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Abstract: The purpose of this paper is to identify an efficient, sustainable, and “green” approach to
address the challenges of the preservation of hypogeum heritage, focusing on the problem of moisture,
a recurring cause of degradation in porous materials, especially in catacombs. Conventional and
novel technologies have been used to address this issue with a completely non-destructive approach.
The article provides a multidisciplinary investigation making use of advanced technologies and
analysis to quantify the extent and distribution of water infiltration in masonry before damage
starts to be visible or irreversibly causes damage. Four different technologies, namely Portable
Nuclear Magnetic Resonance (NMR), Audio Frequency—Acoustic Imaging (AF-AI), Laser-Induced
Fluorescence (LIF), Infrared Thermography (IRT), and 3D Laser Scanning (RGB-ITR), were applied
in the Priscilla catacombs in Rome (Italy). These imaging techniques allow the characterisation of
the deterioration of painted surfaces within the delicate environment of the Greek chapel in the
Priscilla catacombs. The resulting high-detailed 3D coloured model allowed for easily referencing
the data collected by the other techniques aimed also at the study of the potential presence of salt
efflorescence and/or microorganisms. The results supply an efficient and sustainable tool aimed at
cultural heritage conservation but also at the creation of digital documentation obtained with green
methodologies for a wider sharing, ensuring its preservation for future generations.

Keywords: non-destructive techniques; NMR; AF-AT; LIF; IRT; 3D laser scanner; hypogeum; cultural
heritage; sustainable analysis

1. Introduction

At this historical moment when cultural, socio-political, and especially climatic and
environmental transformations are sadly occurring daily, the importance of characterising
and understanding the different typologies of changes and their effects is crucial in many
fields, in particular in cultural heritage (CH) conservation. Choosing the proper approaches
for studying and preserving artworks is fundamental in the actual scenario, also with the
final goal of complying sustainability criteria and achieving conscientious methodologies of
analysis, in line with the Sustainable Development Goals of the UN 2030 Agenda [1]. In this
important framework, the definition of the effects of the mentioned transformations on CH,
occurring also at the local level, could permit long-term predictions of degradation impacts
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and more appropriate assessments of sustainable conservative plans. Moreover, the funda-
mental aspect of preserving cultural traditions and identities through the preservation of
tangible and intangible heritage should not be neglected, which should also pass through
the realisation of national and international policies in a worldwide sense of education and
awareness of sustainability. Among heritage sites that documented particular historical and
artistic periods and human traditions, catacombs are a peculiar representation of the strong
connection between faith and death. Catacombs, as all the hypogenous environments, are a
delicate category of CH, characterised by particular and extreme conditions of temperature,
humidity, lighting, and air, which favour several degradation phenomena that lead to
major, and often irreversible, problems for their conservation, musealization, and fruition.
Among the causes of such decay phenomena, thermo-hygrometric variations can produce
dimensional changes and defects in the wall structure (cracks, detachments), biological
effects (formation of mildew, fungi, and insects on materials, favoured by temperatures
above 20 °C and relative humidity greater than 65%), and, at the same time, the activation of
chemical phenomena of oxidation and corrosion [2,3]. Another important factor to always
keep in mind is the opening of these spaces to visitors’ fruition, which has a crucial impact
on microclimatic hypogeum conditions that can cause or accelerate degradation processes
due to the passage of visitors that can increase carbon dioxide and/or biological growth.
For these reasons, the conservation of hypogeum environments is still an open and delicate
issue, which can find in the use of diagnostic techniques an important tool for preventive
characterisation of the degradation processes and for long-term documentation. In this con-
text, the most common approach consists in the application of temperature and humidity
sensors for monitoring thermo-hygrometric parameters, but this is not always sufficient
to characterise issues or prevent new ones. In addition to being influenced by changes
in temperature and internal humidity, hypogeum environments are continuously subject
to the risk of water infiltration due to the percolation of rainwater and any underground
aquifers that may be present. Therefore, a detailed diagnosis of the extent of humidity is a
fundamental step to be performed before any conservation work. In this context, nuclear
magnetic resonance is a widely used technique as an analytical and non-invasive tool
for the in situ quantitative mapping of the moisture distribution in precious and ancient
walls deteriorated by water infiltration [4-6]. Such infiltrations, as well as inappropriate
thermo-hygrometric conditions, can cause structural damage on masonry structures, as
described before, which can be effectively characterised and revealed by means of contact-
less acoustic diagnostic [7] and thermographic [8,9] techniques. Another efficient method
for detecting surface damages or biochemical alterations of materials is the measurement
of fluorescence [10]. For documentation purposes, 3D modelling is nowadays globally
affirmed as a digitalisation method in many contexts and acquisition ranges, providing
good results also in critical environments [11-14].

In this paper, a multidisciplinary work carried out inside the Priscilla catacombs placed in
Rome (Italy) is presented, focusing the analyses inside a particular decorated room named the
Greek chapel. Here, several conservative problems due to the humidity were visible, requiring
moisture mapping and, at the same time, accurate documentation of both structure and colour.
A multi-technique approach was performed using different methods in a completely non-
invasive way by combining instrumentation developed also for other applications, such as
nuclear inspections. Five advanced instrumentations were employed in this work: a portable
Nuclear Magnetic Resonance (NMR), an Audio Frequency—Acoustic Imaging (AF-AI) scanner,
a fluorescence Light Detection and Ranging (LiDAR), an Infrared Thermographic camera,
and a three-dimensional (3D) laser scanner. Such approaches allowed an evaluation of the
moisture distribution as well as the presence of water-related effects such as structural damage
and biological attacks. The 3D model provided the complete and accurate digitalisation of the
decorated room, here obtained for the first time and then used for better contextualising the
NMR, AF-A], LIF, and IRT measurements.

The sustainability of the proposed approach can be found in several aspects: the
techniques were adopted within a regional project framework (ReMEDIA [15]) that enabled
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the Priscilla catacombs free access to advanced and prototype facilities, otherwise not
accessible due to costs and expertise necessity; the multidisciplinary nature of this study
led to a strong collaboration between the scholars involved, also coming from different
institutions and departments, in a spirit of cooperation and sharing that made it possible to
overcome the gaps between the protagonists in CH field. Moreover, the presented approach
aimed at recording the actual conditions of the site and at obtaining information useful
also for the definition of sustainable and reversible conservation procedures by using the
correct long-lasting materials in order to ensure its preservation for future generations.

2. Priscilla Catacombs

The Priscilla catacombs were excavated between the 2nd and 5th centuries from pre-
existing hypogeum rooms, tombs of a Roman ancient noble family [16]. To this family
belongs the donor of the land, the noblewoman Priscilla, who is mentioned by Roman
martyrology as a benefactor of the Christian community of Rome. This cemetery was one
of the first to be found in the 16th century and therefore abundantly robbed of tombstones,
sarcophagi, and bodies of martyrs. The tunnels are excavated in tuff with an extension of
about 13 km in length, in various depths and routes. In this work, the scientific analyses
were focused on the peculiar room called “Greek chapel” from two Greek inscriptions in
the right niche (Figure 1a), first seen by the discoverers. The room is richly decorated with
paintings and stuccoes in the Pompeian style (Figure 1b), and it has a distinctive shape
being composed of three niches and a counter, which were held at the tombs in honour
of the dead. Numerous episodes from the Old Testament are depicted in the chapel’s
decorations: Noah coming out of the ark and Moses causing water to spring from the rock;
the sacrifice of Isaac; the three stories of miraculous salvation from the book of Daniel
(Daniel among the lions, the three young men in the furnace, Susanna accused of adultery
by the old Babylonian judges and saved by Daniel). Other painted scenes come from the
New Testament, including the depiction of the resurrection of Lazarus, the healing of the
paralytic, and the adoration of the Magi.

(a)

Figure 1. Priscilla Catacombs, Greek Chapel, details of (a) the Greek inscription that named the room;

(b) the banquet scene (source: authors).

The entire network of tunnels is located beneath one of the greatest green areas in
the north of Rome, known as the Park of Villa Ada Savoia, delimited by a main street (Via
Salaria) and a highly urbanised quarter. More specifically, the Greek Chapel is at a first
underground level corresponding to the point at the surface of the park near the Basilica
of Saint Sylvester (geographic coordinates 41°55'51"" N 12°30'29" E). The ground is thus
exposed to rainwater absorption that may contribute to water infiltrations in the under-
ground levels. Due to the hypogeum environment, the conservative conditions of paintings
and structure are very delicate, requiring periodic controls and monitoring procedures.

3. Methods

The multi-technique approach of this work consisted of using five different advanced
approaches for measurements and digitalisation of the Greek chapel within the Priscilla
catacombs. In this paragraph, each method and apparatus are briefly described, focusing
attention on the acquisition parameters.
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3.1. Three-Dimensional Digital Documentation

The RGB-ITR system is an active method of 3D acquisition based on laser sources
for the target digitalisation. This apparatus was developed by ENEA (the Italian National
Agency for New Technologies, Energy and Sustainable Economic Development) for in-
spections and digitisation of long-range targets, also in critical and not easily reachable
environments, such as nuclear reactors [17]. Over the last twenty years, the instrument was
also used in the CH field for the study and documentation of decorated surfaces, such as
paintings, frescoes, and coffins [18-20]. In particular, the RGB-ITR scanner allows to obtain
3D colour models of the scanned surfaces, also of large dimensions and/or at great distance.
The technology of the system is based on the amplitude modulation (AM) technique of the
laser sources [21,22], combined with the Lock-In detection [23], which can acquire signals
also in noisy environments, estimating at the same time the amplitude and the phase shift
of the signals coming from the target. The system is composed of two units: an optical head,
consisting of a system of lenses and mirrors for focusing, steering, and acquiring both the
incident laser beam and the back-reflected light; the electronic unit includes the elements
for the optoelectronic signal conversion, data acquisition, and storage. The two modules
are physically separated but connected by fibres for the emission of the launching beam
and the collection of the back-reflected signals from the target. The laser spot is swept onto
the target through a motorised mirror with a TV raster-like movement of the beam. The
great advantages of using such a system are mainly the capability of remotely analysing
either small or large objects, also at great distances, without scaffolding and without any
influences of surrounding illumination, allowing to perform the scans also during the night.
Indeed, with the use of the active approach provided by the use of laser sources instead of
passive ones that use CCD sensors, the RBG-ITR 3D models are not affected by the ambient
light, avoiding the most common camera issues such as glare and/or shadow effects [24].
The acquisition and the post-processing procedures are controlled by custom tools devel-
oped in the MATLAB 2024 environment, namely ScanSystem and itrAnalyzer, respectively.
The first software allows the configuration of the scanning parameters (area, resolutions,
timing, and more) and runs the acquisition; the second one consists of image processing
algorithms for the elaborations of the images from the reflectance data, improving the
mapping quality and post-processing images, which can be exported in the most common
file formats. Since the complexity of the Greek Chapel architecture consisted of several
niches, the complete colour digitalisation was obtained in eight working days, moving
the instrument to four stations within the room. The instrumentation was installed in the
tower configuration with the optical head mounted on a tripod (Figure 2). The acquisition
resolution was differentiated on the basis of the importance of the scanned element, as
indicated by the conservators: higher scanning speed and lower resolution (0.004°) for the
low and sparsely decorated parts of the chapel; lower speed and higher resolution (0.002°)
for the most important decorations with greater iconographic relevance. Furthermore, the
system worked also during the night hours in order to reduce the scans in the visiting time.

Figure 2. RGB-ITR scanner at work inside the Greek chapel.
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3.2. Portable Nuclear Magnetic Resonance (NMR)

In the study of masonry structure, the NMR technique is mainly adopted for water
content evaluations. Indeed, in the NMR methodology, the intensity of the signal is directly
proportional to the percentage of H atoms inside the masonry, making it easily linked to
the presence of water [25]. In portable NMR sensors, the geometry of the magnet is defined
as open geometry. In these sensors, the magnetic field is generated using two anti-parallel
permanent magnets mounted on an iron yoke with the radio frequency (RF) coil positioned
in the gap. By tuning the RF, the depth or the distance to the sensor surface where the
sensitive volume is generated can be shifted. By optimising the magnet and the RF coil
geometries, a flat, sensitive volume can be generated at a variable distance from the sensor
surface. In this configuration, the magnetic field is external to the device and allows us to
non-invasively study large objects by placing the sensor on one side of the object. In the
Greek Chapel, NMR measurements were performed with a portable NMR instrument from
Bruker Biospin (Figure 3), operating at 16 MHz and at a depth of 0.5 cm from the surface,
fully disregarding the signal from the surface. The maximum echo signal corresponding to
a /2 pulse was obtained with a pulse width of 10.4 us and a deadtime of 15 ps.

Figure 3. NMR system during the acquisition process.

Collected data were processed to obtain a contour plot where x and y were the
coordinates of the measured area of the masonry and z was the integral of the NMR
signal. The contour plot obtained allowed an easy visualisation of the distribution of the
moisture in masonries; the difference in the moisture levels is represented as a gradient
of colour: dark red indicates the lowest moisture content, whereas dark blue indicates the
highest moisture content. Although the maps differentiate masonry regions as a function of
moisture content, a further step is necessary to calibrate the NMR signal and to assess the
precise amount of moisture in each region. The calibration of the integral of the NMR echo
signal was performed using four specimens made by restorers according to the ancient
original recipe to reproduce the mortar used in the masonries. The detailed calibration
procedure has been reported elsewhere [5]. Briefly, the integral of the NMR signal measured
on area “i” of the selected matrix on the masonry has been calibrated by relating the NMR
signal obtained on the dry and water-saturated samples to their gravimetric weight. This
procedure allows for the calibration of the integral of the recorded signal NMR in order for
each area of the map to correspond with an accurate amount of moisture.

3.3. Audio Frequency—Acoustic Imaging (AF-AI)

More than two decades of research have demonstrated that structural damage in artworks
can be effectively revealed by means of contactless acoustic diagnostic techniques. Indeed,
the evaluation of the acoustic energy absorption coefficient is a valid indicator to detect
detachments, flaws, and weaknesses in different typologies of paintings [7,26,27]. Different
physical mechanisms concur to produce acoustic energy absorption, all related to the structural
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properties of materials and complex structures. In particular, the vibration of elements
presenting a non-perfect adherence (like detachments and flaws), when exposed to an external
acoustic excitation field, produces acoustic energy absorption. Furthermore, the porosity of
the materials and their elastic properties affect their acoustic response. Thus, water-related
damage in masonry can be monitored based on the knowledge of the acoustic response of
wet and dry walls [4]. The Audio Frequency—Acoustic Imaging methodology (AF-AI) uses
a wide-band acoustic audio frequency excitation source to stimulate an acoustic response
from the artwork under study and extrapolates images displaying the absorption percentage
of acoustic energy. The related device named the Acoustic Energy Absorption Diagnostic
Device (ACEADD) automatically scans an area while an acoustic source radiates towards the
surface an acoustic wave, and a receiver records the acoustic pressure wave. The receiver, a
microphone placed amid the source and the surface under study, records both the incident
wave and the reflected wave, from which the impulse response from the analysed area is
obtained, after suitable signal processing. For each measuring point (i), the total amount
of reflected energy X; over the entire frequency interval Af is calculated. Assuming the
most reflecting point (R) as the reference, the results are expressed in terms of percentage
of acoustic energy absorption ABS%;, calculated as deviation from the value obtained on
the reference point. The ABS% matrices are displayed as false colour images, using a colour
scale corresponding to the interval of ABS% values 0-100%. A first broadband image, the
integrated acoustic image (IAI), sums up the information about many elements concurring to
the overall state of conservation of the painting. A suitable frequency analysis extracts the data
dividing the wide frequency interval Af into n narrow frequency intervals Af;,, 1/3 octave
bands, expressing the indicators ABS%p, with respect to each frequency band. In this case, the
results are displayed as a set of n frequency-resolved acoustic images (FRAI), according to the
same IAI graphical procedure.

In the Greek Chapel, a highly directive acoustic source (20 cm x 20 cm) Audio Spotlight
by Holosonics was employed, delivering a narrow sound beam towards the examined surface.
The omnidirectional i436 Class 2 measurement microphone by MicWaudio, with —44 dB
(6.3 mV/Pa) sensitivity, measured the amount of reflected acoustic energy using a back
reflection geometry. A PC remotely controlled the motion control unit (The motion control
unit is assembled by Tecni.com S.r.l. (Frascati, Italy) using UNILINE linear guides by Rollon
S.rl. (Vimercate, Italy)) and the National Instruments USB6221 (USB6221 acquisition board by
National Instruments (Austin, TX, USA)) acquisition board through custom software. Figure 4
shows the ACEADD system during the on-site measurement in the Greek Chapel. During a
first campaign, three rectangular regions were analysed, collecting vertical profiles 80 cm high
along the central axis and a few lateral axes (from 10 cm to 30 cm distant). This procedure
indicated a general representation of a significant portion of the chapel. During a second
campaign, a more detailed image of one of those regions was obtained, providing an accurate
indication of the state of conservation of that portion. In the present investigation, the IAI
images were considered for all the investigated areas, and a more detailed insight by means of
FRAI images was conducted for one area. The measurements were carried out at a constant
temperature of around 16 °C and 100% relative humidity.

Figure 4. AF-Al system working inside a niche of the Greek chapel.
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3.4. Laser-Induced Fluorescence (LIF)

Fluorescence is a versatile technique that is currently used in the diagnostics of
CH [28,29]. It is currently used not only for the identification of selected classes of pigments
used in historical painting or organic materials, such as resins, waxes, or paints, used
in the production or conservation of CH, which show fluorescence when exposed to UV
radiation, but also for a preliminary assessment of the surface state of conservation. In
relation to this second point, changes in fluorescence can be associated with damages or
chemical alterations of materials over time. In the specific underground site covered by this
study, fluorescence was applied for the diagnosis of mould and algae and was integrated
with other imaging and analytical techniques to provide a complete assessment of the
state of conservation of the wall artefacts. Especially in underground areas, the use of
portable and easily manoeuvrable instruments is of great benefit [30]. In the catacombs
of Priscilla, a fluorescence LiDAR (Light Detection and Ranging) system called LIFART
was used and shown in Figure 5. The system, developed at ENEA laboratories in Frascati,
is designed to carry out a series of diagnostic measurements with the aim of obtaining
information on the nature of the surface constituting materials, on the effect of previous
conservation interventions, including biocides for reduction and prevention of attacks by
microorganisms, and finally for the mapping of the areas subject to damages caused by
the presence of humidity [31]. The system is able, in fact, to characterise the surface of the
target by identifying the substances present on the investigated areas; the penetration depth
strictly depends on the nature of the analysed surface and on the wavelength of the used
laser (decreasing with decreasing wavelength), but generally is not over tens of microns. In
frescoes, this feature allows the study of the layer constituted by plaster, selected classes
of pigment, and their alterations, such as those that can be observed in the presence of
humidity, which eventually favour a biological attack.

Figure 5. LIFART system working inside a niche of the Greek chapel.
LIFART

The LIFART system (Figure 5) uses a laser source to generate a coherent and collimated
light beam; the 266 nm Nd:YAG laser emits pulses lasting 8 ns with a repetition frequency
of 20 Hz (ULTRA 30 Quantel). The beam sent onto the surface under study interacts with
the surface layers and causes various phenomena. In particular, materials susceptible
to fluorescence absorb part of the laser energy and subsequently emit light at a higher
wavelength (lower energy). An optical receiver collects the fluorescence light by means of
an objective (70 mm f#4) and disperses it by a fixed grating spectrometer (Horiba CP—140)
with an entrance slit of 0.1 mm. The optical signal is finally sent to a sensor (model ANDOR
ICCD DH734-18) sensitive between 250 and 800 nm with a total spectral resolution of
approximately 5 nm. The optical sensor is equipped with an intensifier controlled by a
time gate whose function is to measure the fluorescence emitted exclusively during the
time interval of the time gate, while light outside this interval is ignored. The gate has a
minimum duration of 2 ns and a delay between 0 and 10 ps. For the current experimental
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measurements, two different gate intervals were used: an integration interval of 100 ns
associated with both 0 and 30 ns delay from the pulse laser emission. The ability to
temporarily resolve the fluorescence signal allows for better material differentiation, since
not only the spectral behaviour of the fluorescence but also its persistence over time are
molecular fingerprints. The system is able to perform a scan of the studied surface line by
line with a vertical spatial resolution that can be chosen by the operator. In this way, the
resulting data contain punctual spectra of the whole surface that can be easily converted
into fluorescence images and materials’ maps.

LIFART carried out side-by-side scans of the right lateral portion with approximate
dimensions of 8 m wide and 1.5 m high; the number of horizontal lines is 600 and corre-
sponds to the number of scanning points along the vertical direction. The 1024 points in
each line have been decimated to 300 to limit the image size and bring the pixel aspect ratio
close to unity. A fluorescence spectrum was stored for each scan point.

3.5. Infrared Thermography (IRT)

Infrared Thermography (IRT) is a non-contact and non-destructive technique useful
to investigate large surfaces by analysing the temperature distribution, allowing long-
term monitoring of the integrity of a wide range of materials [32,33]. IRT is often used to
qualitatively map the distribution of humidity in masonry since changes in moisture content
can be detected due to variations in surface temperature. It is known that damp areas can
have a lower temperature because of the endothermic nature of the water evaporation, but
other physical phenomena can also occur, such as lowered thermal resistance and greater
heat storage capacity of the damp material. Thus, the combination with other techniques
can reduce the uncertainty of assessing the in situ moisture content of surfaces. Furthermore,
several parameters, such as environmental conditions and the materials’ properties, can affect
the accuracy of the measurements. Moreover, weather conditions varying with the time of
day and season, surface emissivity coefficient varying with colour and type of material,
the presence of heat sources near the measurement area, and the distance and angle of the
infrared camera with respect to the surface target [4] should be considered. Depending
on external illumination sources, IRT includes two acquisition modes: passive [34] and
active [35-37]. The first utilises solar energy by evaluating natural thermal changes in the
materials over short to long cycles, less effective in an underground environment due to
the lack of temperature gradients between the investigated structures and the environment;
the second uses artificial external stimuli inducing heating within the sample for shorter
acquisitions. In this work, active thermography was employed, which is able to detect
defects (voids or discontinuities) beneath the surface, exploiting the different thermal
effusivity with respect to the surrounding areas after an induced heat wave, changing the
cooling process at that point. Among the different configurations of active IRT [9,38,39],
in this study the Lock-In Thermography (LIT) method was used (Figure 6), which is
based on the application to the surface of a periodic energy wave input, provided by a
halogen lamp, and the recording of the thermal response from the material by a thermal
camera [40,41]. The advantages of LIT are to reach a high Signal-to-Noise Ratio (SNR)
and the possibility of in-depth investigations. The drawbacks of this method are the
relatively longer measurement times and the smaller amount of information extracted.
In order to obtain more information from a single acquisition, a square wave excitation
was used in this study [42,43] leading to the extraction of information (amplitude and
phase delay) from the fundamental frequency and from the first and second harmonics.
The amplitude in LIT represents the intensity of the thermal response, resulting in a
contrast between defective and non-defective areas. Amplitude images can be employed to
highlight variations in material properties, including differences in thermal conductivity or
diffusivity. The amplitude is particularly responsive to surface and near-surface defects.
Furthermore, the term ‘phase’ is used to describe the time delay between the thermal
excitation and the resulting thermal response, which is detected by the IR camera. The
phase shift provides qualitative information about the depth of the defect; particularly
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deep defects determine a large phase shift. The phase shift is relatively unaffected by
surface emissivity variations, making it a reliable indicator of subsurface anomalies. In
a phase image, areas with different thermal response times are highlighted. In fact, the
localised change in thermal conductivity influences the periodic cooling and heating of the
material. It is therefore possible to characterise the masonry and the presence of humidity
or any subsurface defects (cavities, restoration interventions, etc.), acting as barriers to the
propagation of thermal waves. The camera used for the thermographic measurements
was a FLIR X6800 sc with the following features: camera spectral working range is in the
mid-wave infrared (1-5 pm); thermal sensitivity is <20 mK; temperature measurement
range between —20 °C and 350 °C and cooled with an indium antimonide detector (FLIR
InSb). The resolution of thermal images (thermograms) is full frame 640 x 512 pixels
at 520 Hz, and the image-processing software is the FLIR Research Studio v.3 software.
MultiDES Mini KIT (Diagnostic Engineering Solutions s.r.1. Bari, Italy) is the system that
drives the two halogen lamps with a power of 1 kW each used for Lock-In Thermography,
and IRTA 2 2.4 (2023) is the software used.

Figure 6. Thermographic apparatus working in the chapel.

4. Results
4.1. Three-Dimensional Digitalisation

The elaborations of the RGB-ITR reflectance data with the custom software itrAnalyzer
allowed to obtain the accurate 3D model of the entire Greek chapel. The complex geometry
of the room was completely digitalised, as can be seen in the mesh reported in Figure 7a. As
mentioned in Part 3.1, neither shadow nor illumination aberration affects the laser scanner
data, achieving the colour-calibrated texture of the entire scanned surfaces. Thus, despite
the scarce and yellowish illumination of the room at the moment of the scanning procedures,
the RGB-ITR 3D model is characterised by accurate colours, enabling the high-quality
digitalisation of the geometry of the room and its precious paintings (Figure 7b,c). This
important result provides a useful tool for future restoration actions and for documentation
purposes, being the recording of the actual conservative status. Furthermore, the high
resolution of the model permits contactless analysis of every detail of the painted surfaces,
providing a sustainable monitoring method since it does not require expensive software
nor continuous acquisitions.

The 3D model was also used for better contextualising within the room structure the
focused NMR, AF-AI, LIF, and IRT measurements. The areas investigated with the different
techniques are reported in Figure 8: such areas were chosen following the suggestion of the
restorers and curators of the catacombs, who indicated the areas as particularly delicate
and frequently restored, evidently corresponding to a critical zone of the catacombs (A1,
B1, C1).
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(c)

Figure 7. Three-dimensional model of the Greek chapel obtained with the RGB-ITR laser scanner:
(a) view of the mesh where the room geometry is clearly visible and the investigated area is indicated;
(b,c) sections of the model where all the room can be viewed and the accurate colours of the texture
allow to better appreciate the paintings.

Figure 8. Investigated areas with diagnostic techniques indicated on the 3D RGB-ITR model with
yellow rectangles (A1, B1, C1).

4.2. Portable Magnetic Resonance

To assess the state of conservation of room structure inside the Greek Chapel from
moisture damage, a study was done with the portable Magnetic Resonance (RM) to map
the distribution of moisture in the first millimetres of the masonry. The measurements
were carried out on three areas of the room: Area C1, Area B1, and Area Al, as evidenced
in Figure 8. For each area, a matrix of points was chosen: 12 points in area C1, 11 points
in area B1, and 14 points in area Al. Each point covers an area of 2 x 5 cm?, which is
the area that the probe head detects. The measurements were performed in two different
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seasons, such as autumn and spring. In Figure 9, the moisture distribution maps obtained
on the three areas by unilateral NMR at a depth of 5 mm from the surface are shown. As
explained in Par. 3.2, collected data on the three areas are processed to obtain contour plots.
A contour plot is a 2D representation of a 3D surface, and it allows an easy visualisation of
the distribution of the moisture in masonries. In these maps, the difference in the moisture
level is shown as a gradient colour: red indicates the lowest water content, while dark
blue indicates the highest water content. In Figure 9 (C1), the moisture distribution maps
obtained on area C1 in July 2022 and in March 2023 are shown. In July 2022, moisture
content is confined in the upper part of the wall painting with a percentage of about 20-22%,
while the lower part of the map shows lower humidity levels, about 8-10%. In March 2023,
the highest levels of humidity, about 20-23%, were localised in a wide central area of the
wall painting. Figure 9 (B1) presents the moisture distribution maps obtained on area B1
in July 2022 and in March 2023. In this area the levels of humidity in 2022 are quite high
(16-24%), while in March 2023 a decrease in the water content is observed in some areas, in
particular at the top and bottom of the area, with levels of humidity between 10-12%.

C1 2022 2023

differential map

B1 2022 2023 differential map

A1 2022

Figure 9. Humidity maps recorded by NMR sensors at a depth of 5 mm from the surface in July
2022 and in March 2023, respectively, in area C1, in area B1, and in area A1l. The legend provides the
humidity content range (%) obtained by calibrating the NMR signal. For each area, a differential map
is also reported.

These differential maps are the documentation of different situations in two months
with slight changes of water content in the masonry. For example, in the differential map
obtained for area C1, two areas can be identified, one yellow-green and one blue, evidencing
two areas where evaporation or wetting processes can take place.
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4.3. Acoustic Images

The acoustic images collected in the Greek Chapel relate to a general understanding
of the state of conservation of the perimetral walls on the right side of the chapel. As
anticipated in Par. 3.3, a first investigation examined the three regions, highlighted in
Figure 8 with three rectangles and identified as A1—B1—C1. Vertical profiles (41 points,
80 cm long) were selected along the central axis and a number of lateral axes for each
region in order to rapidly obtain an overall idea of the acoustic behaviour of the structures,
bypassing finer details. The IAl images, shown in Figure 10, display the acoustic absorption
percentage ABS% through a false colour scale ranging from the blue colour (ABS% = 0) to
the red colour (ABS% = 100). The most critical areas are evidenced by the colour levels
from yellow (moderate damage) to red (severe damage). In the three analysed areas, a
heterogeneous status appears, with yellow/red zones encapsulating isolated and highly
reflective blue points.

B1

-30 -20 -1 0 10 20 30 ABS%
s (cm) -20 -10 0 10 20
X axis (cm)

Yaxis (cm)
Y axis (cm)
Y axis (cm)

—40 -30 -20 -10
8 0
X axis (cm) X axi

ABS%

Figure 10. The acoustic images of the three rectangular areas A1, Bl, and C1 are presented below the
photograph of each portion.

A more accurate analysis, considering finer details, enhanced the comprehension of
this behaviour. Indeed, a second examination was conducted on the C1 rectangle, collecting
425 measuring points in a (25 x 17) matrix, covering an area (0.64 m x 0.96 m) with a
0.04 m step. The resulting acoustic image was overlaid and correctly aligned on a painting’s
photograph, so that the localisation of the critical areas was easily accomplished. Figure 11
shows the results obtained on the C1 panel. Figure 11a depicts the IAI image in a full
colour scale (0%-100%), indicating in red the most critical areas mainly located in the left
upper border and in the lower right corner, very near to a significant exposed part where
the superficial plaster and painted layer are lost and no longer visible. These parts are
likely to suffer a more important modification over time. Other little yellow spots are also
visible near the central part, but the colour level indicates a moderate decay process. In
terms of structural damage or detachments’ evolution, a rather stable condition can be
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deduced by qualitatively comparing the two images on the C1 panel, in Figure 10, and
the detailed one in Figure 11, acquired almost one year apart. Comparing the results with
information related to the last restoration in this area dated back to more than 25 years,
it can be inferred that the unusually isolated and highly reflective blue spots are parts
that underwent restoration interventions, realistically using materials with different elastic
properties with respect to the ancient plaster, such as acrylic resins. Figure 11b evidences
the most reflecting areas, also encompassing these isolated spots, by applying an upper
threshold to the ABS% map at 30%.

@) (b)

Figure 11. The resulting acoustic image of the C1 area (a) and the high reflecting points evidenced in
the low ABS% region (b).

During measurement, a selected profile (25 points) was repeated in order to perform a
suitable evaluation of the relative error of the directly measured quantity (total reflected
energy 2) and an estimation of the results’ accuracy. By means of a statistical analysis, a
mean relative error of 4% was found in the IAl image and below 10% for all points of the
selected profile. This result guarantees that the accuracy of the acoustic investigation is
particularly high. Further information was obtained from the FRAI images of the same
C1 panel after having evaluated the mean relative error for each octave band. A relative
error between 3.4% and 9.1% was found in 8 octave band images, between 2.5 kHz and
12.5 kHz central frequency. A selection of the most representative FRAI images with the
highest accuracy is shown in Figure 12, with the corresponding central frequency reported
beneath each image.

At low frequencies, 3.15 kHz (Figure 12a), related to deep detachments (about a few
mm beneath the surface, depending on material density), the left upper and the right
bottom areas clearly emerge together with a vertical area in the left-hand portion of the
investigated ROL The central part shows some problems that evolve into smaller defects
as the frequency increases. At these high frequencies (8-12.5) kHz (Figure 12¢,d), the red
colour zones are related to more superficial detachments and defects (about a few tenths of
mm beneath the surface, depending on material density).
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(c) 8.0 kKHz (d) 12.5 kHz

Figure 12. The most representative FRAI images of the C1 panel where the yellow dash lines indicate
the most critical areas on the wall.

4.4. LIF Results

For each scan made by LIFART, fluorescence spectra were acquired and digitised across
128 contiguous spectral bands in the range 250 nm to 890 nm. The data treatment consists
of the subtraction of the background and the processing with multivariate methods [44],
in particular the principal component analysis (PCA), the k-means analysis, and spectral
ratios between specific bands were performed. Figure 13 shows the maps of the zero delay
(a) and 30 ns delay (b) scans in RGB false colours obtained from the first three principal
components of the scans on the entire right wall, which includes the areas Al, B1, and
C1 on which the attention of this study has been mainly focused. It can be observed that
the map of the scan acquired with a 30 ns time delay is more defined and with greater
contrast than that with zero delay, despite the signal amplitudes being approximately
one order of magnitude lower. The different colour areas in Figure 13 are attributed to
the fluorescent emission of materials of different natures and compositions that occur on
top of the investigated surface. In particular, the yellow areas of the scan, shown in the
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delayed fluorescence image, are attributed to the emission of materials originally located
in deep subsurface layers. These materials appear on the surface due to decoherence
phenomena, a process driven by the very high humidity of the hypogeal environment that
occurs when the superficial wall structures are subjected to stresses from erosion, abrasion,
or chemical reactions, and the surface material begins to lose its structural integrity. Due
to this degradation, the materials located in the underlying layers, originally hidden and
protected by the surface, become exposed. The deterioration highlighted by the LIF image
is indicative of areas where there is significant removal of the surface layer and the presence
of microfractures and discontinuities.

(b)

Figure 13. LIF results in correspondence of areas Al, B1, and C1, acquired (a) at zero delay and (b) at
30 ns delay from the laser pulse.

Of particular interest are the results obtained with the Laser-Induced Fluorescence
(LIF) on the C1 panel. For this case, we present the images in monochromatic rendering,
where the intensity corresponds to the first five principal components of the Principal Com-
ponent Analysis (PCA). This analysis was repeated during both measurement campaigns,
and it was specifically focused on the non-delayed fluorescence emission. Since it is not
possible to make a point-by-point comparison of the spectra, we preferred to qualitatively
compare the monochrome images of the PCA scores, a method that has the advantage of
representing and comparing high-variance features. The result shown in Figure 14 did not
show significant variations across the different campaigns. This finding is consistent with
the interpretation that the dynamic equilibrium established within the catacomb site leads
to substantial stability on the surfaces. Consequently, changes in the quantitative presence
of humidity in the masonry, which may occur due to seasonal variations, appear to have
little or no significant impact. This stability suggests that the microenvironment within
the catacombs remains relatively unaffected by external seasonal changes, ensuring the
preservation of the surface characteristics over time.
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K)

Figure 14. Monochrome images of the scores relating to the first five principal components obtained
for the data on C1; from (A-E) in the first measurement campaign (July 2022) and from (F-J) in the
second (March 2023), (K-M) are finally the first three components from the delayed LIF measurement
(March 2023).

This result is not contradictory with the surface deterioration highlighted by the
delayed LIF image shown in the right side of Figure 13, since the observed intraseasonal
stability in the hypogeal environment is compatible with local dynamics of moisture
movement within the masonry wall, as evidenced by the NMR and comparative NMR-
Al analyses.

Also noteworthy is the result of the images obtained from the delayed fluorescence
spectra. In this case, single spots with peculiar spectral alterations are characterised by the
white coloration shown in Figure 14K,L, indicating respectively extremely low and high
values of the first two component scores. These spots identify areas of strong inhomogeneity
in the composition of the surface materials, and although it was not possible within the limit
of the present study to ascertain the nature of the alteration, they remain a strong qualitative
indication that highlights the complexity of the superficial deterioration phenomena and the
presence of several not yet identified compounds or degradation products that contribute
to the inhomogeneous fluorescence emission in these regions. Spectral identification was
performed using the k-means technique, which is a widely used clustering algorithm [44].
The entirety of the C1 scan spectra were divided into distinct groups based on their spectral
features, allowing for the effective classification and analysis of the fluorescence spectra.

By applying k-means clustering, we were able to distinguish between different spectral
features and identify patterns that may not be immediately apparent. As shown in Figure 15,
the most prominent bands identified in the spectra occur at 310 nm, 420 nm, 470 nm, and
550 nm. These bands are key indicators of specific compounds and their interactions within
the sample, providing crucial insights into the composition and condition of the surfaces
studied. Although the direct attribution to specific compounds is not unequivocal due to
the observed large bandwidth and the presence of interferents, it is conceivable to attribute
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the UV fluorescences around 310 nm to acrylic compounds [45,46]. These compounds
may have been used in previous restoration interventions that were not fully documented.
This tentative attribution suggests that some of the materials present on the surfaces are
residues from restoration efforts, highlighting the importance of detailed documentation in

conservation practices.
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Figure 15. Spectra obtained for the data from the first measurement campaign (July 2022) on C1.

Recently, the possibility of an early detection of bio-attacks by LIF, when microor-
ganism biofilms are not yet visible by the naked eye, has been proved in the Priscilla
Catacombs [10]. In particular, the Greek Chapel in the past resulted in rich spores and
filamentous structures of Actinobacteria, characterised by an intense fluorescence emission
band centred at 340 nm. High humidity levels, even if local, can promote the development
of biofilm on the surface. For this reason, the eventual presence of this kind of bio—patina
has been monitored by mapping the 340 nm band on the C1 surface, as reported in Figure 16.
As can be seen, no evidence can be noticed.

Figure 16. Fluorescence map at 340 nm for the data from the first measurement campaign (July 2022)
on C1.

4.5. Thermographic Survey

The thermographic survey carried out on the C1 area (Figure 8) had the aim of
confirming and/or identifying the areas or elements where the degradation phenomena
are already in progress. The investigations were carried out in active mode by Lock-In
Thermography (LIT) based on the application of periodic thermal waves. In particular, the
experimental data were acquired using a square wave with a fundamental frequency of
0.005 Hz, using three repetitions in order to get closer to the steady state. Each thermogram
was recorded at a frame rate of 5 Hz. The C1 area was analysed by acquiring data in
several framings, then stitched in the final images shown in Figure 17. The C1 area shows
different situations at different heights: in the upper part of both amplitude and phase
images, the different bluish colour suggests a possible presence of moisture. In the centre of
the area, phase and amplitude images confirm the presence of an inhomogeneity, probably
structural defects. Indeed, the variations in the signal’s amplitude or phase relative to
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its surroundings may indicate the presence of anomalies or discontinuities. The possible
contribution due to humidity, however, requires a comparison with the quantitative data

from the NMR technique.
Lock-In amplitude

Lock-In amplitude Lock-In amplitude

Lock-In phase Lock-In phase Lock-In phase

0.2

Figure 17. LIT results normalised between 0 and 1 using square wave heating excitation. From
left—the first frequencies represent the fundamental frequency while the second and third frequencies
represent the first and second harmonic, respectively.

4.6. Preliminary Results on Data Overlapping on the 3D Model

Observing the large number of diagnostic images now available on the Greek chapel,
the construction of a database to be integrated on the 3D model could be an interesting
data visualisation modality. Moreover, considering a dataset of about 8-10 images for each
investigated area, the possibility of browsing the different maps in transparency on the
model could provide a challenging tool for conservators and researchers working on such
a delicate site. Thus, as further post-processing elaboration, a preliminary study on data
overlapping on the 3D model was carried out, following the general scheme reported in
Figure 18a. In particular, the AF-AI map was aligned on the 3D model texture by using
Meshlab 2024 software [47]. Considering the map as a raster and applying filters that
project the maps imported in Meshlab as a raster onto the mesh, the combined visualisation
of the results was possible, using 35% of transparency (Figure 18b). Future elaboration
could comprehend the association of other layers, such as NMR, LIF, and LIT maps, in
correspondence with the same area and other metadata navigable through the 3D model.
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Figure 18. Preliminary results of data overlapping: (a) a schematic representation of the work-
flow adopted for the preliminary creation of a tool for multilayering visualisation; (b) AF-AI map
registered on 3D model texture.

5. Discussion

The methods adopted in this study provide non-destructive tools suitable for the
assessment of the conservation state of ancient masonry and for the quantification of water
distribution in the first layers of the wall and the related defects. Thus, such techniques
are particularly effective for long-term monitoring. The results from each methodology
discussed above and their respective datasets are intended to be integrated since they
constitute a large amount of heterogeneous information that might be potentially correlated.
The expected outcome offers a holistic view of the Greek Chapel as a complex system in
dynamic equilibrium with the environment. Indeed, the obtained results provide an
overall view of those processes taking place in the site also in relation to restorations, thus
contributing to enriching the documentation about the site.

The water distribution maps obtained by the portable NMR device and the relative
differential maps could give a picture of the superficial variation of the water content that
can seasonally occur within the wall volume. Although two measuring campaigns cannot
represent a full dynamics of water migration that should require long-term monitoring, the
NMR results clearly suggest a non-steady state. The movement of water in the masonry
could be responsible for deterioration processes such as detachments of the pictorial
layer and/or plaster or deeper material loss and/or inhomogeneities. In order to better
understand whether the detachments are the significant effects related to the presence of
water in the masonry, a comparison was attempted integrating the Al results with the
NMR maps (Figure 19). The integration of the water content variation and the structural
deterioration localisation was carried out by a data-fusion approach of 2D NMR and AF-AI
images. After the application of suitable image processing, starting from the harmonisation
of the two heterogeneous datasets, the acoustic images of C1 were overlaid on the NMR
map. The NMR differential map was provided in modulus, accounting for the variation
of water content revealed between the two campaigns regardless of the type of process
(drying or wetting). Successively, the portions of C1 with the most relevant variation were
selected, setting a threshold at 2.5%, up to 10%. Finally, the resulting map was converted
into a binary monochrome image, becoming the blue colour layer (Figure 19b). Among
the FRAI images, the lower frequency band image (3.15 kHz—Figure 19¢) and the higher
frequency band image (12.5 kHz—Figure 19d) were respectively selected to differentiate
the deeper detachments from the superficial defects. A lower threshold at ABS% = 40%
was applied to the acoustic images in order to evidence the most critical areas (from mild to
severe damage). The images were then converted into binary monochrome ones, becoming
the red colour layer. The resulting image is a multilayer picture where each layer represents
the information from one investigation methodology. Figure 19e,f combines the NMR
blue layer with the FRAI red layers, highlighting by a darker purple colour the zones
where superposition occurs. Considering the wide areas of superposition, particularly
visible in the 3.15 kHz image (Figure 19e), the structural damage, evidenced by AF-Al, is
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likely related to the most relevant water distribution changes found by the NMR method.
Although the detachments can also progress independently from water, it can be assessed
that water content variation might have triggered these decay processes.
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Figure 19. Painting image (a) with the integration of NMR (b) and AF-AI images in two frequency
bands (c,d). Image processing procedure by threshold application and binary monochrome restitution.
The two combined images (e,f) indicate in darker (purple) regions the zones where superposition occurs.
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Figure 20 illustrates the practical application of Lock-In analysis by showing the
amplitude and phase images (Figure 20a and Figure 20b, respectively) extracted from
the fundamental frequency component of the signals acquired and overlapped on the
visible image. LIT images seem to indicate some areas with differences in temperature
distribution in the upper part of the C1 area, showing coherence with the NMR, indicating
water content, and acoustic results (Figure 19e). Furthermore, the comparison of the results
in the central area of the C1 seems to confirm the presence of an inhomogeneity masonry
structure, ascribable to structural defects.
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Figure 20. Overlay of the results of LIT and visible images for a frequency of 0.005 Hz: (a) overlay of
amplitude and visible images; (b) overlay of phase and visible images.

A further data fusion is presented in Figure 21, where LIF and AF-AI data are com-
bined similarly to the construction of Figure 20. The IAI acoustic image of the C1 area
having ABS% values below 30% (Figure 11b, restituted as a monochromatic and binary
yellow layer) has been superimposed on the LIF map of the fluorescence intensity repre-
senting the 310 nm band, which is tentatively assigned to the emission by acrylic substances
probably used in the last consolidation of more than 25 years ago, as previously mentioned.
Unfortunately, such consolidation actions were not sufficiently documented in order to
retrieve detailed localisations of the interventions. Furthermore, given the impossibility of
examining the fluorescent emission intensities quantitatively due to the difficulty of con-
structing appropriate calibration spectra, the LIF image has been rendered in binary mode,
reporting in black the points in which the bandwidth at 310 nm exceeded the threshold of
37% with respect to the maximum observed in the area of Figure 21. It is possible to note
large overlapping areas where the unusually high acoustic reflection is coincident with
the possible presence of surface consolidants. This finding supports the hypothesis that
the superficially treated materials do actually have greater surface stability and structural
coherence and therefore are more resistant to surface erosion, damage, or detachment and
consequently favour the reflection of acoustic waves. The greater structural consistency,
highlighted by AF-Al in very high reflection points and by the LIF in the 310 nm band,
could probably be related to the restoration interventions, although other phenomena, such
as material ageing, environmental factors, and previous damage, may influence the analysis.
Thus, these restoration interventions could have locally altered the physical properties of
the painted surface, leading to changes in its acoustic impedance and, consequently, its
reflective characteristics.
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Figure 21. Overlapping procedure of fluorescence image of the 310 nm band with the wide-
band acoustic image (a). The combined image (b) indicates in darker yellow the zones where

superposition occurs.

As final data elaboration, the 3D digital model would host the entire multi-layered
corpus of data and metadata collected within the Greek chapel, offering specific functional-
ities for retrieving single or multiple datasets, as shown in Figure 22. Here, the single or
multiple images and data could be explored directly from the high-resolution model as an

interactive and virtual database.
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Figure 22. Rendering of the diagnostic metadata on the 3D model.
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6. Conclusions

This paper shows the importance of using a multidisciplinary approach for the study
and the digitalisation of a hypogeum environment in critical conservative conditions, re-
quiring non-destructive and sustainable methods. Using advanced methodologies, also
coming from the nuclear field, namely Nuclear Magnetic Resonance (NMR), Audio Frequency-
Acoustic Imaging (AF-AI), fluorescence Light Detection and Ranging (LiDAR), Infrared
Thermography (IRT), and 3D modelling, a comprehensive analysis of the moisture distribu-
tion and its effects, both structural and biological, in the Priscilla catacombs complex was
obtained. The presence of humidity, observed by NMR and LIT techniques, and its water
content variations in some portions of the investigated wall of the Greek chapel indicate
that more accurate monitoring over time would be desirable in order to provide full infor-
mation on the water migration dynamics. The coherence of water content variations with
some significant detached zones, highlighted by NMR and AF-Al integration, suggests that
some structural decay processes are currently present, constituting risks to the decorative
apparatus of the chapel. A wider application of the described approach may offer a more
exhaustive view of the conservation state of the chapel, in particular in those areas where
the potential loss of the characteristic painted scenes and inscriptions would impair its
cultural identity. The current absence of biological attack, revealed by the LIF analyses after
a few years from the surface treatment, is very useful information about the effectiveness of
the treatments; nevertheless, the periodic monitoring is desirable. Finally, LIF and AF-AI
integration paves the way to the combination of complementary information on modern
restauration materials, encompassing their structural properties and chemical-physical
information. The results achieved inside the Greek chapel demonstrate the considerable
potentiality of a multidisciplinary approach for several aspects: (i) evaluating both the
causes of degradation and the state of conservation of historic masonries in hypogenous
environments; (ii) providing solid scientific indications to guide future monitoring cam-
paigns in the most critical areas, also for assisting preventive conservation management
before permanent damage occurs; and (iii) building a comprehensive database for the
long-term documentation useful for future conservative plans and for fruition purposes,
explorable also directly through the 3D high resolution model. Thus, the multi-techniques
approach adopted in this study can be considered a sustainable and time-zero documen-
tation for monitoring the degradation processes and the evolution of moisture presence
within the walls along the years, as well as a relevant tool for future consultation that is
also useful to choose the most appropriate method or combination of methods to employ
in restoration procedures.
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