. The only exception was sample OD_07, which was first associated
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via DA with M. Alto, though M. Oliveto is reported as its second match in probabilistic
terms. Moreover, M. Alto often appeared as the second most probable source for M. Oliveto
samples, underscoring the challenge of differentiating these two outcrops based solely on
their geochemical footprint.

Figure 8. (a) V vs. Nb, (b) TiO2 vs. K2O, and (c) Rb/Zr scatterplots used for the provenance
discrimination of the archeological volcanic rock samples from Oderzo. Reference samples constitute
the geochemical databases implemented by the Department of Cultural Heritage and the Department
of Geosciences of the University of Padua, comprising modern geological samples directly collected
from Euganean quarries coupled with archeological samples (analyzed in [40] and previous studies)
unequivocally attributed to quarry outcrops. Indicative distributions of samples from selected quarry
sites are highlighted by dotted lines. Certain archeological samples from Oderzo labeled in the
scatterplots are fully described in the body of the text.

Table 1. Results of the discriminant analysis of the archeological volcanic stone samples from Oderzo
(see Supplementary Table S2 for analytical details).

Sample Provenance (1st) Prob. (%)
Provenance

(2nd)
Prob. (%)

OD_01 Monselice 100 null.
OD_02 Monselice 100 null.
OD_03 M. Oliveto 99.72 M. Alto 0.27
OD_04 M. Oliveto 90.31 M. Alto 9.52
OD_05 M. San Daniele 100 null.
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Table 1. Cont.

Sample Provenance (1st) Prob. (%)
Provenance

(2nd)
Prob. (%)

OD_07 M. Alto 88.58 M. Oliveto 10.65
OD_09 Monselice 100 null.
OD_11 M. Oliveto 97.32 M. Alto 1.37

OD_13 Forche del
Diavolo 99.91 Denti dea

Vecia 0.09

OD_14 Forche del
Diavolo 100 null.

OD_25 M. Oliveto 94.32 M. Alto 5.68
OD_27 M. Oliveto 100 null.
OD_28 M. Oliveto 99.84 M. Alto 0.15
OD_29 Monselice 100 null.
OD_31 M. Oliveto 98.27 M. Alto 1.72
OD_33 M. Oliveto 99.68 M. Alto 0.22

Table 2. List of the analyzed samples and their provenance according to the archaeometric analyses
(Latin words appear in italics).

Sample Artifact Structure Age Rock Type
Extraction

Basin/Quarry Site

OD_01 Paving slab Cavaedium
urban gate

1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills,
Monselice

OD_02 Paving stone Cavaedium
urban gate

1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills,
Monselice

OD_03 Paving stone Cavaedium
urban gate

1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills,
M. Oliveto

OD_04 Paving stone Cavaedium
urban gate

1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills,
M. Oliveto

OD_05 Paving stone Cavaedium
urban gate

1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills, M.
San Daniele

OD_06 Paving stone Cavaedium
urban gate 3rd–4th c. AD Scaglia Rossa Prealps?

OD_07 Threshold Cavaedium
urban gate 3rd–4th c. AD Euganean

trachyte
Euganean Hills,

M. Oliveto

OD_08
Architectural

element (ashlar
block)

Cavaedium
urban gate 3rd–4th c. AD Scaglia Rossa Prealps?

OD_09 Paving stone Cavaedium
urban gate 3rd–4th c. AD Euganean

trachyte
Euganean Hills,

Monselice

OD_10 Paving stone Cavaedium
urban gate 3rd–4th c. AD Scaglia Rossa Prealps?

OD_11 Paving stone Road 3rd–4th c. AD Euganean
trachyte

Euganean Hills,
M. Oliveto

OD_12 Threshold Cavaedium
urban gate 3rd–4th c. AD Aurisina

limestone Trieste Karst

OD_13 Architectural
element (pillar) Roadside 3rd–4th c. AD Rhyolite Euganean Hills,

Forche del Diavolo
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Table 2. Cont.

Sample Artifact Structure Age Rock Type
Extraction

Basin/Quarry Site

OD_14 Architectural
element (pillar) Roadside 3rd–4th c. AD Rhyolite Euganean Hills,

Forche del Diavolo

OD _15
Architectural

element (ashlar
block)

Bizantyne
urban wall 7th c. AD Istria stone? Istrian Peninsula?

OD_16
Architectural

element (ashlar
block)

Bizantyne
urban wall 7th c. AD Scaglia Rossa Prealps?

OD_17 Threshold Bizantyne
urban wall 7th c. AD Scaglia Rossa Prealps?

OD_18 Water infrastructure
(drainage filter)

Drainage
channel

1st c. BC–1st c.
AD Sandstone n.d.

OD_19 Paving stone Basilica Forum 1st c. BC–1st c.
AD Scaglia Rossa Prealps?

OD_20 Paving stone Basilica Forum 1st c. BC–1st c.
AD

Aurisina
limestone Trieste Karst

OD_22 Architectural
element (cornice) Basilica Forum 1st c. BC–1st c.

AD Sandstone n.d.

OD_23 Architectural
element (cornice) Basilica Forum 1st c. BC–1st c.

AD
Aurisina
limestone Trieste Karst

OD_25 Paving stone Forum 1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills,
M. Oliveto

OD_27 Paving stone Forum 1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills,
M. Oliveto

OD_28 Paving stone Forum 1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills,
M. Oliveto

OD_29 Water infrastructure
(drainage lid)

Drainage
channel

1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills,
M. Monselice

OD_31 Paving stone Forum 1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills,
M. Oliveto

OD_33 Paving stone Forum 1st c. BC–1st c.
AD

Euganean
trachyte

Euganean Hills,
M. Oliveto

OD_35 Paving stone Forum 1st c. BC–1st c.
AD Sandstone n.d.

OD_36
Architectural

element (ashlar
block)

Oderzo Roman Age Istria stone? Istrian Peninsula?

OD_37
Architectural

element (column
base)

Oderzo Roman Age Aurisina
limestone Trieste Karst

OD_38 Architectural
element (column) Oderzo Roman Age Aurisina

limestone Trieste Karst

OD_39 Architectural
element (frieze) Oderzo 1st c. AD Aurisina

limestone Trieste Karst
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Table 2. Cont.

Sample Artifact Structure Age Rock Type
Extraction

Basin/Quarry Site

OD_41 Architectural
element (column) Oderzo Roman Age Vicenza stone Berici Hills

OD_42
Architectural

element
(semi-column)

Oderzo Roman Age Karst limestone? Trieste Karst?

OD_43 Architectural
element (capital) Oderzo 1st c. AD Karst limestone? Trieste Karst?

OD_44 Architectural
element (cornice) Oderzo Roman Age Aurisina

limestone Trieste Karst

OD_45 Architectural
element (architrave) Oderzo Roman Age Aurisina

limestone Trieste Karst

OD_46 Architectural
element (cornice) Oderzo Roman Age Sandstone n.d.

OD_49 Architectural
element (capital) Oderzo Roman Age Istria stone? Istrian Peninsula?

OD_50 Architectural
element (capital) Oderzo Roman Age Aurisina

limestone Trieste Karst

OD_51 Architectural
element (architrave) Oderzo Roman Age Aurisina

limestone Trieste Karst

OD_52 Architectural
element (acroterion) Oderzo Roman Age Aurisina

limestone Trieste Karst

OD_53 Architectural
element (cornice) Oderzo Roman Age Aurisina

limestone Trieste Karst

OD_54 Architectural
element (column) Oderzo Roman Age Vicenza stone Berici Hills

OD_55 Architectural
element (capital) Oderzo Roman Age Vicenza stone Berici Hills

The QPA-XRPD analysis (Figure 9) of a selection of representative samples from each
identified group highlights certain potential discriminant features among the Euganean
volcanic rock samples based on their mineralogy. The presence of newly formed calcite
as a secondary alteration in humid environments was considered, as well as that of halite
produced as a consequence of salt deposition on the surface of certain samples. These
phases were removed from the original mineral phases, and their quantification was re-
calculated at 100% wt. (Supplementary Table S3). In Figure 9, two samples from Group 1,
likely attributable to M. Oliveto, exhibit a similar mineralogical profile. These rocks have
a high feldspar content, predominantly plagioclase, with subordinate concentrations of
sanidine and anorthoclase, while their SiO2 content is evidenced by the reduced presence
of quartz and cristobalite, a high-temperature polymorph of SiO2 which can develop in
volcanic rocks at temperatures typically above 1470 ◦C. The cryptocrystalline component
of the groundmass in these samples is indicated by the significant amount of the amor-
phous phase (9.6–12.8 wt%), while the presence of a broad low-angle band of smectite
(4.6–7.9 wt%) at around 6.5–7.5 2θ suggests considerable clay alteration processes.
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Figure 9. XRPD profiles of selected archeological volcanic rock samples from Oderzo. For each phase,
the main peaks are highlighted. The mineral phases are labeled according to [56]: Ano = anorthoclase;
Bt = biotite; Cpx = clinopyroxene; Crs = cristobalite; Hbl = hornblende (kaersutite); Ilm = ilmenite;
Pl = plagioclase; Qz = quartz; Sa = sanidine; Sme = smectite; Tri = tridymite. Not displayed in the
graph are the main peaks of the opaque mineral Ti-magnetite (53.6 2ϑ), excluding those overlayed by
the peaks of the internal standard (Zincite).

Sample OD_09, from Monselice, is distinctive due to its extremely low SiO2 mineral
content, primarilly constituted by quartz and, subordinately, tridymite. Similar to cristo-
balite, tridymite reflects the mineralization processes in high-temperature (between 870 ◦C
and 1470 ◦C) and low-pressure environments. Smectite content in this rock is practically ab-
sent, while the high amorphous content (18.1 wt%) suggests a substantial cryptocrystalline
component within the groundmass of the sample. The quartz–trachyte OD_05 shows a
markedly higher quartz content than the previous samples, with high-temperature SiO2

polymorphs notably absent. A distinctive feature of the M. San Daniele trachyte is its
feldspar composition, where sanidine predominates over plagioclase and anorthoclase, as
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confirmed by petrographic studies. Mineralogically, the M. San Daniele quartz–trachyte is
most similar to the two rhyolite samples OD_13 and OD_14. However, these rhyolites are
characterized by higher quartz concentrations than the San Daniele sample OD_05, exceed-
ing 20 wt%. Additionally, these two samples show a slightly lower sanidine concentration
than OD_05, with a noticeable increase in Na- and Ca-rich feldspars of the anorthoclase
(13.2–18.7) and plagioclase types, respectively. This mineralogy closely matches that of
a geological sample from the Forche del Diavolo outcrop reported in Dilaria et al. [40]
(Figure 10).

 

Figure 10. Cumulative histogram bars of descriptive mineral phases of the archeological samples
from Oderzo among the Euganean volcanic rocks analyzed via QPA-XRPD.

5. Discussion and Conclusions

5.1. Stone Provenance

The data obtained from the analyses carried out on the collected samples provide
a fairly complete picture of stone use in Roman Oderzo. Despite the different levels of
detail that we have been able to obtain for determining the provenance of volcanic and
sedimentary rocks, we can state with a good degree of certainty that stones were imported
from almost all the main stone basins exploited in ancient times for the construction of
structures and infrastructure in the city, as well as for the production of architectural
artifacts (Table 2).

Most of the samples are sedimentary rocks, primarily from the eastern part of the
region, specifically Aurisina limestone (nine samples), possibly Trieste Karst limestone (five
samples), and Istrian stone (three samples). However, rocks from the western part of the
region are also described, particularly from the Berici Hills, where Vicenza stone is quarried
(three samples). The only samples that cannot be unequivocally attributed to a specific
outcrop are those of Scaglia Rossa (six samples) and sandstone (four samples), whose
formation outcrops in several parts of the region, including the prealpine area, which is
only 30 km away from Oderzo. The relatively short distance from the outcrop area, which
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could have been easily reached by traveling up the Piave Valley, might suggest the import
of Scaglia Rossa from this area located to the north of the town. However, at this stage of
the study, this can only be a hypothesis as there is still a lack of petrographic elements that
would allow for the archeological samples to be assigned to such a basin.

On the other hand, 16 of the analyzed samples are fully compatible with the magmatic
outcrops of the Euganean Hills. The application of the multi-analytical approach described
above allowed us to identify the specific quarries of origin with a good degree of accuracy,
namely M. Oliveto (eight samples), Monselice (four samples), M. Alto (one sample), and M.
San Daniele (one sample). However, for two samples, which differ from the others because
of their rhyolitic chemistry, we can only predict their potential outcrops of provenance since
the our current in-house database of geological rhyolite samples is not detailed enough to
be considered comprehensive of all the different possible rhyolite sources in the Euganean
territory. However, from a petrographical, mineralogical, and geochemical point of view,
the samples seem comparable with the geological ones collected from this outcrop and
reported in Dilaria et al. [40]. Therefore, according to the current state of research, these
samples were associated with the Euganean outcrop of Forche del Diavolo.

In summary, the builders of Opitergium obtained stone material from both the western
(Euganean Hills and Berici Hills) and eastern (Trieste Karst and Istria) regions. There
remains a fraction of elements (Scaglia Rossa, sandstone) that cannot be easily attributed
to a single quarrying basin, but its petrographic profile is nevertheless compatible with
prealpine rock outcrops.

5.2. Ways of Use and Chronology

The identification of the stones used in structures and for the production of architec-
tural elements suggests some interesting considerations about the association of particular
lithotypes with specific ways of use (Figure 11).

One immediately obvious fact is that Euganean trachyte was used almost exclusively
for the construction of infrastructure. For instance, the cover of the southern drainage
channel of the forum and the two paving stones sampled in the area of the Ex Carceri are
made of Euganean trachyte. The contexts in which trachyte appears to be most widely
used are in the forum, whose paving, confirming what had been already stated by Zara [3],
is primarily made of trachyte from M. Oliveto, and the city gate, where trachyte blocks
from Monselice, M. Oliveto, and M. San Daniele were used for paving the cavaedium. The
co-presence of stones from different quarries in the same pavement, which is actually an
extension of the paved road that crossed the walls at the city gate, implies the simultaneous
supply of material from different quarries, a reasonable solution to meet the large demand
for stones needed to pave the whole road network of the city [3].

It seems clear that the ancient builders of Opitergium preferred, or were constrained by
trade agreements whose nature is still unclear, to obtain trachyte exclusively from quarries
located in the eastern and southeastern parts of the Euganean Hills. It is interesting to
note the absence of materials from the M. Merlo quarry, which on the contrary is the
most commonly used variety in Padua and Vicenza [3]. Outcrops from the western and
southwestern slopes of the Euganean Hills are also absent.

The two samples of rhyolite taken from two pillars located on the side of the paved
road in the area of the Ex Carceri deserve special attention. In this case, the builders’ choice
of material could have been influenced by the morphology of the outcrop itself. At Forche
del Diavolo, in fact, located in the western part of the Euganean Hills, the rhyolite exhibits
a natural columnar structure (Figure 12).
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Figure 11. Diagram showing the correlation of documented lithotypes with specific functions.

Figure 12. Rhyolitic outcrop of Forche del Diavolo (photo by S. Dilaria).
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Although used in smaller quantities than volcanic rocks, sedimentary rocks are also
documented in infrastructures, primarily for restoration works. For example, between the
3rd and 4th centuries, the floor of the cavaedium of the city gate was restored using slabs and
blocks of Scaglia Rossa, and a threshold of Aurisina limestone was also laid. Additionally,
the restoration of the forum square, which involved replacing some slabs, was carried out
using sedimentary rocks, namely sandstone.

However, the main use of sedimentary rocks appears to be in the production of
architectural elements (Figure 13). There is a noticeable preference for Vicenza stone in
the creation of columns and capitals, likely due to its workability and esthetic qualities. In
contrast, Aurisina limestone is favored for architraves and cornices.

 

Figure 13. Diagram showing the correlation of documented sedimentary stones with specific archi-
tectural elements.

Regarding chronology, of the samples twenty, nineteen of which are architectural
elements, while one was a sarcophagus lid that was reused in the 7th century wall; we do
not have precise chronological data. The remaining 16 samples, however, belong to in situ
structures in the area of the forum and the Ex Carceri, and this allows us to make some
observations about the chronology of the use of certain lithotypes.

By analyzing the available data, we can conclude that between the second half of the
1st century BC and the 1st century AD, a large quantity of stone material was imported
to the sites of Opitergium, particularly Euganean trachyte and, to a lesser extent, Aurisina
limestone and sandstone. This finding is not surprising given that the paving of the forum,
as well as the paving of the road and the cavaedium in the Ex Carceri, dates back to the
transition between the 1st century BC and the 1st century AD.

106



Heritage 2025, 8, 44

According to the study of the samples, after this period Oderzo would not have
imported new trachyte, or at least not in large quantities, until at least the 3rd century AD,
an important phase of infrastructural restructuring in the Ex Carceri area is dated. It is
also in this period that we find the most significant examples of Scaglia Rossa, along with
the only two instances of rhyolite used in the construction of two pillars placed along the
paved road.

However, no particular trends seem to emerge in the importation of Aurisina limestone,
which is found in structures and used for the production of artifacts starting from the 1st
century AD and continuing at least until the 4th century AD.

5.3. Trade Networks

The identification of the quarries of origin for the stones used in Oderzo allows us to
expand our considerations to the broader topic of the dynamics of stone material circulation
in Roman times.

Like today, the region was crossed by a dense network of waterways, which served as a
communication system between urban centers, the coast, and, of course, the aforementioned
quarries. It was mainly along these waterways that heavy loads of stone extracted from the
quarries were transported to urban construction sites, taking advantage of the numerous
roads that crossed the region only when strictly necessary. To reconstruct which of these
routes were used to bring stone resources to Oderzo, it is necessary to recall the main
features of the X Regio’s hydrographic and road network (Figure 14).

 

Figure 14. Map of the X Regio depicting the extraction basins and trade networks used by ancient
Oderzo for stone supply (modified from [40]; basemap elaboration by P. Kirschner, J. Bonetto).

Major rivers, the most important of which are the Po, the Adige, the Brenta, the
Piave, the Livenza, and the Tagliamento, flow through what is now the Veneto re-
gion. Numerous tributaries and smaller rivers traversed the lower plain, surrounding
the main urban settlements. These rivers, along with the larger ones, flowed into a
complex endolagunar waterway route, which was formed by artificial canals and la-
goons, which connected Ravenna to Aquileia [57]. The development of this system
dates back to the transition between the 1st century BC and the 1st century AD, run-

107



Heritage 2025, 8, 44

ning roughly parallel to the Via Annia, which had been constructed more than a century
earlier [26,58]. A little further north was the already mentioned Via Postumia, which crossed
the entire Transpadana region, connecting Genoa with Aquileia and passing just south
of Oderzo.

The close connection between river and land routes created a capillary communication
and trade system in which urban centers such as Oderzo served as commercial crossroads.
It is not surprising then that building materials, especially stone ones, could be brought to
the city’s construction sites even from geographically distant areas.

The most frequently identified building material among the analyzed samples is,
as mentioned above, limestone which came from both the Berici Hills and the Trieste
Karst and possibly the Istrian peninsula. Given the short distance of the quarries from
the coast [1] and the economic advantages of transport by sea [59], it is likely that the
material from the Karst and Histria regions reached Oderzo by sea, possibly using the
aforementioned articulated endolagunar system to reach the portus Liquentiae [60]. From
there, it was possible to go up the Livenza river and then the Monticano river until finally
reaching Opitergium.

Different possible solutions can be proposed for the transportation of the soft limestone
from the Berici Hills. It is possible, if not very likely, that the Bacchiglione river was used to
transport the quarried stone, a widespread practice as shown by the discovery of a wreck
and its load of architectural elements [20]. In fact, the river flowed by the northeastern
sector of the hills and then toward the Venetian lagoon, where it could join the endolagunar
waterway. From there, the load could continue eastward until it reached the mouth of the
Piave river, which is near today’s small coastal town of Jesolo [60]. The stone load could
then travel up the river until it reached the area nearby Oderzo, where it would finally be
transported by land for the last leg of the journey. However, the Piave route is not the only
possible option; it is also likely that the stone continued its journey to the portus Liquentiae
following the route hypothesized for the limestones coming from the Karst region. Such
a route would have allowed for closer access to the urban center by taking advantage
of waterways and minimizing overland travel. However, a third hypothesis should be
considered, although it is less likely given the economic disadvantages associated with
it [59]. To the northwest of the Berici Hills ran the aforementioned Via Postumia, which
passed through Vicenza and continued eastward until it reached Oderzo’s territory, passing
just south of the city. Therefore, the limestone quarried in the Berici Hills could have
been transported to Vicenza and from there to Oderzo by charts. This remains a viable
hypothesis, especially considering the relatively low demand for such materials; this seems
likely given the analysis of the archeological samples examined in this study.

On the other hand, it seems reasonable to exclude the hypothesis of a land transport
route for the loads of trachyte coming from the quarries of M. Oliveto, M. Alto, and
Monselice given the large quantity of material that was surely needed to pave the forum and
the city roads. Indeed, the route suggested by J. Bonetto [40], who identifies the Vigenzone
canal as the ancient Togisonus mentioned by Pliny the Elder (Naturalis Historia, 3.121),
appears convincing. The canal serves as a link between the eastern slope of the Euganean
district, where M. Oliveto and M. Alto are located, and the endolagunar waterway already
mentioned several times. From there, the stone load could have been transported eastward
along the Adriatic arc to the Liquentiae port and finally to Oderzo by following the same
routes proposed for the limestones. The Monselice trachyte, on the other hand, could have
reached the endolagunar way via a palaeo-branch of the Adige river, which flowed near
the southern sector of the Euganean Hills.

The Scaglia Rossa likely followed a similar route, granted it was quarried from the
Euganean Hills or the Lessini Mountains near which the Adige river flowed. If it came
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from the Prealps, however, it probably followed the course of the Piave river, which
flows through present-day Valdobbiadene and Possagno, passing by the Montello and
descending to the plain close to the town. The sandstone, too, could have been transported
along this route if it was quarried from the Miocene outcrops that define the foothills
between Bassano del Grappa and Vittorio Veneto [51].

This network of waterways and routes clearly played a strategic role in the trade
system of the region and served as a vital source of raw materials, including stone, for
urban development. The variety of lithotypes found in construction, even from quarries
located some distance away, further highlights the significance of the ancient settlement
and defines Opitergium as a grand, monumental city.

Having analyzed the uses and trade routes of the different lithotypes documented in
Oderzo, we can now broaden our discussion to the reasons that compelled the builders to
choose a specific stone outcrop. The city, as already mentioned, is situated in the heart of
the Treviso–Venetian plain, at a point that is equidistant from both the western and eastern
outcrops, about 80–90 km from the Euganean Hills and the neighboring Berici Hills, while
the distance to the Trieste Karst is about 90–100 km. Therefore, there are no quarrying
basins, except perhaps those along the Prealps, which are only 30 km away from Oderzo,
that are particularly close to the city for which one could assume a clear preference.

It was other reasons then, rather than proximity to the quarries, that dictated the
selection of the different lithotypes documented. It is reasonable to assume that the
first factor guiding the builders’ choices must have been the physical and mechanical
properties in the rock that made it particularly suited to the function it was destined to.
Trachyte, for example, is a rock that is relatively easy to quarry and work with, and it is
nevertheless characterized by good hardness, resistance to impact and compression, and
poor polishability by friction [3], characteristics that make it a particularly suitable material
for use as a floor covering, as found, for example, in the Forum of Oderzo.

The Aurisina limestone is also one of the most suitable carbonate formations for
building. In fact, it is a compact limestone that is resistant to use and compression [49],
qualities that were certainly already well known in Roman times. Therefore, it is not
surprising that in Oderzo, most of the architectural elements were made of Aurisina
limestone. It is also an esthetically pleasing material that, when polished, can resemble
marble, which may have led the ancient builders to choose it as a viable and cheaper
alternative. On the other hand, Vicenza stone seems to be less durable. However, its lower
hardness and compactness make it easy to work, which was undoubtedly an advantage for
architectural decoration.

The main physical–mechanical properties of each lithotype were certainly well known
to both the builders and the quarry workers, between whom there must have been a close
professional and collaborative relationship [59]. It is therefore likely that the choice of stone
material to be used was not suggested by the client but by the very workmen charged with
completing the building project. Similarly, it cannot be ruled out that there were close,
albeit undefined, links between the client and/or architect of a particular building and the
source of the material used on that site.

6. Conclusions

The variety of lithotypes found in construction, even from quarries located some
distance away, further highlights the significance of the ancient settlement and defines
Opitergium as a grand, monumental city.

The builders of Opitergium sourced stone materials from both the western regions
(Euganean Hills and Berici Hills) and the eastern regions (Trieste Karst and Istria). A
portion of the materials, including Scaglia Rossa and sandstone, cannot be definitively
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linked to a specific quarrying area, though their petrographic characteristics are consistent
with prealpine rock formations.

The identification of the stones used in structures and for the production of archi-
tectural elements suggests a clear prevalence of Euganean trachyte for infrastructure and
sedimentary rocks for the production of architectural elements. We can also affirm that
the considerable use of stone in the building sites of Oderzo dates back to the transition
between the 1st century BC and the 1st century AD, a time frame that aligns perfectly with
the onset of the major urban and monumental projects that defined Oderzo and the entire
X Regio.

The transport of material from the quarries to the urban centers probably took place
mostly along the river routes that, both then and now, characterized the Venetian plain.
This network of waterways and routes clearly played a strategic role in the trade sys-
tem of the region and served as a vital source of raw materials, including stone, for
urban development.
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Abstract: X-ray Computed Tomography (X-CT) is now an established technique for the
investigation and diagnostics of Cultural Heritage. Its advantages include non-invasiveness,
non-destructiveness, and the possibility of exploring the inner parts of an object without
any modification. X-CT is often employed to investigate the construction methods of
complex artifacts made with different parts or materials, but it is also able to support the
analysis, intervention, monitoring and enhancement processes of artworks, creating digital
models that can aid in the conservation and restoration procedures. In this work, several
case studies are presented in which the CT technique has been decisive in identifying the
effects of time and the events that occurred during the object’s life influencing its state of
conservation. These range from large objects, such as an 18th century CE writing cabinet
or an ancient Egyptian wooden coffin, to very small artifacts, like Mesopotamian lapis
lazuli beads or fragments of Roman colored glass. Additionally, the results obtained by
μ-CT investigations on the conservation state of a bronze arrowhead uncovered from the
Urama-chausuyama mounded tomb (Japan, Kofun period, end of the 3rd century CE) are
presented here for the first time. Lastly, the versatility of the technique when applied with
different setups is highlighted.

Keywords: X-ray computed tomography; preventive conservation; damage; xylophagous
insects; corrosion; bronze arrowheads; Urama-chausuyama mounded tomb

1. Introduction

Many transformations can occur in a work of art, starting from its creation. Physical,
chemical and biological changes can affect its structure, appearance, composition and
integrity as time goes on. Sometimes changes are not visible from the outside, or conversely,
an apparently destroyed object might actually hide inside a pristine part. In such cases,
an analysis of the inner part of the object is needed to assess its actual conservation state.
X-ray Computed Tomography (X-CT) has been borrowed from the medical field since
the 1980s for the investigation and diagnostics of Cultural Heritage [1]. Its advantages
include non-invasiveness, non-destructiveness and the possibility of exploring the inside
of an object without modifying it in any way and without inducing activation. X-CT is
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based, like radiography, on the different X-ray attenuation coefficients characteristic of each
material in relation to their composition, density or thickness, introducing in addition a
complete rotation during the acquisition of the images: in this way, it allows the creation
of 3D digital models to support the analysis, intervention, monitoring and enhancement
processes of artworks. Moreover, the analysis can be repeated endless times at different
stages in the life cycle of the artifact in order to monitor the evolution of the conservation
state and identify an eventual decay of the constitutive material or of the structure. The
possibility of performing the analysis in situ (e.g., museums) [2,3] facilitates the application
of the technique even more, avoiding the displacement of the object outside its neutral
environment and limiting any additional stress imposed on the materials. Conversely,
large-scale X-CT can be a powerful technique for the non-destructive visual inspection of
historic structures in our Cultural Heritage, such as damaged timber structural elements
from an 18th century bridge [4].

In several cases, the technique is decisive in identifying the effects of time and the
events that occurred during the object’s life, influencing its state of conservation. Some
examples are offered from the study of wooden-based objects, where X-CT is generally
employed to detect cracks or deformations undermining the health of the artifact [4–6].
Dimensional changes can occur instead in the case of previously waterlogged artifacts
when they are removed from the original environment: for shrinkage, collapse and cracks,
even if the changes are very small, an evaluation can be successfully achieved by means of
CT [7]. Mineralization of wood can also happen after prolonged contact between metallic
and wooden parts of the same object, and a tomographic study can assess the stage of the
process and help establish strategies for preventive conservation [8].

Also, the conservation conditions and environment can influence the preservation
of the artifact, and X-CT scanning can be used to monitor the occurrence of features
caused by the specific characteristics of the burial soil or the environmental conditions in
museums [9–12]. In this regard, CT can also be exploited to analyze and extract the original
form and scope of artifacts embedded in soil blocks that are heavily damaged from the
time spent under burial, supporting restoration interventions [13–15].

The activity of biological factors can be surveyed as well by means of CT, which can,
for example, reveal xylophagous insect strikes in wooden objects [16,17]; repeating the
analysis some time after an anoxic treatment can be an easy way to confirm the success
of the procedure, verifying that no new holes have been formed inside the artwork. The
decay processes involving relatively modern materials can also be studied, such as cement
mortars [18], which are constitutive components of architecture or objects that have become
part of Cultural Heritage only in recent times.

Generally, X-ray CT can have limited investigative power for metallic artifacts due to
the high absorption of this kind of radiation by heavy metals (iron, copper, tin, lead and so
on). However, this limitation is not an issue for small and highly degraded metallic artifacts:
if anything, the high contrast resulting from the difference in composition and density
between the areas is helpful to better identify any remaining metal inside the object [19,20].
A quite common application of the technique is in numismatic studies, to be able to examine
the metal hidden behind the corrosion layer and in some cases to extract the marks and
decorations and successfully reach a classification of the coins [21–25]. In general, this also
means that when cleaning the object is not possible, as it would also destroy the preserved
part, X-CT guarantees at least the virtual valorization of the original artifact.

The examples of tomographic investigations reported in this work show how it is
possible with versatile instrumentation to go beyond the effects of time and reveal the
actual state of conservation of the object, while studying the causes that led to the eventual
damage. After reporting specific time-dependent effects on artifacts already studied with
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X-CT with different aims, the evaluation of metal corrosion in a bronze arrowhead from a
Japanese mounded tomb is presented for the first time.

2. Materials and Methods

Most of the case studies presented here have been investigated in their entirety or
with different purposes elsewhere, while in this work, we focus our attention on the effect
of time-dependent damages or alterations on diverse materials. Specifically, the objects
under investigation are (1) the “doppio corpo” writing cabinet by Pietro Piffetti [26], (2) the
lid of Taiefmutmut’s wooden coffin [27], (3) a soil block retrieved from the archaeological
site of Villalfonsina (Abruzzo, Italy) [28], (4) a ceramic tintinnabulum [29], (5) lapis lazuli
beads from the Royal Graves of Ur (Mesopotamia) [30], (6) fragments of colored glass from
the archaeological site of Aquileia (North-Eastern Italy) [31], and (7) a historical wooden
transverse flute (Traversiere) [32]. We refer to the cited literature for a complete description
of the objects and their historical contexts. To take into account bulk metallic artifacts,
we also report for the first time on a tomographic study on the state of conservation of
a bronze arrowhead on display at the Okayama University Archaeological Museum in
Japan. The arrowhead (number 12) is part of a collection of around 20 samples unearthed
from the Urama-chausuyama mounded tomb (Kofun period, end of the 3rd century CE),
located in Okayama Prefecture. Urama-chausuyama is a keyhole-shaped mounded tomb
measuring 138 m in length. While its stone burial chamber was heavily looted and most of
the burial goods had been lost, the 1988 excavation retrieved fragments of a bronze mirror,
bronze and iron arrowheads, and single- and double-edged iron swords, in addition to
tools such as axe heads and knives, agricultural implements such as sickles and spades,
and fishing gear such as harpoons [33]. In particular, arrowhead number 12 displays a
peculiar pentagonal shape (Figure 1). In recent years, the arrows were coated with a layer
of paraloid B72 for conservation purposes. The surface, although cohesive in appearance
due to a mineralization layer [34–36], shows relevant signs of degradation (localized to
some areas and fractures on the surface), but inspection with optical microscopy could not
provide information on the health conditions of the innermost part.

Several X-CT systems have been used for data acquisition, including both custom-
made setups and benchtop machines. Custom setups are placed in shielded rooms as
they can occupy a large amount of space, while benchtop ones deal with radioprotection
employing a smaller closed cabinet. During the analysis, the rotation is always applied
to the object, while the X-ray source and the detector are kept in the same position. The
characteristics of different instrumentation and the chosen parameters for each analysis are
reported in Table 1. Custom-made laboratory setups are based in two different locations;
both systems have been developed by the Physics Department of the University of Torino
and the INFN (Italian National Institute for Nuclear Physics). The micro-CT system
employed is located at the Physics Department of the University of Torino, and it is
thoroughly described in [32]. It is particularly of use when the investigation requires
high resolution of very small details (the nominal minimum focal spot size is 5 μm, for a
minimum voxel size of about 6–10 μm). The acquisition is rather quick thanks to the use
of the available flat panel detectors, exploiting different active areas. The X-CT system
for large objects is instead hosted at the Center for Conservation and Restoration “La
Venaria Reale” in Venaria Reale, near Torino [37]. This setup can achieve a higher X-ray
energy (source maximum voltage is 200 kV), but it relies on a linear detector horizontally
scanning the area of interest to perform the two-dimensional (2D) radiographs [38]. The
geometry of the setup and the X-ray beam characteristics were optimized for each case,
taking into account the type of the material and the dimensions of the object. The different
source-detector, source-object and object-detector distances can be modified, especially
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in the customized setup, to act on the magnification of the image. The projections were
acquired through a custom-made Labview routine that synchronizes the rotation motion
and the projection acquisition. The same routine was used to acquire “open-beam” images
(same conditions, no sample) and “dark” images (X-rays off), which were averaged using
MATLAB software (version R2023b) by MathWorks.

Figure 1. (a,b) Front and back side of the bronze arrowhead (sample 12) from the Urama-chausuyama
mounded tomb, Okayama Prefecture, Japan. (c,d) Magnification of corroded parts, where material
losses (blue arrows) and cracks (red arrows) are present.

The benchtop X-CT system used instead for the tomographic acquisition of the bronze
arrowhead is a SHIMADZU inspeXio SMX-225CT FPD HR Micro Focus X-Ray CT System
hosted at Shimadzu Techno-Research, Inc. in Kyoto, Japan. To reduce beam hardening
effects during the analysis of metallic objects, a 200 kV tube voltage was set, and a 1 mm
thick copper filter was used instead of an aluminum filter. The instrument is equipped
with a microfocus X-ray source for high-resolution analysis and a flat panel to make the
acquisitions faster (only 20 min for each acquisition). Taking also into account the geometric
conditions given in Table 1, the voxel size obtained was 45 μm.
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3. Results and Discussion

In this section, we present the results obtained from the tomographic observations
related to the effects of time, grouping, in particular, the observed features affecting the
integrity of the objects by means of different agents.

3.1. Breaking from Prolonged Use

A ceramic rattle (“tintinnabulum”) from Cyprus (dated by comparative analysis back to
the Iron or Roman age, 600 BCE-150 CE), modeled in the shape of a boar, has been studied
with X-CT to better understand the mechanism producing the sound. The analysis actually
revealed that the repeated shaking of the object had induced the formation of cracks in the
ceramic material. From CT slices and a three-dimensional (3D) model, cracks are visible
in the ceramic body and, even more importantly, the complete fragmentation of one of
the three rattling spheres is revealed (see Figure 2). Moreover, inside one of the remaining
rattling spheres a new incomplete crack is visible, suggesting that any future shaking (even
only for demonstrative purposes) is to be avoided, in order to prevent further destruction.

Figure 2. Examples of 3D rendering details from the X-CT analysis of the boar-shaped tintinnabulum,
showing the fragmentation of one of the ceramic rattling spheres. The red arrow indicates an
early-stage crack inside one of the remaining spheres.

3.2. Ion Migration

A different example is provided by a wooden-based multi-material object: a boxwood
transverse flute (“Traversiere”) by Lorenzo Cerino (late 18th century CE). This flute is made
up of four separate pieces, and in the foot, a brass key is installed. The key was removed
for the X-CT analysis, because the original scope of the investigation was to establish the
conservation state (e.g., the presence of cracks) and the exact dimensions of the pieces
for a metrologically accurate 3D printed replica; moreover, the metallic key might have
induced artifacts in the images. Studying the foot, however, it was found that, in time,
ion migration occurs inside the wood from the brass key at the installation spot: metallic
residues are, in fact, visible and quite easily distinguishable in the X-CT slices as more
radiopaque (brighter) areas (Figure 3).

120



Heritage 2025, 8, 52

Figure 3. (a) 3D rendering of the Traversiere foot, where segmentation (blue) highlights the distri-
bution of metallic residues left by the brass key. (b,c) X-CT slices with different planar orientations,
where the metallic residues are identified as brighter areas around holes (blue arrows).

3.3. Biological Activity

The presence of xylophagous insects inside ancient wooden material is the cause of the
formation of diffused holes: these can be seen sometimes from the outside on the artifact
surfaces, while still not knowing the extent of the damage inside the whole wooden block.

From X-CT analysis, the extension of the insects’ attack can be evaluated. During
the years, it was possible for us to study some large wooden artifacts; in particular, some
interesting cases are the Taiefmutmut’s coffin lid (21st Dynasty, 1076–746 BCE) and the
“doppio corpo” writing cabinet by Pietro Piffetti (18th century CE). In the coffin lid, despite
the age of the artifact, the attack is not largely diffused but is relatively concentrated in
a few areas. Performing a segmentation of the hollow parts inside the wooden material,
as in Figure 4c, it is possible to visually investigate in the 3D space the distribution and
shape (bending, bifurcations) of the cavities left by the insects. In Piffetti’s artwork, on
the other hand, the holes are located only in some of the wooden blocks used for the
construction, specifically those appearing brighter in X-CT and probably made of walnut
wood. The segmentation of voids in the single block revealed, in this case, a dense network
of cavities (Figure 5c). Such an extensive perforation can be dangerous for the integrity of
the block, also exposing the internal part of the wood to other environmental factors such
as humidity and pollutants. This kind of non-invasive investigation can be a great support
for conservators’ interventions: repeating the analysis some time after an anoxic treatment
can also be an easy way to confirm the success of the procedure.

3.4. Environmental Effects

The environment hosting an artifact for years, centuries or millennia can greatly
influence the conditions of the object and its integrity at retrieval. Several mechanisms can
be activated in time depending on the environment composition (acidic/basic), humidity
conditions, mechanical stress and so on. We have been able to study several objects and
different materials, each one showing different interactions and producing different stages
of damage.
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Figure 4. Lateral (a) and vertical (b) X-CT slices of the coffin lid, where different cavities produced by
xylophagous insects are visible. (c) 3D rendering with a segmentation (green) of the hollow parts in
the wood, explicating the complete structure of the cavities: as reference, the yellow arrows indicate
the same feature in single slice and 3D volume.

Figure 5. (a,b), X-CT horizontal slices of the “doppio corpo” cabinet (specifically the fall-front
desk), where green and yellow circles/arrows highlight different cavities produced by xylophagous
insects. The orange dashed rectangle in (a) identifies instead the wooden block represented in
the 3D reconstruction (c) where the whole network of cavities was segmented and shown three-
dimensionally in orange hue.

The first example is a soil block extracted directly from the excavation terrain at the
necropolis of Villalfonsina (Abruzzo, Italy), probably dating back to the 6th–4th centuries
BCE. From the preliminary observations, the bronze artifact embedded in soil was already
clearly identified as fragile and fragmented. In fact, the bronze belt contained in the block
was exposed during burial both to the chemical effects of organic decomposition of the
body originally wearing the ornament and to the pressure of the burial soil, causing the
flaking and splintering of the metal into small fragments.

CT segmentation revealed in a non-invasive way the distribution, shape and dimen-
sions of fragments, isolating them from the earthy material (as shown in Figure 6), as
well as indications about the belt’s general conditions, the identification of repairs done
in the past and the presence of different materials. This information supported the belt
restoration in accounting for the documentation of all the fragments to be extracted and
cleaned and their original position for solving the puzzle. The belt was finally reassembled
and protected using resins and waxes.

122



Heritage 2025, 8, 52

Figure 6. The X-CT segmentation helped in the virtual isolation of the bronze belt fragments from
the soil block retrieved from the archaeological site. In this way it is possible to extract the fragments
in their exact position (in red) from the soil (in light brown).

Another example is provided by archaeological glass kept in the ground until the
present day. The glass fragments presented here were discovered on the plow soil surface
around the ancient Roman city of Aquileia (North-Eastern Italy) and are part of a larger
set identified to thoroughly study the different types of corrosion that can occur on the
vitreous material after the long interaction with soil. These two fragments in particular
are characterized by the formation of a crack network (n. 581755) and the presence of a
superficial iridescent patina (n. 581681). μ-X-CT analysis allowed the determination of the
size of cracks and pits and their extension inside the glass, as well as the morphology of
the patina and its stratification.

The cracks in sample 581755 feature rounded ends, suggesting the possible influence
of soil mechanics in fracturing the glass through erosion. From reconstruction and segmen-
tation, it was possible to visualize the dense crack network and some larger and smaller
soil grains entrapped in the main hole (the sample was originally a bead; see Figure 7).
The cracks extend deep into the object (even 4–5 mm) with diameters of about 100–200 μm.
Inside the cracks, it is visible from CT slices the presence of a material less radiopaque than
the glass bulk (Figure 7d): it was possible to estimate that more than 10% of the glass object
is altered into this different material, possibly hydrated silica.

For sample 581681 it was instead possible to measure the thickness of the patina
(almost 2 mm thick) and to observe that it is composed of a sequence of alteration packets
and air, apparently detaching from the bulk while following the same profile. The sample
also shows the presence of pits (as the one shown in Figure 8b): the high resolution of
μ-CT allows us to identify in the pit an ordered structure of concentric layers. All these
phenomena are in general due to cycles of dissolution and reprecipitation of the glass
material, exacerbated by the presence of salts in the soil.
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Figure 7. Glass sample from Aquileia n. 581755. (a) 3D segmentation of cracks (purple) and larger
(yellow) and smaller (cyan) soil grains trapped in the hole; a horizontal section is reported in the top
right for comparison; (b) vertical section with segmentations, showing the distribution of grains in
the hole; a measure of (c) the highest penetration of cracks inside the glass and (d) the diameter of
single cracks with (light blue) and without (orange) considering the alteration layer of hydrated silica.

Figure 8. Glass sample from Aquileia n. 581681. (a) 3D segmentation of the iridescent patina (orange)
in the 3D reconstruction of the fragment. (b) horizontal section of the vertical part of fragment (red
plane in (a)), where the section of the widest pit is visible; (c) lateral section of the fragment (blue
plane in (a)) in the area of the patina, highlighting that the patina itself is composed of multiple layers.

μ-CT resolutions are even able to discriminate features in very small artifacts, such as
small carved beads. Within a study on lapis lazuli provenance, μ-CT was performed on
three lapis lazuli beads from the Royal Graves of Ur (Mesopotamia, Iraq, 3rd millennium
BCE). One of the issues of archaeological lapis lazuli is the frequent alteration of the
pyrite crystals present inside this kind of semi-precious stone, with a higher occurrence on
the surfaces. The alteration is caused by environmental conditions such as high humidity,
percolating waters, or thermal stress, and it results in the loss of sulfur and in the consequent
transformation of pyrite into iron oxide–hydroxide minerals. It was verified that the
alterations are recognizable with μ-CT thanks to the different radiopacity, resulting from the
loss of S and the remaining Fe and O as main elements. The extension of this modification
is also evaluable in terms of thickness and diffusion of the alteration layers in the whole
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volume. It is interesting to notice that the tomographic investigation revealed the presence
of some cracks in the bead (orange arrows in Figure 9), which may be the vector for
humidity coming from the external environment to reach the inner pyrite crystals, inducing
the alteration also in the deepest crystals.

Figure 9. μ-CT of small lapis lazuli beads. (a,c) horizontal sections, (b) vertical section. The brighter
areas are pyrite crystals, where it is also visible the few-micrometers thick alteration layer. Orange
arrows indicate some cracks in the bead that may bring humidity from the external environment to
the inner pyrite crystals, inducing the alteration.

Lastly, we present here the first insights that can be obtained from the μ-CT analysis
of a bronze arrowhead unearthed from the burial chamber of the Urama-chausuyama
mounded tomb (end of the 3rd century CE). As shown in Figure 10a,b, the arrowhead
presents a black/dark green appearance with different hues, with a quite homogeneous
surface apart from some localized material losses and cracks (see Figure 1). As reported in
the literature, in high-tin bronze, as in the case under investigation, the dark patina could be
formed by a mineralization process with a loss of copper and lead [34]. It could act as a kind
of natural protective, as in the case of ancient mirrors [35], because it is stronger in resisting
corrosion processes [36]. This is not the only possible mechanism of mineralization, but,
in general, the lower density and atomic weight of the corroded material is an indicator
of a degradation process of the bronze. This can be well highlighted by means of μ-CT
(Figure 10c), observing the areas with lower absorption of X-rays (dark areas). In particular,
we can see that the darker areas are present not only on the surface that was in contact with
the soil, but also widely spread below the patina, particularly starting from the fractures
and losses in the patina itself. In some areas, the corrosion crosses the arrowhead from side
to side (red and yellow slices in Figure 10c). The actual state of preservation of the pristine
metal can be evaluated by performing a segmentation of the most absorbing volumes
(brighter in CT), presumably the healthiest parts of the arrowhead. The result is presented
in Figure 10d and it shows a very different situation from what was deduced from optical
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observations, where the artifact appears to be in better health. Information obtained via
μ-CT, in addition to providing insight into the state of preservation of the arrowhead, can
also be used to consider appropriate conservation measures and to verify whether the
process of degradation is still ongoing or has stopped, performing additional μ-CT analyses
in the future.

Figure 10. (a) The bronze arrowhead from the Urama-chausuyama mounded tomb; (b) magnification
of the lower part of the arrowhead. (c) X-CT horizontal and vertical sections of (b); corroded areas
(darker regions) are diffused on the surface and below the surface at the fractures sites, but not
visible under optical inspection. (d) 3D rendering of the whole arrowhead where segmentation of the
pristine metal helps to understand the real state of conservation of the object.

4. Conclusions

The different case studies presented in this work highlight how X-CT can reveal a
variety of modifications induced in the whole volumes of artifacts by their conservation
history and environment. Sometimes, surprisingly, the effects can have a high relevance on
the future health of the objects, and they should be taken into consideration by the restorers
who are devoted to their preservation. X-CT should be more and more considered and
exploited as a support in conservation plans and strategies, in order to better target the
interventions and also avoid unnecessary operations that would just put more stress on the
object. As shown above, X-CT setups can be versatile and the best one in terms of energy,
resolution, time and costs can be selected to better adapt to the conservation questions
and the object itself. Together with microclimatic and environmental studies, X-CT can be
fundamental in promoting preventive conservation and protecting our Cultural Heritage
from further damage while maintaining its valorization.
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Abstract: A radiocarbon study of a painting that might have been made by Titian or
Tintoretto or by their workshops is presented. It could be the lost Titian self-portrait or,
more convincingly, the sitter might be the Venetian Andrea Cappello, elected Procuratore de
Supra in 1537 AD. Due to the variability in the concentration of atmospheric radiocarbon
during the reference period, the calibrated 14C ages of the painted canvas are 1450–1530 and
1540–1635 AD (2 σ), while those of the wooden frame are 1504–1597 and 1616–1657 AD (2 σ).
They are also consistent with previous analyses based on scanning macro X-ray fluorescence.
These results, combined with stylistic, considerations suggest that the painting was made
in the first half of the 16th century by Titian or his workshop. Circumstantial evidence that
the painting was executed between 1523 and 1528 is also discussed.

Keywords: radiocarbon dating; Titian; Jacopo Tintoretto; Jacopo Sansovino; Andrea Cappello

1. Introduction

This study is aimed at providing a time window for the execution of an old painting
by means of radiocarbon dating. The painting was previously analyzed with scanning
macro X-ray fluorescence (MA-XRF) using the mobile LANDIS-X instrument developed at
the XRAYLab of ISPC-CNR and INFN-LNS in Catania [1]. The MA-XRF analysis showed
that the pigments are consistent with paintings of the 16th century and also revealed
the presence of a restoration, probably made in the 19th century [2]. The interest in
this painting, shown in Figure 1, stems from the fact that the artist could be Titian or
someone from his entourage, or from the workshop of Tintoretto, as suggested by the
Italian Ministry of Art and Culture. In fact, the X-ray analysis revealed the notable absence
of an underlying drawing, which is a characteristic of Titian’s style. A resemblance with
Titian’s physiognomy was also noted in the sitter and it was suggested that it may be the
lost self-portrait made around 1537 and mentioned by Vasari in his Lives of the most Eminent
Painters, Sculptors and Architects [2].

However, more recently, the sitter has been more convincingly identified with the
Procuratore de Supra Andrea Cappello (?-Venice, 1565) due to the similarity to a portrait
by Jacopo Tintoretto, which belongs to the Accademia Gallery of Venice (inv. n. 121; cat
n. 234; Dalla Costa, in prep). This painting shows an identical drawing of the sitter’s face
(Figure 2). It is interesting to note that the Tintoretto painting at the Accademia Gallery was
historically attributed to Titian, and that the attribution returned to Tintoretto only in the

Heritage 2025, 8, 63 https://doi.org/10.3390/heritage8020063
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18th century. The file of the Accademia Gallery dealing with the Tintoretto painting reports:
the influence of the Cadore artist is clearly evident. The psychological rendering of the character
is in fact of the highest quality: the Procuratore seems to slip out of the shadows and observe the
spectator with a hard and inquisitive gaze and the firmness of the Cappello is further underlined
by the closed hand clutching a white handkerchief that emerges from under the crimson tunic.
The pictorial modeling, firm and robustly innervated, also helps to avoid any pause or ornamental
underlining and to emphasize the energetic face of the Procuratore. (Authors’ translation of
the text available at https://www.gallerieaccademia.it/il-procuratore-andrea-cappello,
accessed on 5 January 2025).

Figure 1. The painting under study, oil on canvas 90 × 70 cm, private collection.

131



Heritage 2025, 8, 63

Figure 2. Jacopo Robusti detto Tintoretto, Il procuratore Andrea Cappello, olio su tela,
cm 115 × 86, cat 234, © Archivio fotografico G.A.VE—“su concessione del Ministero della
Cultura—Gallerie dell’Accademia di Venezia”. On the right, the painting bears the Cappello coat of
arms and the initial ’A’ of Andrea Cappello. The similarity with the sitter of the painting shown in
Figure 1 was found by Thomas Dalla Costa.

As both the artist and the sitter of the painting are unknown, the purpose of this
radiocarbon study is to obtain useful elements to evaluate the extant attributions. The
possible attribution to Tintoretto or Titian is very attractive since they are among the greatest
painters of all times who made portraits of kings and popes and of the most important rulers
of the 15th century. The state-of-the-art Accelerator Mass Spectrometry (AMS) radiocarbon
dating was applied on a small fraction (tens of mg) of the specimens taken from the canvas
and the frames of the painting. Radiocarbon measurements are based on the proportion of
radiocarbon found in the sample and are reported in terms of radiocarbon age (RC age,
in years before present (BP)), where present refers to 1950, and the half-life of 14C is 5568 years
assuming a constant atmospheric concentration of radiocarbon in the atmosphere. In order
to derive the calendar age, the change in the atmospheric concentration of radiocarbon
should be accounted for by applying calibration procedures. Radiocarbon 14C ages cannot
provide absolutely dated chronologies, but must be converted to calendar age equivalents
using a calibration curve compensating for fluctuations in atmospheric 14C concentration [3].
The main information comes from measurements on tree rings complemented by other
samples of known age, which are compiled into calibration curves by the International
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Calibration Group. The calibration curve is not monotonic, showing oscillations in the
period relevant to this study producing multiple calendar ages for the same RC age.

This study is aimed at providing a time range for the canvas and frame to confirm that
we are indeed dealing with a painting made during their lifetimes. Radiocarbon dating
would either confirm or rule out the possibility that the painting was made by one of these
artists or by their workshops. Titian’s birth year is quite uncertain, ranging from 1477 AD
to somewhere around 1490 AD, while Tintoretto was born in 1518 AD. The slight difference
in their birth and the period in which they began to be active may offer some possibility of
discriminating between them. Concerning the identity of the sitter, in the case of Andrea
Cappello, the year of birth is not known but, his death was 1 February 1565. As discussed
later, there are reasons to believe that the portrait could have been made before 1537 and
possibly in the year 1523. On the other hand, if it were the lost self-portrait of Titian, it
should have been painted around 1537.

2. Materials and Methods

The painting (Figure 1) comes from the collection of Giulio Parri and its story has
been described in detail in [2]. A total of 4 samples were taken from the original canvas
used for the painting. The original canvas appears very thin and drenched in color as it
can be seen in the illustrative Figure 3. The back of the painting shown in Figure 3 reveals
that the canvas was relined and the original is made of two pieces sewn together, as it was
frequently made in ancient times. A sample from the canvas used for the relining was also
collected. Note that both samples have been taken in the upper part of the two pieces of the
canvas. The painting has a magnificent carved wooden handle frame covered by golden
leaf. Two samples were taken from the main frame and one from the frame used to stretch
the canvas. All samples have been numbered and placed in the plastic containers with an
identification label. The photographic documentation of the sampling points is available
on request. The weight of the sample material and the number of spots used are detailed in
Table 1.

Figure 3. On the left: The back of the painting which shows the relined canvas and the two pieces of
the original canvas sewn together. Note that the rabbet of the frame fits perfectly with the painting
without signs of adjustment. The photos on the right show a sample collection from the painted
canvas and the two frames.
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Table 1. Samples used for the dating.

Sample Name Sample Numbers Mass (mg)

Painted canvas 4 360
Relining canvas 1 240
Wooden frame 2 327
Stretcher frame 1 178

One specimen of a few milligrams for each of the materials listed in Table 1 was radio-
carbon dated. The analysis was performed at the CIRCE (Centre for Isotopic Research on
Cultural and Environmental Heritage) Laboratory, Università degli Studi della Campania
Luigi Vanvitelli, by means of an NEC (National Electrostatic Corporation) 3MV Tandetron-
based Accelerator Mass Spectrometry System [3,4]. Before AMS analysis, samples un-
derwent physical and chemical pretreatments with the aim of contamination removal
and/or to isolate a useful carbon fraction for dating purposes. After a physical cleaning
step, samples were chemically pretreated by the usual chemical processing procedure. In
detail, first, α cellulose was extracted from both textile and wood specimens according to
methods described in [5] to obtain more accurate results. In detail, together with the usage
of typical acids and bases, a strong oxidant attack (sodium chlorite) in an acid environment
was applied to samples to remove molecules other than cellulose (i.e., Lignin), potentially
biasing measurements. This procedure was also tested successfully for other contaminant
suppression (mostly preservatives) onto archaeological samples by the authors of [6]. Then,
cellulose was combusted and graphitized by means of sealed tube combustion and zinc
reduction, respectively. A sample of a sufficient mass capable to guarantee 1 mgC circa
was weighed into pre-cleaned 6 mm quartz tubes with CuO, evacuated (p < 10−6 mbar),
flame-sealed, and combusted at 920 °C for 6.5 h. CO2 produced during combustion was
then cryogenically purified by other gasses and graphitized by sealing it into a Pyrex
reactor, holding for Zn and TiH2, and an inner vial holding Fe powder. Graphite was
produced by letting the sealed reactors react @ 560 °C for 8 h.

Graphite specimens formed over the Fe powder during graphitization were pressed
in Al cathodes and installed in the sputtering ion source of the accelerator, together with
IAEA C3 [7] standard samples for normalization, OXII (NBS 4990c Oxalic Acid II) for
quality check purposes, and Aesar graphite treated in the same way as other samples for
background subtraction. 14C/12C isotopic ratios were measured at a terminal voltage of
2.55 MV exploiting the high-resolution capability of electrostatic and magnetic analyses
performed both before and after ion acceleration. For each cathode, the raw 14C/12C ratios
are given by the weighted average of 12 measurements. For unknown samples, F14C [8]
values were obtained after normalization to the standard, background, and fractionation
corrections using on-line δ13C measurements. Typical 1σ uncertainties in the determination
of 14C/12C isotopic ratios are of 0.3–0.5%. Finally, RC ages were expressed in years BP [8]
and calibrated by means of OxCal software [9] using the INTCAL 20 [10] calibration dataset.

3. Results

Radiocarbon determinations calibrated by means of OxCal.v4.4 [9] and the IntCal20
atmospheric calibration dataset [10], together with the relative coverage for the calibration
ranges, are reported in Table 2 and shown in Figure 4. Given the Suess effect on the
atmospheric radiocarbon trend variation, represented by the calibration curves in the
reference period (15th–17th century), the analysis formally provides two possible calendric
intervals for all the samples. For the relined canvas and the the stretcher frame, the possible
calendric age ranges are drastically enlarged by the Suess effect. For the painted canvas, the
relative coverage probability (1σ) is of 61% for the years 1459–1521 AD and of 39% for the
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years 1583–1623 AD for the 16th and 17th centuries. For the wooden frame, these are of 76%
for the years 1524–1572 AD and 24% for the years 1630–1645 AD, respectively. The entire
period from 1459 to 1657 (2σ C.L.) is permissible for the age of all materials. However, the
uncertainty in the measurement results makes it challenging to further narrow down the
time interval.

Table 2. Radiocarbon determinations (errors in brackets) calibrated by means of OxCal.v4.4 [9] and
the IntCal20 atmospheric calibration dataset [10]. Relative coverage for the calibration ranges are
also shown.

Sample Name Radiocarbon Age cal AD Rel. Cov. cal AD Rel. Cov.
(Years) ±1σ % ±2σ %

Painted canvas 368 (40) 1459–1521 61 1450–1530 50
1583–1623 39 1540–1635 50

Wooden frame 296 (25) 1524–1572 76 1504–1597 71
1630–1645 24 1616–1657 29

Stretcher frame 263 (38) 1524–1560 35 1497–1601 41
1631–1667 53 1613–1680 44
1783–1796 12 1740–1753 2

1763–1800 12
1940–1944 1

Relined canvas 79 (30) 1696–1724 32 1690–1729 27
1812–1838 29 1807–1923 71
1878–1951 39 1947–1954 2
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Figure 4. Observed calendric ages for the specimens from the painted canvas (A), the wooden
frame (B), the stretcher frame (C), and the relined canvas (D). Measured RC ages with uncertainties
are reported in brackets close to the sample name [9,10]. X-axis shows calendric ages curve and gray
distributions show sample probability distributions.

Reported calendric ages for the main frame and the stretcher frame show that the
two frames were coeval. In particular, this assures that the main frame is original and
was not adapted later, for instance, at the time of relining. The relined canvas has
32% probability in 1696–1724 AD, and 29% in 1812–1838 AD with a sensitive residual
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probability (i.e., 39%) in the period (1878–1951 AD) due to the Suess effect. This suggests
that the painting was subject to a restoration which happened somewhere later than the
18th century. Indeed, the presence of anachronistic materials were detected by MA-XRF
imaging. The presence of zinc white in the collar and in an extended area of the left side of
the fur and clothes, with some traces also in the beard, hair, and hands, together with the
presence of cadmium red on the shoulder and on the fur, was attributed to the restoration
made towards the beginning of the 20th century, probably in the period 1910–1920 [2].

4. Discussion

Overall, due to the variability in the concentration of atmospheric radiocarbon during
the reference period, the radiocarbon determinations of different materials provide a
chronology for the painting as being executed in a large interval between 1459 and 1657
(2σ C.L.). However, stylistic aspects and previous pigment analyses suggest that both the
15th and the 17th centuries are unlikely. In the 16th century, the probabilities for the canvas
and frames for the same set of solutions overlap only in the period 1507–1530 (2σ C.L.)
and, therefore, we argue that this is the more likely range for the painting’s execution.
These arguments, admittedly speculative, produce some elements for the attribution of
the painter and on the identity of the sitter. At face value, they rule out the possibility that
the author of the painting is Jacopo Tintoretto, who was born in 1518, or someone from
his workshop, as suggested by the Italian Ministry of Art and Culture. On the other hand,
Titian’s birth, although quite uncertain, ranges from 1477 to 1490 and is more consistent
with the canvas’s temporal window. In the early decades of the 16th century, Titian was
already a famous painter. In 1530, he painted Charles V, and three years later, he was
nominated Pintor Primero by the Emperor and honored with the title of Count Palatine and
Knight of the Golden Spur. The Venus of Urbino painted for Guidobaldo della Rovere is of
1538, just to mention one of the most famous ones. Considering the self-portrait hypothesis,
the painting should have been made around 1537 since Vasari saw one self-portrait of Titian
during his first visit of 1541 AD [2]. The period refers to the period when Titian made the
paintings in the renovated church of Santo Spirito under the direction of Jacopo Sansovino,
who may be connected to the frame of the painting, as we will discuss in the next section.

4.1. The Frame

The frame shown in Figure 1, which has been found to be coeval to the canvas, or
slightly more recent, is particularly interesting. It is hand-sculpted by a skilled carver
and gilded with real gold leaf in a style which is clearly Sansovinian. The presence of
decorative elements of an architectural nature is characteristic of the new style introduced
by Sansovino. Sansovino, born Jacopo Tatti (Florence, 1486–Venice, 1570), was the most
important architect of the Republic of Venice since his arrival in 1527 until his death. Thanks
to his friendship with Pietro Aretino and Titian, Sansovino acquired a noble status and was
admitted to the Venetian patriciate, thus becoming a member of the aristocracy governing
La Serenissima. The time range obtained for the main frame is consistent with Sansovino’s
arrival in Venice, and his friendship with Titian could be an indirect element in favor of the
attribution of the author of the painting. It is worth noting the similarity of the frame with
that of the portrait of the doctor, astronomer, and poet Girolamo Fracastoro (1476 ca.–1553)
executed by Titian in 1528 on display at the National Gallery in London, and Figure 5
shows details of the two frame carriers. Both the structure of the spiral as well as the face of
the little angel have common executive features that refer to a common fabrication. Since
Sansovino arrived in Venice in 1527, the frame which maintains Sansovino’s style would
have been crafted a few years later in agreement with the radiocarbon time range for the
main frame.
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Figure 5. On the right, a detail of the frame of the portrait of Girolamo Fracastoro (1476 ca.–1553)
executed by Titian in 1528, National Gallery, London, NG 3949, vis à vis with that of the frame under
study. The similarity in the executive features suggest the execution by the same hand and likely in
the same years.

4.2. The Sitter

We now consider the suggestion that the sitter is the same Andrea Cappello as in
the painting by Tintoretto belonging to the Accademia Gallery of Venice, inv. n. 121; cat
n. 234, shown in Figure 2 (Dalla Costa, in preparation). A direct comparison with the
Tintoretto’s painting of the Academia shows that both paintings, even though one sitter
is depicted at bust length and the other in three quarters, are copies. The most striking
difference is that while one is wearing a fur coat, the other shows the formal dress of
a Procuratore da Supra. The election as Procuratore was a lifetime appointment in the
government of the Venetian Republic and was considered second only to that of Doge.
There were three categories of Procuratore, with different responsibilities and areas of the
city, with the Procuratori de Supra, administering the Basilica di San Marco, being the most
prestigious. The Procuratore de Supra wore a characteristic tunic color cermesi, i.e., crimson
red, and is always portrayed in this way. See, for instance, the Tintoretto portraits of
other Procuratori de Supra such as Jacopo Soranzo, Antonio Cappello or the portrait of the
procurator Contarini by Domenico Tintoretto.

The two paintings differ in size. The one at the Accademia is considerably larger,
measuring 115 × 86 cm. Generally, copies are smaller than the original; however, in our
humble view, the one made by an anonymous painter is of comparable quality, suggesting
that the artist was a very talented painter. According to what bf was reported by Francesco
Sansovino, son of Jacopo, at page 238 of his book Venetia, città nobilissima, et singolare,
Descritta in XIIII libri, published in 1581, Andrea Cappello became Procuratore de Supra
in the year 1537 [11,12]. This is also supported by the letter by Pietro Aretino dated
22 September 1537, where he congratulates Iacopo Cornaro, Andrea Capello, and Giulio
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Contarini for the election as Procuratore. A portrait of a Procuratore de Supra without
the characteristic cermesi dress is very unlikely. For this reason, the portrait of Andrea
Cappello without the red crimson dress should have been executed before the year of his
appointment, namely before 1537, while the one of the Accademia would have been made
after 1537. Note that the 1537 bound is marginally consistent with the temporal ranges
both of the canvas and of the frames.

The Accademia Gallery reports that the painting by Tintoretto had a writing which
has been removed in a recent restoration in 1959. The writing specified that the sitter was
Andrea Cappello and was coming from the Procuratoria de Supra. Furthermore, the writing
also bore the date 1523. This year remains mysterious, but we can speculate that it could be
the year when Andrea Cappello was portraited alive before becoming Procuratore and
copied much later by Tintoretto for the Procuratoria. It is also possible that Tintoretto made
it after Cappello’s death in 1565 and copied the face from the other painting. We note that
a misidentification of the sitter by Tintoretto could have made it possible to mistakenly
interpret the painting as a Titian self-portrait, as argued in the work of Molaro et al. [2].

5. Conclusions

Radiocarbon determinations calibrated using the code OxCal. v4.4 (Bronk Ramsey, C.
2021. OxCal v.4.4.4 URL: https://c14.arch.ox.ac.uk/oxcal.html, accessed on 5 January 2025)
and the updated IntCal20 atmospheric curve [10] for different components of the canvas
and the frames of a possible painting by Titian have provided two calendar solutions
separated by about one century, spanning the whole period from 1459 and 1657, at 2σ C.L.
However, only solutions within the 16th century are supported by stylistic arguments and
by the results of the scanning macro X-ray fluorescence. Within this century, we have found
the following:

• The main wooden frame provides the highest probability for the time range 1504–1597
(2σ, C.L.). The wood of the frame is handmade, beautifully carved, and covered by a
golden leaf. It shows Sansovino’s style and the radiocarbon date is consistent with the
arrival of Jacopo Sansovino in Venice in 1527. A striking similarity of the frame with
that of the portrait of Girolamo Fracastoro (1476 ca.–1553) executed by Titian in 1528
and on display at the National Gallery in London, NG 3949, is found to suggest the
same hand and a similar period. The stretcher frame is also studied, providing a time
range of 1497–1601 (2σ) cal AD. The stretcher frame is therefore found coeval with the
main frame.

• The time range for the painted canvas falls in the period 1450–1530 cal AD, 2σ C.L.
The dating of the canvas appears to be slightly prior to that of the wooden frames.
However, the time range defines the manufacturing period of the canvas, which could
be a few years earlier than it was painted, in particular for a canvas like this one,
which was obtained by sewing two remnants.

• The relined canvas has two relatively distinct solutions for the time range, which
are 1690–1729 (2σ) and 1807–1923 (2σ) with coverage probabilities of 27% and 71%,
respectively. It is likely that the lining took place during the restoration of the painting
estimated somewhere after the 18th century. This is consistent with the MA-XRF anal-
ysis that revealed the presence of a restoration, probably made in the 19th century [2].

Thus, the obtained radiocarbon determinations combined with stylistic considerations
suggest a chronology for the painting as having being executed in the 16th century and
likely before 1530. As such, the result seems to disfavor the possibility that the author of
the painting is Jacopo Tintoretto or his workshop, while it is compatible with Titian or his
workshop. As for the sitter, the result is consistent both with a self-portrait made by Titian
around 1537 or with a portrait of Andrea Cappello made before 1537, i.e., the year when
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Cappello was appointed Procuratore de Supra. One intriguing possibility is that the sitter
is Andrea Cappello and the date of the painting is 1523, which is the year written on the
portrait of Andrea Cappello made by Tintoretto and belonging to the Accademia Gallery.
This is also very close to 1528, the execution year of the portrait of Fracastoro by Titian,
which shows a very similar frame.
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