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Abstract: The application of non-invasive geophysical techniques and digital surveys to explore
cultural heritage is becoming a very important research field. The capability to detect inner and
superficial changes in the inspected surfaces allows for imaging spatial inhomogeneity and material
features and planning targeted conservation and restoration interventions. In this work, the results of
a research project carried out on the famous Battle of Issus Mosaic, also known as the “Alexander
Mosaic”, are presented. It is a masterpiece of ancient art that was found in 1831 in the House of
Faun, the most luxurious and spacious house in Pompeii. It is notable for its size (3.41 × 5.82 m),
the quality of workmanship and the subject that represents the culminating phase of the battle
between Alexander Magno’s army and the Persian one of Darius. In 1916, it was moved inside the
National Archaeological Museum of Naples, where the original horizontal location was changed
with a vertical arrangement supported by an inner wooden structure, whose exact manufacture
is unclear. Today, the mosaic is affected by important instability phenomena highlighted by the
appearance of the significant detachment of tiles, superficial lesions and swelling of the surface.
Given the important need to preserve it, a high-detail diagnostic study was realized through a
digital survey and non-invasive geophysical surveys using ground-penetrating radar (GPR). The
investigation was repeated after two years, in 2018 and 2020, with the aim of verifying the evolution of
degradation. The work provided a high-resolution estimate of the state of the health of the mosaic and
allowed for obtaining a three-dimensional reconstruction of the internal mosaic structure, including
the formulation of hypotheses on the engineering supporting works of the twentieth century; this
provides an essential tool for the imminent conservation project, which also implies restoring the
original horizontal position.

Keywords: mosaic of alexander; GPR; digital survey; pre-conservation diagnosis

1. Introduction

In recent years, the use of non-invasive geophysical and geomatic techniques has
assumed an increasingly important role in the field of cultural heritage, especially by
supporting conservation and restoration projects. Geophysical methods are very useful
for assessing the presence of underground structures in preventive archeology at different
scales [1–6]; addressing conservation and stability issues of architectural monuments by in-
specting soil foundations; assessing the mechanical properties of structural elements [7–13];
and exploring internal and superficial structures of precious and delicate targets, such as
statues, wall paintings and mosaics [7,14–18]. Among these techniques, ground-penetrating
radar (GPR) is widely used thanks to the miniaturization of the instrumentation, the high

Appl. Sci. 2022, 12, 6965. https://doi.org/10.3390/app12146965 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12146965
https://doi.org/10.3390/app12146965
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3822-9129
https://orcid.org/0000-0002-3571-4279
https://doi.org/10.3390/app12146965
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12146965?type=check_update&version=2


Appl. Sci. 2022, 12, 6965 2 of 19

investigation resolution and the minimal impact on the analyzed surfaces. For example,
Masini et al. [7] presented GPR prospecting on three different constructive elements that
are typical of historical buildings (a wall, a masonry pillar and a marble column), allowing
for the characterization of the masonry, the detection of cracks and the imaging of metallic
reinforcement bars. The obtained information was relevant for providing better knowledge
of the history of the monuments and their current internal state to be evaluated for in any
possible restoration intervention. Matias et al. [14] used GPR combined with seismic trans-
mission tomography to provide important results in an investigation of columns and walls
of a 14th-century UNESCO monument by giving information on the quality and spatial
distribution of the materials used in the construction of the monument. Manataki et al. [15]
applied different GPR systems with frequencies of 1600 MHz, 500 MHz and 250 MHz to
study the mosaics of Delos island, which holds a significant body of ancient Greek art of
the Hellenistic period that is on UNESCO’s World Heritage List. The 1600 MHz system
allowed for identifying the boundaries of the mosaic layers, as well as problematic areas,
such as bulges and high levels of moisture that may cause deterioration.

For the same topics, geophysical methods can also be applied jointly with geomatic
techniques that, thanks to the advances in data collection, processing and visualization, rep-
resent an important source of knowledge regarding diagnostics and documentation [19–26].
Cozzolino et al. [20] conducted a 3D metric survey through photogrammetry and ground-
penetrating radar (GPR) tests applied to the study of the trapezophoros with two griffins
attacking a doe of Ascoli Satriano, which is a masterpiece of ancient art that needs to be
protected. The work provided information on both visible and hidden defects, such as
numerous cracks that affect the sculpture. Arias et al. [21] showed the usefulness of a mul-
tidisciplinary approach to heritage documentation involving close-range photogrammetry
and ground-penetrating radar techniques, as well as the development of finite-element-
based structural models. The study was focused on the documentation of a medieval
bridge concerning the geometric shape, the building material, and the current damage and
its causes. Danese et al. [25] showed a spatial-analysis-based protocol for the interpretation
of data coming from different non-invasive tests to improve the extraction process of the
pattern’s decay. The case study was a frescoed wall of a Gymnasium in Pompeii, which
was investigated with the following non-invasive techniques: structure-from-motion pho-
togrammetry (SfM), ground-penetrating radar and multitemporal infrared thermography.
This approach enabled the extraction of decay patterns to construct a 3D model that consti-
tuted the deformation map of the painting analysis methodology and to establish the first
step for the restoration of an important multilevel characterization of a fresco that is useful
for the protection and mitigation of its deterioration risk.

In this study, a high-detail diagnostic investigation was realized through a digital sur-
vey and non-invasive geophysical survey using ground-penetrating radar (GPR) on the Bat-
tle of Issus Mosaic, also known as the “Alexander Mosaic”. It was found on 24 October 1831
in the exedra of the peristyle of the House of the Faun (Regio VI, 12, 2) in Pompeii, which
was the ancient city destroyed by the eruption of Vesuvius in 79 AD (Figures 1 and 2) [27].
In 2018, the National Archaeological Museum of Naples (MANN), where the mosaic is
exposed, set up a working group, mainly composed of personnel within the institute,
which is collaborating with the Central Institute for Restoration, as well as the University of
Molise and the Center for Research on Archaeometry and Conservation Science (University
of Naples Federico II and University of Sannio) for surveys and diagnostic investigations.
The study determining the state of conservation of the mosaic was aimed at supporting
the restoration project and the change of its placement. To this end, a high-detail survey
was realized by the University of Molise in 2018, and it was repeated in 2020 to verify the
evolution of degradation in compliance with the following workflow:

(1) The creation of a high-resolution 3D model and orthophotos of the external surfaces
through a photogrammetry digital survey in order to highlight the decay and even
the type of decay, which is not perceivable by direct sight.
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(2) An analysis of the inner surfaces through the implementation of non-invasive GPR
surveys with the purpose of detecting anomalies indicating voids or fractures.

(3) An analysis of the photographic documentation produced between 1916 and 1917
in relation to the GPR data to understand the type of internal structure of support
and carefully calculate its weight. This information is useful for facilitating the
organization of the movement of the mosaic.

(4) The production of new and detailed documentation, which has been non-existent so
far and is useful for the imminent conservation actions.
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Figure 2. A close-up picture of the Battle of Issus Mosaic.

2. Test Site: The Battle of Issus Mosaic

The Battle of Issus Mosaic represents the triumph of Alexander the Great over Darius
III of Persia in 333 BC during the Battle of Issus in Turkey. The masterpiece was created at
the end of the second century BC in the opus vermiculatum technique with about 1,800,000
millimetric tesserae. In the left portion, Alexander the Great is depicted with his horse
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Bucephalus. Medusa is represented on the cuirass with her wavy hair. On the right, there
is Dario on a chariot as he tries to launch an assault with his men while the coachman
is already whipping the horses. We also note Dario Oxyathres, who sacrifices himself to
allow his brother Darius III to save himself by letting himself be pierced by the Macedonian
leader. The spears, the crowding of men and horses, the fallen horse and the Persian soldier
in the foreground who looks at himself in agony in a mirror bring to mind the dramatic
moment of the battle.

From the moment of its discovery, there was a debate between the court, the academi-
cians, the archaeologists, the architects and the mosaicists regarding its state of conservation
and the choice of keeping it at Pompeii in its original location or detaching and transferring
it to the Royal Bourbon Museum. The conservation events of the Alexander Mosaic from
the House of the Faun to its current location are described in detail in [28]: “At the end, after
many uncertainties, the King resolved to transfer the Mosaic in Naples and on 16 November
1843, under pouring rain, the crate containing the Mosaic of Alexander was placed on a
railway wagon coming from Maddaloni, near Caserta, pulled by sixteen oxen and escorted
by armed soldiers, and after a grueling journey of nine days finally came in the Royal
Museum where it was exhibited, not without controversy, in the ground floor of the Gallery,
in the so-called Room of the Balbi. The Mosaic remained in this place until 1916 when it
was moved to the western mezzanine where Vittorio Spinazzola, Director of the National
Archaeological Museum of Naples between 1910 and 1924, picked up the mosaics in a
new independent collection and where it still is exposed. A detailed documentation on
photographic plates, made between 1916 and 1917, is preserved in the Historical Photo
Archive of Special Superintendence for the Archaeological Heritage of Naples and Pompeii.
The photographs gather information relative to all phases of the moving and the final
installation”. However, the type of structure created at the base of the mosaic to support it
in a vertical position is not well understood as there are no shots of it.

The events briefly explained profoundly affected the state of conservation of the
work, which is currently affected by important instability phenomena highlighted by
the appearance of significant detachments of tiles (the occurrence is emphasized by the
vibrations transmitted by car and railway traffic outside the museum), superficial lesions
and swelling of the surface. In addition, it must be considered that the mosaic was designed
and built to be placed on the floor, and consequently, the detachment from the site of
discovery produced a significant alteration. In fact, the almost complete, albeit brief,
removal of the rudus (the layer of lime, sand and aggregates, such as gravel or pebbles,
which formed a concrete of consistent thickness) and the transport from the lower to the
upper floor significantly affected the nucleus (the layer of mortar mixed with fragments
of bricks that served as a support for the floor made of tiles). This procedure unnaturally
transformed a floor mosaic into a wall mosaic [29].

3. Material and Methods
3.1. Photogrammetric Digital Survey

The production of the three-dimensional model of the mosaic surface was carried out
through two photogrammetric surveys carried out in 2018 and 2020. The frames were
acquired along horizontal bands (ensuring an average overlap of 80% both horizontally
and vertically) at a distance of about 0.5 m from the mosaic surface using a Nikon D80
reflex camera (CCD sensor (23.6 × 15.8 mm) with 12.2 million pixels and a fixed focal
length of 24 mm). The camera was set in aperture priority mode (f/9 value) and with an
ISO sensitivity equal to 100. In order to reference the 3D model in Cartesian space in real
metric units, a survey with a total station was also created using 163 clearly recognizable
elements on the mosaic surface as markers. Therefore, a reference system was set up with
an origin (P = 0,0,0) located in the lower-left corner of the mosaic and all the project data
were implemented in an information system managed with Quantum GIS software (Version
3.16.11 Hannover, Open Source Geospatial Fundation, Beaverton, OR, USA).
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Data processing was carried out using the Photoscan software (Agisoft Metashape
Pro, Version 1.6.4, Agisoft LLC, St. Petersburg, Russia) through the following operations:

(1) Alignment of frames using the structure-from-motion (SfM) technique [30]. Three
datasets were generated: a discrete point cloud describing the object’s starting geom-
etry, the positions of the camera at the time of the acquisition of the frames and the
internal calibration parameters of the camera (focal length and three radial and two
tangential distortion coefficients relative to the main point).

(2) Geometry construction through the generation of a dense cloud.
(3) Positioning of the 3D model in Cartesian space. The points detected with the total

station were entered as ground control points (GCPs) within the software. The result
was the processing of a dense metric and georeferenced cloud, obtaining an average
registration error of 0.007 m for the 2018 survey and 0.005 m for the 2020 survey.

(4) Mesh generation by transforming the three-dimensional model from a point cloud to
the surface of triangulated points. In order to recognize and adapt the discontinuities
in the model, a “multi-resolution model” routine based on automated algorithms was
used. Furthermore, an “optimization method” and a “decimation filter” were applied
to reorganize and smooth the nodes of the triangles and to simplify the model and
generate a multi-resolution model, respectively.

(5) Construction of the texture through the application of digital images to the model and
the creation of metric and geo-referenced orthophotos exported in the GeoTIFF format.

(6) Generation and export in GeoTIFF format of the digital elevation model (DEM).

3.2. Ground-Penetrating Radar (GPR)

GPR is based on the diffusion of electromagnetic pulses into the soil and the recording
of those re-radiated by buried targets characterized by sufficient dimensions and electro-
magnetic properties different from those of the surrounding ground. The quantities that
are measured are the time required for the wave to travel the path from the transmitting
antenna to a discontinuity and return to the surface (double time or two-way time) and the
amplitude of the reflected wave. The double travel time depends on the speed with which
the wave propagates within the material and provides information on the depth at which
the reflectors are located. However, the amplitude, which represents how much energy
returns to the surface after reflection, depends on the initial energy of the sent wave, the
quantity that is dissipated along the way and the contrast of the electromagnetic properties
of the materials that comprise the surface of the reflection. A complete description of the
method is available in textbooks, such as [31–35].

The factors that influence the performance of the system in terms of the detectability
of existing targets are the electromagnetic properties of the propagation medium, which
determine the depth of investigation that can be reached, which varies from point to point.
Since the attenuation of the means is a function of the radiated frequency, the use of high-
frequency antennas generally allows for enhancing the resolution power, but at the expense
of the penetration depth of the signals.

The georadar surveys were carried out on the entire surface of the mosaic in its actual
vertical position. An IDS georadar RIS-K2 with a 3000 MHz high-resolution antenna was
used for the data acquisition, whose features were considered sufficient and suitable for
an overall assessment of the conservation status of the mosaic with respect to the type of
target to be investigated and the thicknesses of surfaces to be analyzed.

Technically, data acquisition took place on 114 lines, from top to bottom every 5 cm,
where instrumental readings were executed in continuous mode (Figure 3). In addition,
several horizontal profiles and some profiles on the sides of the mosaic were acquired.



Appl. Sci. 2022, 12, 6965 6 of 19Appl. Sci. 2022, 12, 6965 6 of 19 
 

 
Figure 3. Grid data acquisition (a) with an IDS georadar (b). 

Raw data were processed using GPR-SLICE 7.0 software (Screening Eagle 
Tecnologies Ag, Zurich, Switzerland) [36] using standard methodological approaches. In 
the first step, data and trace editing were executed, inserting information such as the 
temporal and spatial sampling intervals (time window, 20 ns; samples/scan, 512; 
scan/mark, 25; unit/marker, 1). Data were recorded and processed as 16-bit data and were 
converted by subtracting out the DC drift (wobble) in the data and, at the same time, 
adding a gain with time. A time-zero correction was determined to designate the starting 
point of the wave and the center frequency of the antenna was matched. Then, a bandpass 
filter and background removal were respectively applied to reduce noise from the 
oscillating components that had a regular frequency cycle in the frequency domain and to 
remove striation noises that occurred at the same time. Processed radargrams were 
subsequently corrected with an automatic gain control (ACG) function [37] that was 
applied to each trace based on the difference between the mean amplitude of the signal in 
the time window and the maximum amplitude of the trace. In the final step, the resulting 
filtered radargrams were inserted into a three-dimensional matrix from which sections 
were obtained at a particular double-time interval (measured in nanoseconds). 
Considering the complex layering and the reduced length of the profiles, we preferred to 
not apply the migration filter and we avoided presenting results converting time to depth 
using a mean value with the possibility to obtain an arbitrary and inaccurate estimate. 

4. Results and Discussion 
Figure 4 shows the DEMs obtained in 2018 and 2020 and Figure 5 shows some details 

of the last one transparently overlaid onto the processed orthophoto. The DEM analysis 
in 2018 (Figure 3a,b) highlighted depressions and reliefs relative to a hypothetical plane 
passing through the point of origin of the reference system (P = 0,0,0) in a spatial range of 
3.66 cm. The reliefs were mainly located on the frame of the panel where the swellings 
responsible for the detachment of some mosaic tiles were clearly highlighted. The 
depressions, on the other hand, affected the central and right portions of the mosaic. The 
presence of an internal iron frame at the edges of the panel could, on the one hand, have 
favored the onset of bubbles and swelling as a consequence of the natural oxidation 
processes of the metal; on the other hand, it could have resisted deformations due to 
volumetric variations of the mortars in response to changes in temperature and humidity 
and/or deformations triggered by kinematic stresses (natural or artificial). This could 
explain the existence of depressions detected in the central part and the onset of lesions, 
especially on the edges (most resistant points) and the points of greatest weakness of the 
panel (central and right part). In order to identify the surface variations from 2018 to 2020, 
the point clouds of the surveys were metrically compared through the CouldCompare 
software (Verison 2.11 beta, Telecom ParisTech and the R&D division of EDF, 
Villeurbanne, France). Figure 6 shows the absolute distances between the point cloud 

Figure 3. Grid data acquisition (a) with an IDS georadar (b).

Raw data were processed using GPR-SLICE 7.0 software (Screening Eagle Tecnologies
Ag, Zurich, Switzerland) [36] using standard methodological approaches. In the first step,
data and trace editing were executed, inserting information such as the temporal and spatial
sampling intervals (time window, 20 ns; samples/scan, 512; scan/mark, 25; unit/marker,
1). Data were recorded and processed as 16-bit data and were converted by subtracting
out the DC drift (wobble) in the data and, at the same time, adding a gain with time. A
time-zero correction was determined to designate the starting point of the wave and the
center frequency of the antenna was matched. Then, a bandpass filter and background
removal were respectively applied to reduce noise from the oscillating components that
had a regular frequency cycle in the frequency domain and to remove striation noises
that occurred at the same time. Processed radargrams were subsequently corrected with
an automatic gain control (ACG) function [37] that was applied to each trace based on
the difference between the mean amplitude of the signal in the time window and the
maximum amplitude of the trace. In the final step, the resulting filtered radargrams were
inserted into a three-dimensional matrix from which sections were obtained at a particular
double-time interval (measured in nanoseconds). Considering the complex layering and
the reduced length of the profiles, we preferred to not apply the migration filter and we
avoided presenting results converting time to depth using a mean value with the possibility
to obtain an arbitrary and inaccurate estimate.

4. Results and Discussion

Figure 4 shows the DEMs obtained in 2018 and 2020 and Figure 5 shows some details of
the last one transparently overlaid onto the processed orthophoto. The DEM analysis in 2018
(Figure 3a,b) highlighted depressions and reliefs relative to a hypothetical plane passing
through the point of origin of the reference system (P = 0,0,0) in a spatial range of 3.66 cm.
The reliefs were mainly located on the frame of the panel where the swellings responsible
for the detachment of some mosaic tiles were clearly highlighted. The depressions, on
the other hand, affected the central and right portions of the mosaic. The presence of an
internal iron frame at the edges of the panel could, on the one hand, have favored the
onset of bubbles and swelling as a consequence of the natural oxidation processes of the
metal; on the other hand, it could have resisted deformations due to volumetric variations
of the mortars in response to changes in temperature and humidity and/or deformations
triggered by kinematic stresses (natural or artificial). This could explain the existence of
depressions detected in the central part and the onset of lesions, especially on the edges
(most resistant points) and the points of greatest weakness of the panel (central and right
part). In order to identify the surface variations from 2018 to 2020, the point clouds of the
surveys were metrically compared through the CouldCompare software (Verison 2.11 beta,
Telecom ParisTech and the R&D division of EDF, Villeurbanne, France). Figure 6 shows
the absolute distances between the point cloud obtained by subtracting the 2020 data from
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those of 2018. On a global scale, a uniform swelling of the central part of the mosaic was
estimated to be in the range of about 4 mm.
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Figure 7 shows the images obtained in 2018 from the visual analysis of the orthophoto
in which the areas affected by restorations, the detachment of tesserae and fractures are
highlighted. The indication of the fractures was just quantitative and therefore they were
not classified by taking into account the elevation, thickness and dimensions. The visual
analysis of the orthophoto made it possible to detect in detail every single fracture and
the detachment of tesserae present on the surface. The latter phenomenon, caused by
multiple factors, was aggravated by the vertical position of the mosaic, which, compared
with the original horizontal position, determined the displacement on the ground and the
irreversible loss of the individual tiles or portions of the mosaic. The fractures had two
main alignments: one vertical/horizontal, which mainly affected the edges of the mosaic,
and one diagonal to the mosaic, which concerned the central/right portion of the panel.
The latter was particularly relevant and fell into the areas of greatest depression recorded
in the digital surface elevation model. The presence of restored and consolidated areas
on the left side may have increased the resistance of the surfaces, avoiding the onset of
superficial lesions.
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Regarding the GPR results, anomalies due to the presence of the iron support reinforce-
ment present under the frame stood out in the different time slices (Figure 8). The degrees
of amplitude variation in the time-slices were assigned a color scale that was chosen in
order to show sufficient contrast to make the anomalies easily recognizable: light green cor-
responded to low amplitudes, while red corresponded to high amplitudes. The anomalies
visible in these representations depicted the spatial distribution of the amplitudes of the
reflections at specific depths within the grid. Within the sections, low amplitude variations
expressed small reflections that indicated the presence of homogeneous material. High
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amplitudes, on the other hand, denoted significant discontinuities in the investigated sur-
face. In the most superficial part, we saw some anomalies of high amplitude that denoted
a variation in the consistency of the materials (Figure 8b), which were located mainly on
the left side of the mosaic. This aspect could be related to the presence of depressions and
diagonal fractures in the central area and right side of the panel. The anomaly on the right
side, near the border, was located at the point where there was swelling.
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In order to understand the inner structure, in the following part, the analysis of
photographic documentation, made between 1916 and 1917, which records all phases of
the moving and the final vertical installation, was jointly analyzed with GPR radargrams
and slices. Following the images, it is known that the mosaic was housed on some blocks of
rock. In Figure 9a, it is possible to note the original stratigraphy by recognizing, from top to
bottom, the nucleus, the rudus and the screed covering the stone beams. Subsequently, the
section was cleaned, the screed was removed and the stone structure was brought to light.
Some wedges separated the rudus from the blocks of rock (Figure 9b). Then, the surface of
the section was leveled and the rudus was cleaned of residual lime for the realization of
the support frame (Figure 9c). In the next phase, equally spaced holes were drilled in the
rudus, three of which are visible in Figure 9d.

From the analysis of the georadar results, it was assumed that these holes were drilled
to anchor the rudus to the frame under construction by means of pins. Figure 10b shows
the acquired radargram at the edge of the frame, as indicated by the green arrow on the
mosaic orthophoto (Figure 10d). With red circles, the positions of the holes visible in the
photos are indicated. At those points, hyperbolas are attributable to the presence of iron
pins. However, there are other anomalies (indicated with yellow arrows) of the same nature.
At the edges, the close hyperbolas reflected the positions of the nails used to fix the iron
L-bars (blue arrows) installed in the following stages. Figure 10c shows the radargram
acquired at the edge of the original frame, as indicated by the magenta arrow on the mosaic.
The anomalies persisted and another one was highlighted on the left (red arrow). There
were no more anomalies in the upper band. Then, the pins penetrated the mosaic by at least



Appl. Sci. 2022, 12, 6965 10 of 19

15 cm (a few cm in the original one). The radargram acquired in the upper band, again at
the edge of the original mosaic, highlighted the same anomalies found below (Figure 10a).
Here, the pins are still visible from the top of the frame.
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The same situation is found on the sides where two hyperbolas are visible (Figure 11),
in addition to the pins visible with the naked eye.

Figure 12 shows the digital model of the processes followed before applying the frame
and removing the stone.
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Figure 12. Digital model with the locations of the blocks of rock and the anchor pins.

The external frame was probably made using wooden crosspieces measuring 25 × 13 cm.
Figure 13a shows a detail of Figure 9d (photo no. 4130-1916-EX 298), where in the background,
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a wooden crosspiece appears with regular carvings. They were assumed to be about 10 cm
wide and placed at intervals of about 22 cm. Figure 13b shows the digital model of the carved
frame. It was assumed that this element is related to the underlying part of the longitudinal
crosspiece that was specially prepared to house the elements of the internal filling.
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notches using red arrows (b).

The anchoring of the wooden crosspieces with the mosaic is described in the previous
section. To reinforce the structure, four angular iron bars were added (Figure 14). Holes
were also drilled to position the protective covering of the front part of the mosaic. A 2
cm board was placed under the wooden crosspieces, which were placed under the stone
crosspieces (Figure 14a). This table was probably removed in the next phases.
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Figure 14. Photo no. 4132-1916-EX 300 (a), a digital model with the anchoring of the frame and
addition of iron angles (b) and a cross-section (c).

A protective sheet was added to the surface, which was blocked with a board on the
edge by means of nails in the pre-drilled points in the previous step (Figure 15a). Some
sides were added (10 cm wide and 5 cm high) in between where the wide boards were to
be placed (Figure 15b). The gaps were subsequently sealed with mortar (Figure 15c). After
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which, the lifting of the recessed mosaic began (Figure 14d), which was placed in a vertical
position on a support (Figure 15e).
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On the back, from a historical photo, an alternation of narrow dark boards and wide
light boards, 10 cm and 22 cm wide, respectively, can be noted (Figure 16a). In the GPR slice
relating to the time window 1.88–2.4 ns (Figures 8b and 16b), a series of vertical anomalies
were highlighted that began directly in contact with the rudus. It was plausible that the
wooden structure placed at the rear of the mosaic traced this structure in some way. In
particular, it is likely that the narrow boards were actually beams or murals 10 cm wide
(with a maximum length of 14 cm, depending on the thickness of the shaving made under
the rudus), which rested directly under the mosaic. As can be seen from many of the
radargrams, some profiles seemed to be characterized by the presence of metal elements
as brackets to block the vertical wooden beams from the rudus. An example is shown in
Figure 17, where three identifiable hyperbolas emerged clearly with the rudus, the filling
lime and the closing table. Hyperbolas 1 and 2 (Figure 17a) often penetrated the mosaic and
probably represented a system for anchoring the possible wooden beam (vertical georadar
anomalies) directly to the mosaic. At approximately hyperbola 3, a sort of reinforcement
was evident under the vertical structures (Figure 18). The spaces were probably filled
with plaster and closed everything with the boards that were visible on the back. The
slice (Figure 17b), which was related to the time window between 3.34 ns and 3.87 ns, was
enhanced to visualize the three anomalies jointly, even if detected at different depths.
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Therefore, after the removal of the blocks of rock, the vertical beams would have been
housed (directly or indirectly) thanks to the notches located at the base of the longitudinal
beams of the frame. In this system, it is possible to make four hypotheses based on the
presumed depth of the notch, the location of the vertical beams and the closing plank.
The hypotheses in question took into account the position and shape of the acquired
georadar anomalies:

Hypothesis 1. (Figure 19): Support boards (25 × 12 cm) were inserted at regular intervals under
the rudus. The boards were closed in the lower part with boards (10 × 2 cm) that protrude by
2 cm outside. The empty space between the support boards was filled with plaster. We consider
this hypothesis the least probable, as it does not explain the presence of the georadar anomalies
previously discussed.
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Hypothesis 3. (Figure 21): This differs from hypothesis 2 in that the incision was made to be 12 
cm in order to completely contain the vertical beam that rests directly under the rudus and 
protrudes 2 cm outside. 

Hypothesis 4. (Figure 22): The planks were anchored to the vertical beams by means of brackets 
according to a “T” system. Closing tables were inserted between one plank and the other. The gaps 
left empty between the beams were filled with plaster. This is the hypothesis that best matches the 
shape and position of the georadar anomalies. 

 
Figure 19. Hypothesis 1 digital model: locations of support boards under the rudus (a), complete 
support system (b), cross-section (c) and longitudinal section (d). 

 
Figure 20. Hypothesis 2: locations of vertical beams (a), locations of anchoring brackets (b), locations 
of closing boards (c), complete support system (d), cross-section (e) and longitudinal section (f). 

Figure 19. Hypothesis 1 digital model: locations of support boards under the rudus (a), complete
support system (b), cross-section (c) and longitudinal section (d).

Hypothesis 2. (Figure 20): The vertical beams inserted at regular intervals were worked to be
housed and nailed to the frame. Between one beam and the other, closing tables were inserted through
brackets. The gaps left empty between the beams were filled with plaster.
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Hypothesis 3. (Figure 21): This differs from hypothesis 2 in that the incision was made to be 12 cm
in order to completely contain the vertical beam that rests directly under the rudus and protrudes
2 cm outside.
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Figure 21. Hypothesis 3 digital model: positions of vertical beams (a), locations of anchoring
brackets (b), arrangement of closing tables (c), complete support system (d), cross-section (e) and
longitudinal section (f).

Hypothesis 4. (Figure 22): The planks were anchored to the vertical beams by means of brackets
according to a “T” system. Closing tables were inserted between one plank and the other. The gaps
left empty between the beams were filled with plaster. This is the hypothesis that best matches the
shape and position of the georadar anomalies.
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5. Conclusions

In this study, the issue connected to the conservation of the Alexander Mosaic was
investigated in an organic and exhaustive way, starting from the analysis of the available
knowledge framework. From an operational point of view, the adopted research methodol-
ogy provided for the recognition of all available documentation, an accurate survey of the
current state from the morphological point of view and non-invasive diagnostic investiga-
tions. This allowed for obtaining a further preliminary and in-depth knowledge phase of
the asset to also provide a framework for comparison with what emerged from previous
studies and, therefore, data on any changes in the state of conservation of the asset. In
detail, in addition to a slight progression of the degradation phenomena already recorded
in 2018, regarding the lesions, anomalies in the support emerged from the diagnostic results,
which suggested the presence of discontinuities in the background mortar. This could
have probably been due to the presence of different materials, with particular reference
to the mosaic embedding system put in place during the transfer in 1916, consisting of a
wooden frame placed along the perimeter, with interposed wooden joists reinforced with
metal elements. However, to date, insufficiently exhaustive data has emerged regarding
the state of conservation of the support that is not visible and cannot be inspected directly
and the actual state will be fully detected only after moving the mosaic from its current
position, making the back accessible. Currently, the first phase of the restoration can now
be considered completed, which was limited to interventions to make the mosaic surface
safe, which was necessary in the face of the detected degradation phenomena and limited
only to the elimination of the conditions that can generate critical issues during movement
(loose tiles, presence of continuity solutions between the layers, etc.). Subsequently, the
mosaic will be overturned, following which it will be possible to access the support to
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promptly check its conservation status, fine-tune the subsequent conservation interventions
and possibly provide for the construction of a new collection system should the existing
one prove to be no longer suitable. Subsequently, the mosaic will be placed in a horizontal
position that will allow for the restoration of the mosaic surface and the final rearrangement
to be carried out. The restoration operations, which will also affect the rear parts, will be
preceded by further diagnostic analyzes once the mosaic is overturned. In this way, at the
end of the project, a complete model will be obtained, which will integrate all the results
and will represent a precious source of knowledge on this important artifact.
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