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Abstract: Lecce is a city located in the southern part of the Apulia region (south Italy). Its subsoil is
rich in the remains of superimposed ancient settlements from the Messapian period (7th-3rd cen-
tury BC) to the Roman, Medieval, Renaissance, and Baroque periods. Lecce Cathedral is one of the
most important buildings in the town. It was built in the 12th century and transformed in the 16th
and 17th centuries. Ground-penetrating radar (GPR) surveys were carried out in the cathedral and
its crypt with the aim to evidence both probably buried structures related to the known crypt and
other features such as tombs. The GPR investigations allow us to locate many features under the
floor of the church. Some of them are unknown and could belong to the previous building of the
Romanesque period. Furthermore, most of the identified structures are related to tombs and under-
ground rooms (ossuaries). Under the crypt floor, six tombs of the 19th and 20th centuries and other
ancient structures were documented.

Keywords: GPR; archaeology; Lecce Cathedral

1. Introduction

Lecce Cathedral is located in the center of the city (Figure 1), on the southeastern
corner of a square where other edifices are built, including the bell tower, the bishop’s
residence, and the seminary [1-3]. The cathedral, dedicated to the Assumption of the Vir-
gin Mary, was first built in 1144 by bishop Formoso (dates of birth and death unknown).
In 1230, it was rebuilt in the Romanesque style during the bishopric of Voltorico (born
before 1214 —died after 1252). After the demolition of the previous building in 1658, it was
rebuilt once again in the Baroque style in 1659 by the architect Giuseppe Zimbalo (1620-
1710) and by order of bishop Luigi Pappacoda (1639-1670). It was completed in 1670 and
it has not gone undergone relevant changes to the present day.

In the 13th century, the church had a Latin cross plan with three naves divided by
columns (Figure 2); three apses were at the end wall of the transept, while chapels were
along the external naves. A bell tower was in the southwestern corner of the building,
close to the fagade. A 12th-century crypt was under the transept; transformed in the 16th
century, it has an elongated rectangular shape and it is divided into three naves charac-
terized by 54 columns and 38 semicolumns (Figure 3). In the 17th century, but before 1670,
the church preserved the Latin cross plan with three naves, which were divided by pilas-
ters and enlarged. The apses were extended and transformed into quadrangular-shaped
spaces: a choir was built in the central space, behind the altar, while two chapels dedicated
to Saint Orontius and the Assumption of Mary were in external spaces. Baroque modifi-
cations also involved the crypt, where some altars were built in this period.
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Figure 1. Lecce, Piazza Duomo. Location of Lecce Cathedral prospected by GPR prospections and
other surrounding religious buildings.

transept

Figure 2. Plan of Lecce Cathedral. Hypothetical reconstruction of the church in the 13th century (in
black) overlapped on the plan of the church of the 17th century (in grey) (after [3], Figure 12).

Figure 3. Photos (a) and plan (b) of the crypt under the transept of Lecce Cathedral.
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A new bell tower was built by Zimbalo in 1661-1682: it was separated from the
church and located northwest of the transept.

GPR surveys were performed in Lecce Cathedral before the restoration works per-
formed in the crypt located under the transept. These investigations are part of a research
project started in 2013 with the aim to study the transformations of Lecce from the Mes-
sapian era to the Medieval period and the drawing of an archaeological map of the city.
In particular, the GPR surveys inside the 17th-century cathedral were aimed at collecting
data about the presence of unknown structures, chambers, and tombs under the floors of
the church and the crypt. The international literature is full of case studies related to the
successful application of geophysical methods to archeology. Some studies are related to
the need to evaluate the effectiveness of the georadar method according to the depth of
investigation and the consequent ability to reconstruct the archaeological stratigraphy in
sites with complex geology [4]. Other geophysical methods such as microgravimetry and
seismic were evaluated successfully by several authors [5-12]. The magnetic method is
one of the most used in archaeological applications [13-18]. In cases in which it is im-
portant to highlight structures linked to the presence of cavities or structures placed inside
highly conductive media (i.e., with high electrical conductivity) the electrical resistivity
tomography (ERT) method can provide good results [11,19-21]. All these methods clearly
have limits also linked to the characteristics of the site to be prospected [21]. In this case
study, the site is located within an urban context, and this makes it difficult to use the
microgravimetric and seismic methods due to the strong noise associated with urban traf-
fic. The presence of buried structures such as electrical networks and water pipes makes
the magnetic method not applicable. Inside the church, the presence of a marble floor
makes the ERT method unusable due to the high resistivity contact. Therefore, GPR was
used. This method applied in this contest allows us to evidence the presence of buried
structures. The shapes and the sizes suggest that they are related to the presence of un-
known buried rooms. Most of them are interpreted as tombs.

2. Materials and Methods

The GPR surveys were performed at different times. The first survey was undertaken
in the crypt in 2009 before the restructuration works. Here, the georadar system Sir 3000
(by GSSI) with a 270 MHz antenna was used.

The second survey was undertaken in 2018 in the church after the restoration works.
Here, the georadar system Ris Hi Mod (by IDS) with the dual-band antennas 200 and 600
MHz was used.

In both surveys, the GPR data acquisition were performed along contiguous parallel
and orthogonal profiles 0.25 m wide, 512 samples per trace. The data were processed us-
ing the Gpr-slice Version 7.0 software [22]. The following processing steps were used:

(i) background removal filter: the filter provides for the arithmetic sum of all the tracks
and the subsequent division by the number of tracks. The result is an average trace
that is subsequently subtracted from the entire radar section. It is thus possible to
eliminate background noise;

(if) Kirchhoff migration [23]: once the propagation velocity of the electromagnetic waves
in the medium is known, migration is an operation that allows the diffraction
hyperbolas to collapse at their apex, allowing objects to be given their own shapes;

(iif) gain manually function: this allows emphasizing the display of low-amplitude
reflected events of the electromagnetic wave.

The electromagnetic wave velocity played an important role in order to both perform
the migration and convert the two-way time window into depth. It was evaluated by the
hyperbola fitting method [21], resulting in an average velocity of 0.1m/ns.

The way of acquiring the radar profiles (parallel profiles at a distance of 0.25m) made
it possible to create maps (horizontal time slices) within which it was possible to view the
spatial distribution of the amplitudes of the reflected events.
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These are maps in which reflected events of the same electromagnetic amplitude are
correlated within specific time intervals [24]. Furthermore, the overlay analysis method
[25] was used. This method allows us to evidence better the weakest reflector related to
deeper features that are indistinguishable on radargrams.

In the present work, the time-slice technique has been built using time windows At =
10 ns for the profiles acquired in the crypt and At =5 ns for the profiles acquired in the
cathedral. Another way to visualize the spatial position of the amplitude anomalies is the
three-dimensional amplitude isosurface [26-30]. In this way, it is possible to display am-
plitudes of equal value in the GPR study volume. The shading function allows for the
apparent or real shape of the buried archaeological structure. In this case, the threshold
calibration is a very delicate task in order to obtain useful results [21].

3. Results
3.1. The Crypt

The GPR data acquired in the crypt show good electromagnetic (EM) signal propa-
gation (about 6 m if considering an EM wave velocity of propagation of 0.1m/ns). Variable
reflection events are visible. In some of them, vertical fill layers are distinguished, which
are probably related to the surface tombs (1 and 2 in Figure 4a,b).
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Figure 4. Lecce Cathedral, crypt under the transept: elaborated radar sections (270 MHz antenna)
related to (a) profile 17 and (b) profile 20 acquired within the Crypt.

These wave reflections can be due to the material placed into tombs after burial. Ad-
ditionally, there are extensive reflection events slightly undulating at a depth ranging
from about 2.4 m to 4.0 m, which are probably due to the bedrock (yellow dashed line in
Figure 4a,b).

The point-source and confused reflections present in some areas on the radar sections
may be related to the filling material.

In Figure 4a, a distinctive pattern of very high amplitude reflection feature is visible
at depths of about 3.0 m. This reflection event shows an inversion of the polarity that can
be related to the probable presence of empty space [21,31,31,32]. The shape (linear) and
the horizontal dimensions (about 2.0 m) suggest the presence of the top of an unknown
tomb.

Considering the time window of width At =10 ns and an electromagnetic wave ve-
locity of 0.11 m/ns, the thickness of the slices was 0.5 m.

Figure 5 shows the more significant time slices inside the crypt. They highlighted
other anomalies regarding underground tombs and structures, integrating the results of
previous research [33]. In particular, at some centimeters depth, immediately under the
floor (Figure 6a) are visible the anomalies regarding the tombs of the Bernardini Family
(undated), Michael Mincuzzi (dated 1988), and Martirano (dated 1858), in the southern
nave (Figure 6a, nos. 1-3), and of an unknown person or family in the northern nave (Fig-
ure 6b, no. 6); their presence is suggested by the tombstones that are in the floor of the
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crypt, above or near the tombs. Only at greater depths, over two meters, anomalies prob-
ably linked to the tombs of Marasco-Specchia (dated 1838) and Raffaele Perulli (dated
1858) are visible in the southern apse (Figure 6b, nos. 4 and 5). Moreover, other anomalies
probably linked to buried ancient structures are visible at a depth of about 2.5 m (Figure
6b, A).

Figure 7 show the 3D isosurfaces related to three depth range: (i) 0.0-1.0 m (Figure
7a), (ii) 1.5-3.0 m (Figure 7b), and (iii) 3.0-4.0 m (Figure 7c). They highlighted the 3D dis-
tribution of the anomalies regarding underground tombs and structures.

1 B-dTem a7 da-A1em

BHYMEER

wimp
imp
wimp
wimp

- - o=
UZ 468 19121418 emazze Tz 4060 10121416 8202224 922068 1012141802022 Uza68 10\2111810202221

H .
GZ408 0 10121808 8222
o 17REITem o (m) oF WE-ZBm < m) aB: 226-200m 1 i a3 2TENFAm o (m) )

a1 WM (m)

¥ dm]
¥ fm)
wim)
5 dm]

e . = = S S

"0z 4 68 dorziseiedodane 0246 B 10121476 183022324 0z:eea mu‘-ﬂsm;nvu

Bt 341.388cm  (m) 012: ITE42Eem () a1 44STem
i s i M &

HHEEEER

¥im)
i)
yim)
wim)

et mlhuelzinzzm Gz488 |o12n e 18022 24
-m 51&5& o7 S4ESim |

4
atBB14-BE e
T

{m
T
W )

5
|.
2
ot

02468 Tarziteieddiae "B34 88 l012ietebd0d C03 468 tar2iatene0n 07468 o2t la0gaae 03468 10120008 18203220
= (m} xim) % im wimi wimy

Figure 5. Lecce Cathedral, crypt under the transept: GPR time slice 270 MHz antenna.
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Figure 6. Lecce Cathedral, crypt under the transept, GPR time slices (270 MHz antenna): (a) depth
corresponding to 0.34-0.81 m and (b) depth corresponding to 2.39-2.86 m. The numbers indicate
the tombstones under the floor.

Figure 7. The figure shows the 3D isosurfaces related to three depth range: (i) 0.0-1.0 m (a), (ii)
1.5-3.0 m (b), and (iii) 3.0-4.0 m (c). They highlighted the 3D distribution of the anomalies regard-
ing underground tombs and structures.
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3.2. The Cathedral

The GPR data acquired inside the cathedral highlighted a series of anomalies regard-
ing various structures under the church floor, some of which correspond to the already
known crypt under the transept and to other unknown ancient structures.

An interesting anomaly is visible at the central nave (indicated with “underground
chamber?” in Figure 8), which is attributed to an underground chamber (Figure 8) that is
located at a depth between 1.42 m and 1.92 m. This chamber, accessible from the crypt
under the transept, was prospected by archaeologists after the geophysical surveys con-
ducted in 2009: inside them, numerous human bones have been found, suggesting also
the presence of a putridarium (Figure 9).
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Figure 8. Lecce Cathedral: GPR profiles along the northern nave (600 MHz antenna).

Figure 9. Lecce Cathedral: photo related to the chamber evidenced by GPR surveys.
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Here, the bodies of monks and nuns were placed in wall niches, often seated on ma-
sonry chairs with a central hole and container to collect the decomposition liquids. It was
therefore a temporary burial place; once the bodies have reached a proper stage of decom-
position, the bones are collected, cleaned, and stored in an ossuary. The remains of the
structures can be generically dated to the late Middle Ages, pending the publication of the
findings by the archaeologists. Successively, the archaeologists prospected the anomaly
area indicated with “underground chamber?” in Figures 8 and 10. Some chambers were
found (Figure 11).
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Figure 10. Lecce Cathedral: GPR profiles along the northern nave (200 MHz antenna).

Figure 11. Lecce Cathedral: photo related to the chambers evidenced by GPR surveys in 2018.

Other possible underground chambers, which could also reuse the masonries of the
previous Romanesque church that survived demolitions are located below the southern
and the northern nave (Figures 8, 10, and 12). In particular, at the central sector of the
southern nave, there are anomalies (Figure 13, A) located more superficially than those



Remote Sens. 2021, 13, 1692 9 of 13

measured in the northern nave. In the latter, in fact, the anomalies are clearly visible start-
ing from a depth of 4.59 m: one of these is located at the western end of the nave where
the bell tower of the previous church was constructed (Figure 14, A); another group of
anomalies adjacent to each other and similar in the shape and orientation are in the central

sector of the northern nave and probably concerning underground chambers (Figure 14,
B).

Figure 12. Lecce Cathedral: GPR time slice (200 MHz antenna; depth corresponding to 1.42-1.92
m).

The pseudo-3D visualization shows the distribution of the unknown structures be-
low the cathedral (Figure 15).
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Figure 14. Lecce Cathedral: GPR time slice (200 MHz antenna; depth corresponding to 5.29-5.79
m).
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Figure 15. Lecce Cathedral: the 3D visualization shows the distribution of the unknown structures below the cathedral:

(a) top view; (b) side view.

4. Conclusions

GPR surveys in the Baroque Cathedral of Lecce highlighted the presence of many
anomalies relating to unknown structures under the floor of the church. Some of them
could belong to the previous building of the Romanesque period, such as the buried struc-
tures of the bell tower and clearly visible starting from a depth of 4.59 m at the western
end of the northern nave. Most of the anomalies are related to underground chambers
such as those located below the southern and the northern nave, which could also reuse
the masonries of the previous church. Another very interesting underground chamber
was detected below the central nave at a depth between 1.42 m and 1.92 m; later, the ar-
chaeologists have prospected it and have highlighted their ossuaries’ function, thus sug-
gesting the presence of a putridarium. Moreover, the presence of some tombs of the 19th
and 20th centuries at some centimeters depth under the crypt floor was detected by GPR
investigations. Their presence was suggested by anomalies relating to the tombstones that
are in the floor of the crypt, above or near the tombs. They have been identified with the
tombs of the Bernardini Family, Michael Mincuzzi, Martirano, and of an unknown person
or family, and at greater depths, the tombs of Marasco-Specchia and Raffaele Perulli. Some
anomalies probably linked to ancient buried structures were also highlighted at a depth
of about 2.5 m. The geophysical surveys contributed to enriching the knowledge of the
buried sectors of the monument since they highlighted the presence of anomalies relating
to burial chambers; the archaeologists benefited from the precise location of some of these
buried structures because they have been able to carry out focused and circumscribed
excavations inside the church. The archaeological excavations were conducted following
the results of the geophysical surveys carried out in 2009. Specifically, during the restora-
tion work conducted in the crypt completed in 2017, the archaeologists chose to verify the
geophysical anomalies located under the central nave in the sector accessible from the
back wall of the crypt. The anomalies detected in other sectors of the church were not yet
prospected. Therefore, the results of the geophysical prospections presented here enrich
the knowledge also of the underground inaccessible parts of the Cathedral of Lecce, sug-
gesting the presence of ancient structures in the invisible areas of the building and related
to its previous phases. Moreover, they allowed recovering previously unknown data and
also recovering the memory related to the presence of tombs of people and illustrious
families in the crypt.
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