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Abstract

The Monastery of San Nicolo I’Arena in Catania, a UNESCO World Heritage site, embod-
ies a complex architectural and historical stratigraphy, reflecting successive construction
phases, functional changes, and the impact of catastrophic events, including the 1669 lava
flow and the 1693 earthquake. As part of the CHANGES project, this study combines
historical-archaeological research with non-invasive in situ scientific analyses to investi-
gate the materials and the conservation state of the monumental complex. Stratigraphic
analysis identified multiple masonry and plaster units, allowing the reconstruction of
five main construction phases and related functional changes. Portable X-ray Fluores-
cence (pXRF), Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT), and
handheld optical microscopy provided rapid insights into the chemical and mineralogical
composition of plasters and mortars, highlighting lime-based binders with variable aggre-
gate, including volcanic clasts, sand, and cocciopesto. In situ diagnostic analyses allowed
us to distinguish pre- and post-earthquake materials, while historical data contextualized
construction phases and functional transformations. The integration of archaeological and
scientific approaches proved to be complementary: historical evidence guides the selection
of analytical targets, while diagnostic results enrich and validate the interpretation of the
building’s evolution. This interdisciplinary methodology establishes a robust framework
for the understanding and valorization of complex cultural heritage sites.

Keywords: cultural heritage; in situ diagnostic analysis; architectural stratigraphy

1. Introduction

The study and conservation of historical structures require detailed knowledge of their
material composition and structural condition. In this context, non-destructive and/or
minimally invasive techniques have become increasingly valuable, as they allow for com-
prehensive assessments while preserving the integrity of the original materials [1-3]. Some
of these methods, which include magnetic radiation, acoustic techniques, and infrared
detection, are commonly employed to investigate the mechanical and structural proper-
ties of architectural elements [4]. They enable the identification of defects (e.g., fractures,
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detachments, voids), differentiation of materials by category, evaluation of thickness, and
assessment of surface preservation conditions. Other techniques are addressed to inves-
tigate the intrinsic characteristics of the building materials. Among these, portable X-ray
Fluorescence (pXRF) is used as a powerful tool for in situ chemical analysis [5,6]. It offers
several advantages, including rapid data acquisition, the ability to analyze large or im-
mobile objects, and reduced need for sample removal. However, it is acknowledged that
portable techniques may offer less precision than laboratory analyses, primarily providing
surface-level rather than bulk data [7].

Another powerful non-destructive method recently appearing in the panorama of
mineralogical and geological studies is the Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFT), generally applied for the characterization of both organic and
inorganic materials [8-11]. It allows for more rapid information compared to transmission
IR spectroscopy due to the very short time needed for sample preparation.

In this study, in situ analyses were carried out to investigate some artificial stone
materials of a valuable monumental building in the city of Catania (Sicily, Italy), namely
the Benedictine Monastery.

The architectural context of the Benedictine Monastery is a multi-layered one of great
historical value to the city, as well as a case study of particular interest.

In particular, the complex history of its construction, its stylistic and architectural
characteristics, its interaction with various volcanic—seismic events, its changes and conti-
nuities in use, its integration with archaeological stratigraphy, its connection to the Baroque
and late Baroque urban fabric, and its centrality for tourism but also for its citizens, have
created a unique and, at the same time, highly complex context. Written sources, but also
and above all the material itself, gather information on all of this.

To develop conservation, protection, and enhancement strategies, it is therefore essen-
tial to approach the context by combining technical-diagnostic methods with historical—-
archaeological and stratigraphic approaches directly related to the subject matter, which
is the focus of our work. So far, many studies have been published on case studies and
applications, from advances in analytical methods [12] to characterization of ancient ma-
sonries [13,14]. However, most of them focus either on the application of non-destructive
diagnostic techniques and modeling approaches, or on stratigraphic analyses conducted
within the framework of architectural archaeology. Only a limited number of studies
effectively integrate material diagnostics with stratigraphic interpretation of the building
fabric (e.g., [15,16]).

In this sense, the Benedictine Monastery of Catania, now home to the Department
of Humanities at the University of Catania, exemplifies the integration of theory and
practice in research. Its classrooms, libraries, and study spaces are not merely physical
settings for academic activity; they foster a vibrant intellectual environment where teaching,
investigation, and dissemination converge. The monastery’s central location in the heart of
the historic city, combined with its institutional role, supports a multidisciplinary approach,
encouraging dialog among scholars from diverse fields and grounding contemporary
knowledge in a historical layering that reaches back to the city’s founding. In this way,
the monastic complex functions not only as a research site but also as a crossroads of
knowledge, memory, and innovation. It is within this framework that the present study
is situated.

Within the monastic complex, specific rooms have been selected to investigate the
mineralogical-petrographic and chemical features of the construction materials, as well
as to assess the state of conservation of historical masonries. Portable X-ray Fluores-
cence (pXRF), Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT), and a
portable optical microscope have been used as non-destructive techniques to preliminarily
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investigate the composition of the materials. Measurements were conducted on various
wall sections, including mortars, plasters, bricks, and rock fragments.

The in situ characterization of the materials and the assessment of their state of
conservation was carried out in this phase by using portable analytical instrumentation,
allowing for rapid and non-destructive assessment from both chemical and mineralogical-
petrographic perspectives. This approach enabled the identification of the most representa-
tive and relevant areas for the investigation of materials and associated weathering forms.
The adoption of in situ techniques significantly reduces the need for sampling, supporting
sustainable conservation practices that respect both the integrity of the cultural heritage
and environmental considerations. However, it must be underlined that the diagnostic
investigations carried out in situ during this research are only preliminary and that the
data obtained here will be verified through laboratory investigations (already in progress)
on small-sized samples collected from the same structures here analyzed.

As mentioned, scientific data must be cross-referenced with historical data both to
gain credibility and value. Integrating the methods and thus applying an interdisciplinary
study allows for the following:

—  Framing scientific findings within a historical context;
—  Increasing or refining knowledge of the building;
—  Addressing decisions in restoration interventions by using historically based technical data.

The innovativeness of this paper consists of just the integrated approach that corre-
lates the historical-stratigraphic reconstruction with the scientific data coming from the
diagnostic analyses. Moreover, this is the first study that reports diagnostic data on the
construction materials of such a valuable monument in the city center of Catania.

This study falls within the research activities of the PNRR project CHANGES—Spoke
5 (Science and Technologies for Sustainable Diagnostics of Cultural Heritage) and Spoke 6
(History, Conservation and Restoration of Cultural Heritage). The first oriented towards the
development of innovative scientific methods, new approaches, and digital technologies
for sustainable diagnostics of cultural heritage, whereas the second focuses on the historical
knowledge and planning of strategies for conservation and restoration in multi-layered
contexts of cultural heritage.

2. Case Study: The Benedictine Monastery in Catania

The Benedictine Monastery is a monumental edifice, located in Catania (Italy,
Figure 1a,b), belonging to the late Baroque architecture of south-eastern Sicily, which
in 2002 has been included in the UNESCO World Heritage List. Originally founded in the
16th century, the monastery has undergone various transformations over the centuries.

The Benedictine Monastery of Catania represents a complex system of cores and wings
that can be divided into three sections: one southern, one central, and one northern. The
southern section of the building consists of two adjacent quadrangular cloisters, one to
the west and one to the east (Figure 1c,d), surrounded by rectangular structures on all
four sides. Such structures contain several floors and basement rooms resulting from
modifications and additions. This part of the building is the oldest.

In the central section, the hanging garden is located to the west and the church of San
Nicolo L’ Arena to the east (Figure 1c,d). In the northern section, with an inverted L-shaped
plan, are the rooms associated with monastic life, added after the 1693 earthquake.

The monumental edifice desired by the monks remained unfinished due to the di-
rective of King Vittorio Emanuele 11, which imposed the suppression of the most powerful
religious orders. Subsequently, the monastery passed into the hands of the municipal gov-
ernment around 1866. From that moment on, the monastery underwent several adaptations
for new and different intended uses, such as schools, military detachments, and offices. It
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was also damaged during the Second World War, and although the damage was repaired,
it is still visible today in the eastern cloister.

Figure 1. (a,b) Geographic localization of the Benedictine Monastery (red shadow in Figure 2b) in
Catania (eastern Sicily), (Images: Google Earth); (c) general view of the monumental complex (yellow
dotted line, image taken from Google Earth), with indication of the study area, marked by the red
rectangle, which corresponds to the ancient refectory rooms; (d) plant of the monumental complex.
The original structures were partially destroyed by the lava flow of 1669 and later completely razed to
the ground (along with the entire city of Catania) by the earthquake that occurred in 1693. Following
these events, the monks decided to rebuild the monastery once again, expanding it towards the
east with the construction of a second cloister (eastern cloister) (Figure 2¢c) and an imposing church
(Church of San. Nicolo I’ Arena) (Figure 1d).

The turning point for the monastery came around 1970 when it was donated to the
University of Catania. The commitment was to restore it and make it the headquarters of
its departments. Today, it is indeed the headquarters of the Department of Humanities.

Its architectural significance lies in the Baroque style, characterized by ornate decora-
tions, intricate details, and a sense of magnificence.

The Benedictine Monastery complex represents an example of a multi-layered context
of cultural heritage (as shown in Figure 2d, where the vertical succession of different
construction phases in the Roman domus can be observed), suitable for the inter- and multi-
disciplinary approach. It combines unlike contexts of artistic, historical, archaeological, and
architectural interest, as well as different building /decorative materials and construction
techniques used over time. It represents a key site for understanding not only the history of
the monastery itself but also the broader history of the city of Catania [17]. Archaeological
investigations carried out here from 1978 to 1996—marking the first urban stratigraphic
excavations in the city—have provided extraordinary data, allowing direct insight into the
city’s history. Beneath the courtyards and the monastery’s massive foundations lies a true
stratigraphic and architectural palimpsest, capable of offering exceptional information: a
continuous, detailed testimony that traces the history of this site from prehistory to the
modern and contemporary periods [18].
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The area of the Benedictine Monastery of San Nicolo I’Arena in Catania shows continu-
ous occupation well before the Greek colony of 728 BCE [19]. Eneolithic remains, including
a cist tomb and traces of huts [20], together with scattered ceramics, attest a prehistoric
presence continuing through the Bronze and Iron Ages [21].

Figure 2. (a) General view of the main complex of the Benedictine Monastery; (b) particular of
the baroque style; (c) eastern cloister and Cafeaos; (d) view of the Roman domus as an example of
historical multi-layered context.

With the arrival of the Greeks, the site coincided with Montevergine, identified as the
acropolis of ancient Catania [20]. Despite later transformations caused by lava flows and
the modern city, the original topography remains visible in street alignments such as Via
Antonino di Sangiuliano. Excavations in the monastery courtyards revealed remains of
the city’s first walls and residential buildings [22]. The earliest Archaic houses, oriented
NW-SE, were replaced in the late 5th century BCE by a new N-S grid, likely introduced
after Dionysius I's conquest in 403 BCE [20-23]. This phase shows residential use with
possible cultic functions, as suggested by votive pits [22].

From the 3rd century BCE to the 2nd century CE, the hill hosted an extensive resi-
dential quarter [22]. Notable is the Hellenistic “Casa della tavola imbandita,” in use until
the 1st century CE (Figure 2d), decorated with painted plaster, tessellated floors, and opus
scutulatum pavements [24]. In the Roman phase, continuity of habitation is confirmed by
houses along Cardo I. A peristyle domus, built over the earlier Hellenistic house, preserves
three porticoed sides, wall paintings, and rich mosaics [22,24,25] (Figure 2d). The Dionysian
grid remained in use until the 6th—7th centuries, when it was progressively replaced by
modest dwellings and irregular lanes, marking early medieval decline [22,26].

The Benedictine Monastery was founded in 1558, within the city walls, with Santino
Cannavali directing construction until the inauguration of 1578 [27,28]. Its layout, organized
around cloisters and spaces prescribed by the Rule of Saint Benedict, included dormitories,
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refectory, church, and library [28]. By the end of the 16th century the main structures were
complete, with the marble cloister by Giulio Lasso standing until the 1693 earthquake [28].

During the 17th century, the monastery reached great prestige but was struck by
disasters: the 1669 eruption destroyed gardens and stables [28], while the 1693 earthquake
collapsed the church and killed 34 monks [27]. Reconstruction begun in 1702 by Antonino
Amato, was expanded by Vaccarini, Battaglia, Ittar, and Battaglia Santangelo, who added
monumental refectories, library, dome, main staircase, and facades [27]. In 1841, Mario
Musumeci completed the southern cloisters and service spaces, consolidating the monastery
as one of the most significant monuments of Baroque Catania.

Its architecture reflects the layered history of the site: from prehistoric occupation
to Greek and Roman urban layouts, and finally to the Benedictine monumental complex,
marked by resilience and transformation in the face of natural disasters.

Studied Areas: “Ancient Refectory Rooms”

A specific area of the building, now accessible from the storage rooms of the current
library, was chosen to carry out the investigations and studies. In particular, such area
was selected because it preserves coexisting materials from different periods in a largely
unaltered state. Being located in disused spaces with restricted public access, it remains
undisturbed, allowing us to perform in situ analyses and, where appropriate, collect
samples for subsequent laboratory investigations. This area, called “ancient refectory”
belongs to the original 16th—-17th century structure, later abandoned after the renovations
following the 1693 earthquake. The area is situated near what was the first floor of the
northern arm of the western body, as well as the original nucleus of the monastery before
the post-earthquake transformations of 1693 (Figure 1c,d). This area was dedicated to
shared activities and comprises the “ante-refectory room” (a), the “refectory room” (b), and
the “sacristy” (c) (Figure 3a—c).

Figure 3. Investigated areas within the library deposits: (a) ante-refectory room; (b) refectory room;
(c) sacristy.

The rooms, which were originally large and directly accessible from the western
cloister, are today narrow and difficult to access due to changes in roof height and the
addition of wall partitions.

The ante-refectory space is currently unconnected from the refectory, unlike its original
state. It is a rectangular room with plastered walls, containing a deposit of stone materials.
The refectory area currently presents a complex system of multi-layered rooms and spaces,
created by a succession of additions and modifications. To the east, there is the area of
the original sacristy, still accessible from the current library. The walls are partly covered
with plaster (especially the perimeter ones) and partly with exposed brickwork, and this
includes both walls and arches.

The stratigraphic evidence and the various construction techniques reveal transfor-
mations and modifications that have occurred over time, which, if carefully read and
analyzed, broaden the complex picture of the events it has undergone. Due to their
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material-stratigraphic complexity, the environments are interesting to explore in an inter-
disciplinary way.

The studies that were therefore carried out are on the one hand, direct stratigraphic
studies on the masonry, with particular focus on the refectory area, and on the other,
non-destructive diagnostic studies on all three areas.

The initial investigations have been focused on the visible wall sections—plastered
and unplastered—in the refectory, and were carried out to clarify the multi-stratification
of the sections with respect to known historical data. The method, in fact, involved a
combination of historical-bibliographic research and direct stratigraphic analysis.

In situ measurements were conducted in the selected areas in order to study the
textural, mineralogical, and chemical features of both natural and artificial materials, as
well as to assess the state of conservation of historical masonry, with a particular attention
to mortars and plasters.

The different approaches, although apparently separate, have instead been set up
in a cross-cutting manner with the aim of integrating, supporting, and directing each
other so as to obtain a knowledge framework that is as complete and correct as possible
and, therefore, useful in the case of conservative intervention. This study specifically
aims to assess whether non-invasive diagnostic techniques can reliably distinguish pre-
and post-earthquake construction phases, and how their integration with historical and
archaeological data can improve the understanding of the building’s developmental history.

3. Materials and Methods
3.1. Investigated Materials

Images in Figure 4a—g represent the areas where in situ diagnostic analyses were
conducted, along with details of the investigated materials. In particular, the analyses
have involved plasters and coating mortars from the ante-refectory and refectory room
likely dating back to 16th and 17th century (Figure 4a—e). This masonry is predominantly
composed of volcanic stone blocks and brick fragments, held together by a mortar with
volcanic aggregates (Figure 4b,e,f). In the ante-refectory rooms, fragments of charcoal are
also observed within the mortars (Figure 4d) that for the other aspects appear similar to the
others. Furthermore, reused stone elements are frequently found as well.

Figure 4. (a—g) Materials investigated: (a) wall plasters and underlying mortars; (b) bedding mortars
and masonry units; (c¢) mortars beneath ancient floorings; (d) plaster details; (e,f) details of masonry
units; (g) pavement details.
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The plaster has shown a generally whitish color, although some portions show more
yellowish tones probably due to alteration (Figure 4a). Mortars from the masonry unit that
divides the refectory into two sections, by the load-bearing arches, (Figure 4b,f) were also
analyzed. Lastly, mortars located beneath the flooring (Figure 4c,g), supposed to belong
to the original construction phase and thus part of the pre-earthquake monastery, were
also examined.

3.2. On-Site Stratigraphic Analysis of Masonries

The analyses that were carried out in the refectory environment with archaeological
approaches fall within the disciplinary branch of Architectural Archaeology, specifically
applying the stratigraphic analysis of the walls [29-31].

It is a method of understanding the building (intended as a multi-layered palimpsest),
which allows us, through a mainly direct study of the material (which can also be integrated
with other sources and analyses) to identify the “units” equivalent to natural or anthropic
actions, present in the form of traces or positive and negative parts on the masonry, to
understand their mutual chronological relationship [32].

The aim is to reconstruct a sequence that clarifies the life and transformations of the
structure over short and long periods. The fieldwork involved a combination of direct on-
site analysis, indirect study, and in-depth analysis (through photographic documentation
and surveys), and historical-documentary research, all of which were cross-referenced.

On-site, we started from the identification of the stratigraphic units, distinguishing
Masonry Stratigraphic Units (USMs) for the vertical units (the walls); Stratigraphic Units
(USs) for the horizontal units such as the floors; Cladding Stratigraphic Units (USRs) for
the plasters.

Each unit was identified, distinguished, and documented based on its characteristics,
such as construction techniques.

For each unit, the stratigraphic relationships (contemporaneity, anteriority, and poste-
riority) with adjacent units were documented through detailed analysis of contact points
and a careful examination of the placement of materials (Figure 5).

Figure 5. Three different examples of contact points between walls stratigraphic units: (a) USM 7 up
USM 3; (b) USM 19 up USM 1; (c) USM 11 up USM 8.

3.3. On-Site Diagnostic Analyses Through Portable Non-Destructive Instruments

In situ analyses by using non-invasive portable instrumentation were carried out to
obtain preliminary textural, chemical, and mineralogical information, including digital
handheld microscope, X-ray Fluorescence, and DRIFT spectroscopy. These techniques offer
several advantages, allowing for fast and repeated measurements on large-scale objects
without the need for sample removal. Figure 6 shows an example of on-site data collection
by using various portable instruments.
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Figure 6. Example of in situ pXRF analyses: (a) preparation tests of the monument area; (b) measure-
ments on plaster; (c) measurements on mortar beneath the plaster; (d) measurements on bedding mortars.

3.3.1. Digital Handheld Microscope

High magnification images on the fresh surfaces were acquired by digital microscopy
Dino-Lite AM7915MZTL, using visible, infrared, and ultraviolet illumination, long working
distance, 5 MP images, 10x-140x, in order to investigate the texture and features of the
decorative rocks.

3.3.2. Portable X-Ray Fluorescence (pXRF)

Chemical analyses were performed by means of a portable XRF spectrometer, a Bruker
Elio system equipped with a Rh target X-ray tube and a Silicon Drift Detector. The following
setup parameters were used for measurements: acquisition time 60 s, tube voltage 40 kV,
and tube current 20 pA. Two consecutive measurements per spot were carried out and then
the average composition was calculated for each spot. The major elements determined
included Si, Ti, Al, Ca, Fe, K, Mn, and S, expressed in weight percentages (wt.%). The
values are intended to be considered semi-quantitatively.

3.3.3. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT)

Mineralogical information was gained by means of DRIFT analyses, performed
through an Agilent Cary 630(R) spectrometer, modified by Madatec srl with an acces-
sory for Non-Contact Measures (MadalR). The spectral range covered is 6505500 cm ™!

with a spectral resolution of 4 cm 1.

4. Results
4.1. Direct Archaeological Studies and Stratigraphic Analysis of Masonries

Thanks to the stratigraphic analysis of the walls carried out, a total of 49 units and
four different Masonry Techniques (indicated with the acronym TM) associated with the
units (Figure 7a—d) have been identified. In addition to the wall stratigraphic units, it
was also possible to distinguish different wall textures. Once the data collection phase
was completed, the data was reprocessed, aimed at cross-referencing the information,
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organizing it, and tracing the relative chronological sequence between the parts. This was
then dated through chronological clues and cross-referencing with documentary sources.

Figure 7. (a) TM2 of unit USM3; (b) TM3 of unit USM 6; (c) TM4 of unit USM 7; (d) TM1 of unit USM
2; (e) USM 3 wall with the holes of the beams and the step USM 5 to support them; (f) USM 1, located
to the south (in the images, the masonry units are indicated with the acronym placed above them, the
acronym of the cladding units “USR” is placed in a circle; the arrows indicate the stratigraphic trend).

Cross-referencing with historical documentation and with what is known about the
events allowed us to identify and distinguish five stratigraphic phases as well as five
moments in which the environment has undergone changes and transformations, some
of which can be considered as “macro” transformations (Phase 1, Phase 2A and Phase 4),
while others as “micro” transformations (Phase 2B, Phase 2C, Phase 3).

The first phase identified (Phase 1) can be called the “first roof phase”. The refectory
room was not the one we see today. In fact, there was a room that was always developed in
length but at a lower level (Q1) (Figure 8a) than the current one, covered by a floor or roof
of parallel wooden beams of which the placement holes remain evident near the north wall
(USM3), (Figure 7e). Also, near this wall is a step (USM 5) connected to USM 3 placed to
support the beams. It is not clear which wall was opposite, that is, the southern perimeter
wall. It could be the current entrance wall to the refectory (USM 1) (Figure 7f) and it cannot
be ruled out that it could be the wall bordering the western cloister.

This is followed by Phase 2A, which we can call the “plaster phase”, characterized
by important modifications such as the division of the Phase 1 environment into two
floors (basement and first floor), eliminating the roof slab and raising the floor level (Q2)
(Figure 8a) which is in line with the level of the cloister.

In this phase, the refectory was created, plastering the walls with a light-colored
covering, which can be seen in parts (USR 1-2-6-7-12-13-14-15) on the various visible wall
fronts and is linked to the US 4 flooring (characterized by hexagonal tiles and showing a
perimeter step designed to accommodate the tables and seats for the canteen, of which the
anchoring holes in the wall remain) and to the US 1 flooring (composed of beaten mortar)
into the area defined by historical studies as an “infirmary”. The room is always rectangular
and elongated, preceded to the west by the ante-refectory (Figure 8b). Even less clear at
the current state of research is the situation in the eastern part of the refectory, an area
where water flows through a small channel (USM 6) and where there are several walls of
complex stratification that allow glimpses of pools and steps (Figure 8c). As interpreted by
the published studies, it was probably a common area connected to the toilets (Figure 8d).
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A phase of modifications follows which we call Phase 2B, during which this common
area would appear to have been better delimited and defined with the addition of walls
(USM 7, 8,9, 17, 13, 14) leaning against the pre-existing walls (USM 1 and 3) (Figure 9a,b).

Figure 8. (a) Reconstruction of the 16th century monastic system (western cloister) with hypotheses
of the different citations between Phase 1 and 2A [28]; (b) refectory with perimeter step and holes
in the wall to accommodate the seats; (c) unclear central area of common use; (d) plan of the first
sixteenth-century building with indication of the study rooms [28].

These walls are also covered with plaster (USR 10, 5, 9, 8, 3) similar to those of Phase
2A. In this area, a new flooring (US2) is laid over the previous one (US4), characterized
by octagonal tiles divided by small diamonds (Figure 9), also creating two openings
(opening 2 and 3).

In the space thus created to the south, between the new wall partitions (USM 13 and
9), leaning against the perimeter wall USM 1, holes visible in the wall and near the flooring
could be interpreted as evidence of the use of the area for services (Figure 9d), probably
“baths” for body care and washing that the monks used to do before sitting down to meals.

The changes do not seem to stop; in fact, there seems to be evidence of a new “sub-
phase”, which we have called Phase 2C. This phase saw only small modifications, always
in the common area, with the addition of two wall partitions (USM 12 and USM 11,
respectively, attached to and not connected to the walls USM 14 and USM 8). These
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were also covered with plaster such as USR 17 and USR 16, similar to the previous ones
(Figure 9e—f)

Figure 9. (a) New plastered walls from Phase 2B (USM9) against the previous walls of Phase 1
and 2A (USM1); (b) Phase 2B wall (USM7) against the wall and gutter from the previous phase;
(c) new flooring (US2) superimposed on the previous US1; (d) USM 1 wall with a double row of holes,
perhaps linked to structures/coat hangers; at the bottom of the US 3 flooring, there is a hole; (e) new
USM 12 wall added; (f) new USM 11 wall added; (g) column base placed in break with respect to the
floor; (h) example of an arched wall (USM2); (i) wall USM 23 of Phase 4 that cuts the environment (in
the images, the masonry units are indicated with the acronym placed above them, the acronym of the
cladding units “USR” is placed in a circle; the arrows indicate the stratigraphic trend).

The column base visible in the area defined as the infirmary can be placed in a separate
phase, which we identify as Phase 3. Since this base is broken from the floor of Phase 2A,
we can place it with certainty in succession. However, since there are no points of contact
with the architectural parts of Phases 2B and C, we do not know the chronological and
stratigraphic relationship with these. Therefore, it is considered a separate intervention
that occurred at a time we identify as the third phase (Figure 9g).

Phase 4, the final one, was clearly separated from the previous ones and with a
significant impact on the environment. This was the final stage of transformation of the
refectory, and, in general, of the entire northern area of the monastery, at the level of the
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sixteenth-century refectory, which saw the insertion of a series of massive and important
arches (USM 2-4-15-19-20-24) and wall partitions (USM 22-23-16), characterized by a new
masonry technique (TM1) and all placed in evident support and abutment with respect to
the other wall sections. These partitions clearly have a purely structural function, suggesting
a new change in height, as they support a very low roof, and a functional abandonment of
the space, as their presence makes it unusable. We can therefore affirm that the refectory
lost its function in this phase and it was necessary to make structural support insertions to
consolidate and sustain a new floor above (Figure 9h—i) The modifications that followed
from this point on were mainly post-ancient and modern, with materials such as concrete
and steel, for the purposes of restoration and structural consolidation, fitting into the
post-monastic phase of use of the building.

4.2. Diagnostic In Situ Analyses by Portable Instrumentation
4.2.1. Digital Handheld Microscope

Observations carried out in situ under the handheld optical microscopy allowed gain-
ing preliminary information on both textural and compositional features of the examined
plasters and mortars.

Figure 10a—f shows surfaces of plasters and mortars from the walls of the refectory
and sacristy. In particular, Figure 7a,b present two examples of plaster surfaces which
exhibit a whitish base layer, upon which an upper yellowish layer can be observed, the
latter being probably due to alteration. Additionally, the presence of parallel striations is
evident (Figure 7a), likely resulting from manual surface finishing.

Figure 10. (a—f) Digital handheld microscopy images showing surfaces of plaster and mortars from
the refectory and sacristy: (a,b) plaster from refectory (Ref_I 30) and sacristy (Sag_I_7); (c,d) mortars
belonging to Phases 2A and 2B, respectively; (e,f) mortars likely dating to Phase 4.
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Figure 10c,d refer to mortar samples that apparently date back to Phase 2A and 2B
of the building, respectively. At this scale, it is possible to observe, among the aggregates,
the presence of brownish fragments resembling cocciopesto (crushed brick, red circle), along
with dark gray volcanic clasts (black circles) and possible sand grains (yellow circles). The
matrix of the mortar appears to be quite heterogeneous both in the color, ranging from gray
to beige, and in the grain size of aggregate clasts.

Figure 10e f, on the other hand, show mortars likely belonging to a later phase, possibly
associated with post-earthquake reconstruction interventions, namely Phase 4A. These
samples seem to contain only dark gray volcanic aggregates, though in variable amounts
depending on the sample, and occasional beige fragments that could be identified as sand.
No brownish cocciopesto aggregates have been identified. Even in these mortars, the matrix
is rather heterogeneous, showing differently sized aggregate grains and a variable color,
though the latter is slightly lighter than that observed in the earlier mortars.

4.2.2. Portable X-Ray Fluorescence (pXRF)

Both materials belonging to the 16th century and those applied during the reconstruc-
tion after the earthquake were investigated, particularly plasters and mortars. All the data
are shown in Table 1, where the related elements” abundances are also highlighted with
colored bars.

The plaster was measured on the walls of the refectory and ante-refectory. Calcium
(Ca) appears to be the most abundant element in all the measurement points. Specifically, it
is possible to distinguish two groups according to the Ca/S ratio (S = sulfur). The majority
of the measurement points show a high calcium content (up to 86 wt.%), suggesting the
presence of lime-based binders. Some other points, which are randomly distributed on the
surfaces, are characterized by similar content of sulfur, suggesting the hypothesis of the
existence of gypsum.

In the ante-refectory room, areas of multiple layers due to chromatic variations were
observed. This suggests the presence of a degradation process of the plaster itself or of
an earlier protective treatment. This observation is consistent with the detected sulfur
variations. pXRF analyses reveal slightly differing concentrations of sulfur and calcium
comparing the two areas: the more yellow-toned plaster is richer in sulfur, while the whitish
layers show higher calcium content (Figure 11).

Figure 11. Portable X-ray Fluorescence analyses on plasters, example of three representative points of
analysis on the ante-refectory wall. The investigated area is indicated by a red rectangle.
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Table 1. pXRF results (element wt.%) on plasters and mortars of ante-refectory and refectory rooms,
and the related abundance of the element wt.% for each typology of material (namely, plasters and
mortars) and of their Ca/S ratio.

Elemental Composition (wt.%) Al Ca Fe K Mn S Si Ti Ca/S
Plasters
Refectory Room—16th c.
Ref 1b 11 3.66 83.59 1.43 0.56 0.05 4.34 6.07 0.30 19
Ref1b 12 6.48 70.95 1.57 0.89 0.06 4.75 14.96 0.34 15
Ref1b13 5.88 76.68 0.87 0.40 0.03 8.68 7.27 0.19 9
Reflall 3.31 50.73 0.11 0.31 0.02 4243 3.03 0.06 1
Reflal3 5.55 45.44 0.13 0.18 0.01 47.05 1.56 0.08 1
Reflal2 5.58 45.52 0.24 0.24 0.02 43.37 4.90 0.12 1
Reflal4 7.75 70.52 0.15 0.07 0.03 17.43 3.98 0.08 4
Reflal5 4.15 45.62 0.15 0.08 0.02 46.45 3.48 0.05 1
Ref lal6 2.22 50.68 0.24 0.23 0.03 42.81 3.68 0.10 1
Reflal7 8.70 44.87 0.26 0.24 0.02 40.73 5.08 0.11 1
Reflal8 9.48 75.42 0.12 0.19 0.03 11.69 2.93 0.14 6
Reflal9 10.05 76.28 0.24 0.30 0.01 8.70 4.28 0.14 9
Ref3all 8.63 81.43 0.16 0.30 0.05 2.20 7.08 0.14 37
Ref3al2 2.45 66.23 0.17 0.10 0.02 26.84 4.03 0.14 2
Ref3al3 6.21 70.24 0.18 0.16 0.02 13.19 9.87 0.12 5
Ref 3a14 6.91 85.12 0.29 0.41 0.05 1.42 5.61 0.19 60
Ante-Refectory Room
ColIl 5.74 86.05 0.24 0.08 0.03 1.62 6.09 0.15 58]
ColI2 3.48 74.85 0.49 0.50 0.04 11.67 8.73 0.24 6
Col I3 18.38 76.84 0.10 0.10 0.02 0.48 3.98 0.09 162
Mortars
Refectory Room—16th c.
Ref 1a M1 9.27 46.14 2.39 1.20 0.07 23.59 16.82 0.50 2
Ref 1a M2 6.27 64.87 2.79 1.40 0.12 2.31 21.71 0.53 28
Ref 3a M1 13.26 54.90 2.04 0.98 0.05 11.68 16.67 0.41 5
Ref 3a M2 9.40 50.05 1.49 1.02 0.04 13.66 24.00 0.34
Ref 3a M3 16.01 57.69 1.57 0.78 0.06 5.94 17.58 0.38 10
Ref 3a M4 5.48 54.34 1.89 1.30 0.04 13.82 22.77 0.36 4
Ref2b M1 6.11 56.18 0.88 0.84 0.04 24.83 10.81 0.31 2
Ref 2b M2 1191 47.38 0.83 0.62 0.02 28.16 10.88 0.20 2
Ref 2b M3 12.74 51.24 0.82 0.23 0.04 27.62 6.88 0.43 2
Ante-Refectory Room—16th c.
ColM1 4.54 74.43 1.07 1.51 0.05 0.01 18.09 0.30 >100
Col M2 10.40 71.22 0.87 0.39 0.09 0.59 16.20 0.24 >100
ColM3 4.68 75.34 0.85 0.44 0.06 2.33 16.01 0.29 32
Col M4 14.29 55.81 221 1.04 0.06 10.38 15.84 0.37 5
Col M5 5.38 65.53 211 1.03 0.06 6.17 19.10 0.62 11
Col M6 14.16 67.35 1.69 0.64 0.11 2.10 13.66 0.30 32
Refectory Room—18th c.
Ref_M_2_new 9.32 63.63 1.28 1.30 0.05 0.13 23.96 0.32 >100
Ref_M_3_new 511 67.52 2.76 2.08 0.07 0.15 21.65 0.65 >100
Ref_M_4_new 7.25 63.40 1.98 1.92 0.04 0.37 24.58 0.45 >100
Ref_M_5_new 7.86 42.45 122 1.62 0.02 117 45.36 0.30 36
Ref_M_7_new 8.68 36.24 3.37 2.62 0.08 13.22 35.07 0.72 3
Ref_M_9_new 5.01 62.93 1.45 0.97 0.04 17.97 11.25 0.38 4
Ref_M_10_new 12.27 59.64 224 1.39 0.06 3.28 20.60 0.52 18
Ref_M_12_new 6.36 46.30 3.02 1.91 0.06 0.89 40.70 0.77 >100
Ref_M_13_new 13.32 67.94 1.74 111 0.06 0.45 14.98 0.39 >100
Ref_M_14_new 6.13 68.97 2.85 1.59 0.09 0.13 19.57 0.66 >100
Ref_M_15_new 10.31 65.62 2.26 1.54 0.07 0.28 19.36 0.55 >100
Ref_M_17_new 5.21 68.55 3.35 1.59 0.10 0.11 19.80 0.80 >100

Regarding the mortars, the data collected from the surface show an elemental compo-
sition dominated by calcium (up to 75 wt.%) and silicon (Si) (up to 45 wt.%), with some
points also rich in sulfur. Aluminum appears to be another important element in mortars,
with content ranging between 4 and 16 wt.%. A slight variation sees the mortars from
ante-refectory bearing a higher calcium content compared to those from the refectory room
(Figure 12). The graph of Figure 12 also shows the distribution of the measurements ac-
quired on mortars dated back to 16th and 18th centuries, particularly of the refectory room.
Except for the samples Ref_M_5_new, Ref M_7_new, and Ref_ M_12_new, the obtained
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results do not indicate significant compositional differences among the mortars sampled
from different historical periods (Table 1). The abovementioned samples, instead, are clus-
tered with a higher silicon content and lower calcium. These three points can indicate the
presence of mortars with different characteristics within the same reconstruction, namely
after the earthquake.

Figure 12. Portable X-ray Fluorescence analyses on mortars, Ca (wt.%) vs. Si (wt.%) values measured
on mortars of pre- and post-earthquake walls in refectory room and pre-earthquake walls of the
ante-refectory.

Nevertheless, the apparent general homogeneous elemental distribution of the em-
ployed materials could be attributed to the intrinsic limit of the portable instrumentation,
which hinders to separate the binder fraction of the mortar from the aggregates, thus the
chemical composition detected is an averaged signal coming from both. In order to identify
the mortar as hydraulic or air-hardening, samples should be taken and used to calculate
the hydraulicity index [33].

The pXRF campaign is to be intended as general overview of the areas, which appear
more similar than what was thought. The measurements could be considered in order to
plan a sampling strategy for laboratory-focused analyses.

4.2.3. In Situ DRIFT Analyses

Diffuse Reflectance Infrared portable analyses were performed on both plasters
and mortars of the refectory and sacristy rooms, and the spectra are reported in
Figures 13 and 14, respectively.

The measurements were made on the surface as it is and this led, in some cases, to
partially distorted spectra due to the presence of specular and diffuse components because
of a not very smooth surface.

Specifically, Figure 13 shows the spectra of plasters collected both in the refectory and
sacristy rooms. Different bands or groups of bands have been identified. Specifically, bands

centered at around 5100 cm !

are related to H,O stretching and bending vibrations; near
4000 cm ™!, a possible combination of OH stretching bands is present, while the region
between 3700 and 3000 cm ™! corresponds to OH group stretching related to structural
water hydroxyls typical of clay minerals or hydroxides [34]. Some samples (Ref 129 and
Ref I14) show more pronounced peaks, likely due to a higher content of hydrated phases

or residual moisture.
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The peaks at around 2500 cm ™! correspond to both OH group stretching and carbonate
group [10]. Region at 1789-1400 cm ! is related to carbonates and water. Strong bands
around 1490-1440 cm ™!, typical of the asymmetric vibration of CO3%~, are attributed to
the presence of calcite (CaCO3) [8], the main component of historical lime plasters. Peaks

at around 870 cm !

can further confirm the presence of calcite [35], the main matrix of the
plaster [36]. Some spectra (from samples Sag_1 7 and Ref _I_8) show these bands sharper
and more intense, likely indicating a purer carbonate matrix.

The region at 1200-900 cm ™! is generally related to silicates and sulfates. Peaks
centered at around 1000-1030 cm ™! are typical of Si-O-Si vibrations in silicates (such as
quartz sands, clays). Peaks are more visible in the spectra of samples Sag_17, Ref 18_3,
and Ref_I8_6. Moreover, the contribution at 1100 cm ! could be attributed to sulfates (e.g.,
gypsum—CaSO,-2H;0), even though this phase should be confirmed by a distinct peak
also at around 600 cm ™1 [8].

Therefore, the mineralogical composition of the samples is predominantly charac-
terized by calcite, formed as a result of the carbonation process of historical aerial lime.
Silicate minerals are present as aggregates or natural impurities within the mortar matrix.
Minor or trace phases include gypsum, potentially related to alteration phenomena or past
restoration interventions.

No significant compositional differences were observed between the plasters of the
two rooms, and spectral variability appears to depend mainly on the specific sampling
location and the conservative conditions of the analyzed surface.

Figure 13. Spectra of plasters from refectory (labeled Ref) and sacristy (Sag) rooms.

The DRIFT spectra of the analyzed mortars are reported in Figure 14. Mortar’s spectra
were grouped according to their presumed construction phase and their location within
the building, distinguishing between masonry and pavement mortars.

All spectra display bands consistent with those reported in the literature for lime-based
mortars [10,37]. In the high wavenumber region, as observed for plasters, a broad band
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centered around 5100 cm~! is attributed to the combination bands of H,O stretching and
bending, indicating the presence of adsorbed water [34,38].

The region between 3700 and 3000 cm ™! displays a broad OH stretching feature,
typically assigned to structural hydroxyl groups of clay minerals or iron hydroxides [38].
In some spectra, these bands are more intense, suggesting a higher content of hydrated
phases or residual moisture.

In the mid-infrared region, between 1780 and 1400 cm~!, strong absorptions at
1420-1470 cm ™! are characteristic of the asymmetric stretching of the CO32~ group, con-
firming the dominance of calcite (CaCO3) as the main binder phase in these historical lime
mortars [8,35,36].

Figure 14. Comparison between DRIFT spectra of mortar samples from Phase 2 (2A and 2B) and
Phase 4.

The 1100-900 cm ! region is associated with silicate phases, particularly quartz and
feldspars [38,39]. Several spectra, especially those within the second group (green, blue
curves), show sharp bands at ~1030-1050 cm !, attributed to Si-O-Si stretching vibrations
of quartz. Weaker multiple bands observed between 1000 and 950 cm~! suggest the
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presence of other silicate minerals, possibly derived from the Etnean volcanic aggregates
used in the mortar formulation. Additional contributions in the band at 1100 cm~! may
indicate the presence of sulfates, particularly gypsum (CaSO4-2H,0).

The DRIFT analyses carried out on the mortars highlight both features and composi-
tional differences that can be linked to construction phases, functional use, and raw material
variability. Overall, all spectra are dominated by calcite bands (~1420-1450 cm~! and
~875 cm 1), confirming the use of lime-based binders as the primary matrix. However,
differences in the sharpness and intensity of these bands can suggest variations in the
degree of carbonation or in the relative purity of the lime employed.

Within the first group (Ref_M_12, Ref_M_29, Ref_M_40), which includes mortars
belonging to Phases 2A and 2B, the comparison between the green and red spectra shows a
variation in carbonate band intensity. The green spectrum also exhibits a more pronounced
quartz signal (~1030 cm 1), indicating a higher silicate content. This may point to variability
in mortar recipes even within the same historical period (16th—17th century), an observa-
tion that requires confirmation through complementary petrographic and mineralogical
analyses. Such a distinction is less evident in the Ref M_40 spectrum.

The second group (Ref_M_30, Ref_P_16, Ref_P_21) includes one wall mortar and two
floor mortars, the latter likely associated with stratigraphic unit US2 and Phase 2B. Com-
pared to the first group, these spectra show greater variability in the 1000-1100 cm ™! region,
which may reflect differences in the aggregate fraction (composition or granulometry) or
variations in the clay content. This variability could be linked to the functional use of the
mortars, since the floor samples (Ref_P_16, Ref_P_21) would have been prepared differently
from wall mortars. By contrast, the Ref M_30 spectrum, taken from a wall beneath the
plaster, is more consistent with typical masonry mortars.

The third group (Ref_M_11, Ref_M_15, Ref_M_25), assigned to Phase 4, shows spectra
comparable to those of the second group (Phase 2B). Within this group, the blue spectrum
displays sharper quartz-related peaks, whereas the red spectrum is characterized by more
intense calcite bands.

5. Discussion
Chronological Framework of Identified Phases

If we now want to put forward a chronological framework for the phases, it is appro-
priate to cross-reference the direct stratigraphic data with the known historical construction
events. Thanks to published studies and documentation [28,40,41], we know that the
building has undergone several periods of evolution and transformation. The building’s
life, especially throughout its first phase, saw a succession of phases and plans that changed
before they were even completed. Construction began in 1558, and after just a few years
we know that the basement to the north and west (now the area above the Roman domus)
had been built. Therefore, around 1560, the building must have already had a basement
and was a single level. We could associate our Phase 1 with this phase.

A pause ensued due to the death of the master builder in charge of these works, but
we know that construction resumed around 1570, when there is evidence of the building
structures being raised above the basement level (1569-1583). This suggests a change
in elevation that could coincide with the material and stratigraphic changes observed in
Phase 2A.

The chronological classification of phases 2B and 2C is now somewhat more difficult,
as they are small changes that, as often happens in these cases, are evidenced only by
material data and not by historical sources and data.
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Phase 2B, which saw the transformations in the central common area, could be traced
back to three different moments in which we know that works were carried out in the area.
These moments are as follows:

— 1593, when work on the first floor resumed after a seven-year hiatus, but likely in the
southern area (dormitories).

—  Early 1600s: when new contracts were signed for the completion of the ground floor
and it seems that the first floor has been added. By 1613, the first floor would have
been completed, including the rooms we are interested in; payments for work in the
ante-refectory area are documented in 1610 [28].

— A third potential period is in the range 1617-1630, when the final work on the common
areas, such as the ante-refectory, refectory, and infirmary, took place.

As can be seen, the works never had a precise end point. Various transformations took
place in our areas of interest between 1593 and 1630. We can therefore place Phase 2B in
this chronological range, also hypothesizing that the gap from Phase 2C was not that great.

We can more certainly frame Phase 3, as it is known that in 1673 there was a period of
restoration in the aftermath of the 1669 lava flow, which was also associated with seismic
shocks that affected the building and acted as a watershed [28]. It was precisely at this time
that the entire monastery was equipped with columns (it is not excluded that the brick
columns visible in the cellars are also associated with this phase).

A further watershed event was the 1693 earthquake, which definitively led to the
abandonment of the refectory area in favor of a major renovation of the building and the
move to a new refectory, given the significant damage it sustained. Phase 4 can be referred
to this new phase as the added walls were essential to the new design and the building’s
stability, given the problems resulting from the 1693 earthquake.

These results were significantly enriched by the in situ diagnostic investigations carried
out on plasters and mortars.

In particular, the analyses highlighted how some mortars and plasters, with good
probability, can be attributed to the pre-earthquake phase, distinguishable by their com-
positional and chromatic characteristics, which differ from those of the post-earthquake
masonry where volcanic stone blocks and brick fragments predominate. Such hypothesis
is confirmed by the observations carried out in situ by optical handheld microscope, which
have provided a valuable framework for interpreting the other collected results, as the
DRIFT spectra of the mortars and plasters. The identification of whitish plaster layers
with overlying yellowish areas is consistent with the infrared spectroscopic evidence of
a dominant calcitic matrix. pXRF data support the identification of a lime-based plaster
type; however, yellow areas are characterized by higher content of sulfur, which could find
correspondence on the spectra of gypsum acquired by DRIFT. Therefore, according to these
preliminary and non-destructive acquisitions, it seems more reliable the occurrence of an
alteration of the plaster surface in some areas of the monument, due to calcium carbonate
sulphation process or the only exogenous materials deposition (e.g., secondary gypsum).

The heterogeneous texture of the mortars, with volcanic clasts, sand grains, and occa-
sional cocciopesto fragments in Phases 2A-2B (from 1593 up to 1630), matches the spectral
variability observed in the 10001100 cm ™! region, where silicate and quartz contributions
become more prominent. In contrast, Phase 4A mortars (post-earthquake 1693 period), char-
acterized by volcanic aggregates without cocciopesto, display spectra with sharper carbonate
bands and less pronounced silicate features, indicating a simpler aggregate composition.
Overall, the integration of microscopic observations and DRIFT spectroscopy highlights
slight but consistent differences between building phases, suggesting a general continuity
in the use of lime-based binders but a variability in the aggregate fraction, which reflects
changes in material selection and construction practices over time. The identification of
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reused stone elements and, in some cases, fragments of charcoal embedded within the
mortars, further confirmed the complexity of the building sequence, suggesting episodes
of rapid construction and adaptive interventions in response to contingent conditions.
In Table 2, a scheme is reported that summarizes samples with construction phase and
historical period.

Table 2. Recap of samples associated with construction phase and historical period.
Data Integration Table
Phase 1 Phase 2A Phase 2B Phase 2C Phase 3 Phase 4
1558- Range Range
Chronology 1562 1569-1583 1593-1630 1593-1630 Post 1669, about 1673 Post1693 (XVIII century)
USM 1-3-5 26-25-6 7-8-9-17-13—14 12-11 28 2-4-15-16-19-22-20-23-24
™ 2 3 4 / 1
Us 1-4 2-3 / /
1-2-6-7-12-
USR 13-14-15 10-5-9-8-3 17-16-11 / /
Ref_M_26
Ezg—ﬁ—gg Ref M_29 Ref_M_11
Samples Ref M_23 i Ref_M_30 No sample No sample Ref_M_15
Ref M_12 Ref M_-11 Ref M_25
Ref M_40 el M el M
Ref_M_23

The variability observed is probably the reason for the difficulty to distinguish mor-
tars kinds used before and after the earthquake by pXRF, where the carbonate matrix is
confirmed, with contemporary presence of other components of which identification could
not be ensured.

The integration between the historical-archaeological approach and scientific diagnos-
tic analyses has therefore proved to be essential. While stratigraphy and written sources
provide a chronological and functional framework, diagnostic investigations offer precise
characterization of materials, either confirming hypotheses or opening new interpretative
perspectives. This methodological synergy enables a more complete and multidimen-
sional understanding of the monastic complex, an approach that is not only fundamen-
tal for historical reconstruction but also crucial for developing future conservation and

valorization strategies.

6. Conclusions

This study of a portion of the Monastery of San Nicolo I’Arena demonstrates how the
integration of historical-archaeological research and scientific analyses enables a deeper
understanding of a highly stratified architectural context shaped by construction phases,
functional changes, and catastrophic events. The main conclusions could be summarized
as follows:

Stratigraphic and historical research established a framework of construction phases
and functional transformations, while in situ diagnostic analyses offered rapid, non-
invasive insights into the composition of the materials.

Scientific investigations confirm lime-based binders as the main component of both
plasters and all the mortars, notwithstanding the époque. Variability is mostly linked to the
aggregate fraction: wall mortars show a purer carbonate matrix, while floor mortars contain
more silicates and clays. Slight differences between phases suggest both continuity in
construction techniques and minor variations in raw material supply or recipes. Differences
in color appearance could be linked to degradation processes.
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The integration of these approaches confirmed the importance of methodological
synergy: historical and archaeological evidence guides the scientific investigation, while
diagnostic data validate and enrich the historical interpretation.

Further laboratory-based investigations on a selected set of samples will be carried out
to obtain bulk compositional data and perform traditional mineralogical and petrographic
analyses. These will be essential to confirm the working hypotheses presented in this study
and to refine the characterization of construction materials.
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