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Abstract: Non-invasive sensing techniques have become a cornerstone in the study and
preservation of Cultural Heritage. These techniques offer a means to investigate the
internal structure and surface properties of precious and delicate objects without causing
damage. This article is the second of three review articles exploring contact and non-contact
imaging methods applied to Cultural Heritage at various scales encompassing micro- (i.e.,
manufacts), meso- (sites), and macro-scales (landscapes). The unifying factor of these
techniques is their ability to infer variations in geometrical and physical properties across
inspected surfaces or volumes. This allows researchers to discover new historical sites,
map their spatial extent, and characterize their material features at different scales, from
landscapes to artifacts. This second part focuses on the meso-scale, encompassing the
inspection, documentation, study, and characterization of historical and archeological sites,
monuments, and submerged sites, using both contact and remote sensing techniques.

Keywords: geophysical prospections; historical/archeological sites; monuments and
submerged sites; risk management; archeological prospection; surveying; drones; close
range sensors; Cultural Heritage

1. Introduction

Conservation science of Cultural Heritage is nowadays a multidisciplinary research
field where remote sensing techniques play a key role, primarily due to their capabilities to
inspect the surface and internal structure of fragile objects with high artistic and economic
value with very minimal or no contact.

Non-invasive techniques provide a fundamental toolkit for achieving an improved
understanding and documentation of the physical, chemical and aesthetic properties of
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Cultural Heritage. They offer heritage bodies the objective knowledge needed not only to
unveil how these objects were produced and preserved over time, but also to ensure their
future conservation and exhibition in secure and controlled environments.

While the use of such techniques for general diagnostic purposes has a long history, it is
only in quite recent times that technological advancements in sensors and instrumentation
have made the characterization and inspection of very precious and vulnerable targets
feasible and customizable. Techniques that were initially not exploited for the study
of Cultural Heritage, due to their intrinsic technical limitations, have now been proven
suitable for this purpose, and are now part of the portfolio of instrumental techniques
increasingly used in conservation science. The inclusion of these technologies and methods
in conservation curricula, such as historical architecture conservation and archeology,
indicates a growing and irreversible trend of integrating modern and objective tools into
a standard conservation framework. In many cases, the contribution of geophysical and
surveying methods, sometimes jointly with proximal sensing and automation techniques,
is significant for the knowledge and documentation of cultural sites or manufacts.

At all scales of implementation, i.e., micro- (manufacts), meso- (sites) and macro-scales
(landscapes), the current trend is to integrate different diagnostic techniques, based on
the principle that each offers specific capabilities and only their combination can achieve
the intended study objectives. This approach applies to different tasks in the lifecycle of
Cultural Heritage study and conservation, including data collection, processing, visualiza-
tion, interpretation, data fusion, scenario reconstruction, virtual fruition and musealization,
virtual restoration, hazard reduction, preservation, and repair actions.

This article is part of a solicited editorial project within the Special Issue “Remote,
Proximal Sensing and Geophysics for Cultural Heritage Knowledge and Conservation” of the
“Remote Sensing” journal. It provides an overview of the non-invasive diagnostic methods
used for Cultural Heritage assets, covering a range of scales. It briefly discusses the working
principles and mechanisms of each “family” of techniques and illustrates these with selected
case studies. The goal is not to rank techniques or applications, but to highlight the key
advantages and specificities of commonly used diagnostic methods at different scales, as
demonstrated by true data from real-world examples.

The present article is the second of a three-part review set, focusing on the following
three implementation scales:

e  PartI, the micro-scale (manufacts);
e  PartII, the meso-scale (sites);
e  Part IIl, the macro-scale (landscapes).

The first article has already been published and investigates the micro-scale, where the
targets are small to very small Cultural Heritage items such as individual architectural ele-
ments or decorative finishes of historical buildings, paintings, statues, or ancient papers [1].
This second paper focuses on the meso-scale, encompassing historical and archeological
sites, monuments, historical buildings, and submerged areas.

2. Materials and Methods

This article presents applications of geophysical and surveying methodologies, prefer-
ably used independently to better highlight the features of each, for detecting and char-
acterizing potential archeological features, within sites that are either spatially limited or
characterized by the presence of obstacles that prevent the use of most automatic data
acquisition systems (typical of the macro-scale/landscapes). Some examples of automa-
tion, often involving drones, are provided from experimental cases. In such experimental
contexts, the high costs of sophisticated instruments are acceptable, unlike in applicational
contexts where the limited investigation areas do not allow for the offsetting of the initial
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costs through reduced operational expenses. A section of this manuscript showcases the
potential of these methods for diagnostic goals beyond discovering precious artifacts, which
has been in any case the first and most diffuse application in the Cultural Heritage sector.
This section provides some evidence of their effectiveness in risk management activities
for precious sites or buildings, especially focusing on the vulnerability characterization of
Cultural Heritage assets.

The paper is organized into three sections:

Section 3.1: Geophysical prospection for archeological sites

3.1.1.Georadar;

3.1.2.Magnetometry;

3.1.3.Electrical Resistivity methods;
3.1.4.Electromagnetic Induction method;
3.1.5. Other techniques.

Section 3.2: Other geophysical applications

3.2.1.Monumental structures;
3.2.2.Submerged archeological areas;
3.2.3. Approaches aiding risk assessment and management.

Section 3.3: Proximal sensing geophysics and geomatics for archeological prospection

Section 3.1 illustrates the first to have become mature application of geophysical meth-
ods to Cultural Heritage studies, remaining today the largest part of the scientific and
technical literature on these topics. Within this section, case studies are presented to high-
light the advantages of each method, often selecting articles with a single or a predominant
method to exemplify their own performance in specific contexts and investigation goals.
While a single method is rarely the best choice for geophysical diagnostics, synergistic
and multi-method investigations are often preferred for more robust information and
reconstruction of underground physical properties. Although some presented case studies
demonstrate the benefits of multi-methods, this was not our main objective during the
compilation of this work. The selection of case studies was not intended to strictly reflect
the literature based on parameters like numerosity, originality, impact, or expected impact,
though these influenced our choices; these case studies are in fact presented in the paper
with the main goal of exemplifying some aspects of the general and potential approaches
to the various typologies of applications.

Section 3.2 presents a variety of applications, offering examples from three areas that
are more recent than classic archeological geophysics. These examples aim to demonstrate
the flexibility and reliability of non-invasive techniques for novel study problems. The
first sub-topic involves the investigation of monumental structures, which are a middle
ground between the micro-geophysical applications presented in the review Part I [1] and
the geophysical methods shown in Section 3.1. A second challenging application is the
study of submerged or partially submerged archeological sites, where the customization of
data acquisition, processing, and interpretation methods is the main scientific goal. The
third main application of this Section provides a partial view of a potentially vast field,
addressing the management of risks to Cultural Heritage assets. Although only a few
examples are presented, this overview aims to illustrate the effectiveness of non-invasive
methods in constructing critical information for Cultural Heritage management.

Section 3.3 presents cross-disciplinary methods and case studies, focusing on the
proximal sensing of meso-scale targets using various non-contact sensors, including visible-
band cameras, LIDAR, and geophysical tools. These are deployed from platforms that
are increasingly aerial, thanks to advancements in drones and their integration with a
multitude of sensors.
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3. Results: Selected Case Studies and Approaches in the Literature

This section provides an overview of the selected case studies distributed across the
three sub-sections, related to the geophysical prospection of archeological sites (Section 3.1),
challenging geophysical applications beyond archeological sites (Section 3.2), and proximal
sensing geomatics and geophysical applications (Section 3.3).

3.1. Geophysical Prospection of Archeological Sites

The growing interest in geophysical methodologies for the prospection of archeological
sites is related to the detection and characterization of numerous locations worldwide [2—4].
Due to their high resolution and the potential for saving time and costs, geophysical
prospection techniques have become systematic, especially in the early stages of identifying
potential archeological sites and in the enhanced investigation of existing ones.

Ground-Penetrating Radar (GPR) and magnetometric (MAG) surveys are widely
used for archeological purposes because of their non-intrusiveness, high resolution, and
relatively good depth of investigation. Additionally, other methods, such as electrical
resistivity and electromagnetic techniques, can significantly contribute to detecting buried
ruins and characterizing historical sites. However, the use of GPR and MAG surveys is
limited by sites conditions (i.e., rough surface, conductive soils, and/or the presence of
anthropogenic sources of electromagnetic noise, mainly caused by urban and industrialized
utilities). Other geophysical methods occasionally used in archeological prospection include
seismic (both active and passive) and gravity techniques, while other approaches are rare
or potentially emerging (e.g., gamma ray mapping). The essential requirement for the
successful application of geophysical methodologies is represented by the presence of a
measurable physical property contrast between the researched target, generally hidden,
and the surrounding environment. An archeological structure located in the shallow
subsoil can typically produce an anomaly in the recorded physical signal. Unfortunately,
this is not always the case; sometimes, the structures are made from the same material
as the surrounding environment, which can significantly reduce the capability to detect
the target. In other circumstances, the specific geophysical method may be ineffective in
certain environmental contexts. To try and address and/or mitigate these limitations, the
cooperative use of different methodologies can be a valid strategy.

3.1.1. Georadar (GPR)

As concerns the GPR, its use is based on the introduction of an electromagnetic (EM)
signal into the ground and the subsequent recording of the reflections due to the dielectric
permittivity variations imputable to the presence of buried objects and structures. A
crucial role of the GPR application is represented by the antenna frequency, from which the
resolution and reachable depth of investigation depend. For archeological applications, the
investigations are realized at frequencies ranging between 0.1 and 1 GHz for ensuring a
depth of investigation between down to 1 m and 4 m, and with sub-meter and sub-decimeter
resolution (even if some applications with frequencies out of that range actually exist).

Usually, GPR data are acquired in reflection mode by exploiting acquisition grids with
2D lines of investigation, equally spaced at a distance that is designed based on the expected
dimensions of the underground target bodies, often distributed in two perpendicular
directions. The collected data are processed to emphasize the signal due to buried structures
and reduce noise and clutter. The results are 2D images, referred to as radargrams (or B-
scans), which can be interpolated for the realization of 3D representations able to effectively
support the detection of anomalies associable to archeological features. Indeed, if 2D
data can give useful insights into morphologically irregular surfaces, 3D data, visualized
as three-dimensional blocks or as horizontal (time slices and/or depth slices, C-scans)
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or vertical (radargrams or interpolated sections) slices, can provide useful information
for detecting horizontal patterning related to anthropogenic/cultural activities. Like all
other walking techniques in geophysics, even GPR has benefited from the introduction
of geomatic positioning systems, and random planimetric acquisitions are now becoming
more frequent than in the past.

GPR has been extensively used to enhance knowledge of historical and archeological
sites and to document buried archeological features. Initially, its primary purpose was to
support archeologists in developing excavation strategies. More recently, this has been
complemented by virtual dissemination of this information to society and scholars.

The high resolution offered by this method and the possibility to derive depth informa-
tion about the anomalies for the identification of the planimetric and spatial development
of the structures, typical of its application to archeological sites, were highlighted by Piro
et al. [5] in the detection and reconstruction of Traiano’s Villa near Rome. The data shown
in the paper were collected, using 500 MHz antenna, by recording parallel profiles equally
spaced 0.5 m apart. Thanks to the use of time slice analyses, the ancient structure was
reconstructed, allowing for the effective mapping of the ancient rooms of the Villa.

The presence of buried structures characterized by a regular layout represents a
favorable condition for achieving optimal results with the GPR [6-10]. At the Aiali site
(Grosseto, Italy), a Roman Villa was discovered thanks to the short distance between the
profiles (50 cm) and an antenna frequency of 400 MHz [6]. The success of this application
was provided by the expected integrity of the structure, as well as its surface location. The
results shown in Figure 1, referred to as amplitude or energy (squared amplitude) time
slices, clearly provide the location, depth, and shape of the radar reflections most probably
associable with the walls of the structures located at depths ranging, approximately, from 15
to 115 cm. In [7], a GPR survey using an antenna frequency of 600 MHz was realized in the
archeological area of Saepinum (Italy) in the space between the theater and the decumanus,
allowing for the imaging of a complex regular pattern of interesting archeological features.
Given the articulation of the anomalies and their geometric characteristics being enriched by
apsidal environments, it was assumed that they belonged to a thermal complex. Successful
results are also presented in [8,9] in unaltered soils at the site of Doclea (Montenegro) and
in the deserted town of Corvey (Germany), where several rooms of the ancient buildings
(Figure 2) and a Roman Basilica Church (Figure 3a) were, respectively, detected.

The use of 3D representation is also exploited for the detection of archeological features
as an improvement on the information obtainable by 2D time slice analyses. Leucci et al. [10]
used the means of iso-amplitude surfaces of the complex trace amplitude for highlighting
the site of Hierapolis of Phrygia (Turkey)’s possible archeological structures. A similar
approach was adopted by Urban et al. [11] at the site of Pantelleria (Italy) for detecting
potential curvilinear and linear architectural features. Florit et al. [12] demonstrated the
usefulness of the GPR in rural areas when a negligible number of sources of disturbance
characterize the investigated site, through the discovery of a Roman Villa in Mallorca
(Balearic Islands, Spain).

The scarce attenuation of the EM signal in most of the dry soils makes the use of
the GPR particularly promising in arid contexts, where data can be considered reliable
for archeological purposes until the depth of 4 m, as discussed by Porcelli et al. [13] at
the Valley of the Kings (Luxor, Egypt). The horizontal slices obtained at three different
depths highlight the aligned reflective anomalies due to the visitors’ path, which covered
by natural sediments.
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Figure 1. Aiali site (Grosseto, Italy). Depth slices extrapolated by the interpolated and solid 3D
volumes of reflections amplitudes [6]. Copyright © John Wiley & Sons, permission obtained.

= (a)
- Temple of
Dea Roma

Figure 2. Doclea (Podgorica, Montenegro). GPR time slice relative to the time window 14-18 ns,
overlapped on the satellite image of Google Earth™ (a) with a focus on the thermae (b) [8].
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Figure 3. Corvey (Germany). Combined GPR depth slice of approx. 70-110 cm below ground surface,
showing the foundations of the medieval parish church. Reflective deposits are shown in dark [9],
CC BY-NC-ND 4.0 (a). Aska (Ostergstland, Sweden). GPR depth slice at a depth of 0.8 m shows the
layout of a post-borne, three-aisled building with reflections distributed according to a curvilinear
path [14]. Copyright © John Wiley & Sons, permission obtained (b).

An interesting approach was adopted by Booth et al. [15] for supporting the discovery
of archeological features at the South Asasif tomb complex (Luxor, Egypt). The authors
highlight how GPR is indirectly able to investigate the structure of an ancient Egyptian
tomb placed at depths not reachable by the conventional application by exploiting the
capability of observing indirect evidence as to the deflection of sediment horizons in the
overburden. Using a deductive method, they assume that the V-shaped reflections are
reasonably associable with the presence of a collapsed tomb placed at the remarkable depth
of ~4 m, not reachable with the conventional GPR operating frequency.

GPR allows for the obtainment of clear interpretable results, especially when the
archeological features are characterized by regular shapes, but its use also provides the
ability to reconstruct curvilinear structures, as in the case of the ancient Viking building
in Aska (Ostergétland, Sweden) imaged by Rundkvist and Viberg [14], which displayed
a buried elliptical layout. The resulting reflections shown in Figure 3b allowed them
to identify the presence of the main elements constituting the structure, i.e., the ramp,
postholes, and hearts. To achieve these results, it was fundamental to adopt a transect
spacing of 0.1 m that gave the possibility of identifying the postholes of only 0.2-0.25 m
in diameter.

The enhanced complexity regarding the use of many geophysical methodologies
in urban context limits their use because of the presence of various sources of electrical
and electromagnetic noise and disturbance. However, despite greater difficulty in clearly
understanding the results, GPR often represents the only way of detecting the archeological
structures present in urban areas.

The feasibility of GPR is demonstrated by [16] for the identification of the archeological
remains, due to the presence of an ancient necropolis placed at the historic center of Lecce
(Italy). Despite the difficulties imputable to the presence of buildings, paved roads, and
tree areas, thanks to the use of archeological data and georeferenced GPR horizontal slices,
the authors highlighted the presence of buried and unknown archeological structures.

Another suggestive example concerning the use of GPR in urban contexts was de-
scribed by Piro et al. [17], who investigated the subsoil of the St. John Lateran Basilica’s
external areas in Rome (Italy), adopting the frequencies of 400 and 70 MHz for reaching
depths of up to 3.4 m and 6.7 m, respectively, and detecting structures belonging to the
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medieval and Roman ages. Also, Masini et al. [18] presented an urban prospection with
GPR investigations, supported by archeological data that have effectively contributed to
the identification of Inca structures under a few decimeters of subsoil in the main square of
Cusco (Peru). The achieved results highlight different stratigraphic layers in the center of
the city, demonstrating GPR’s capability in detecting fundamental archeological features
for the comprehension of the evolution of historic cities.

Capozzoli et al. [19] successfully used microwave tomography for better imaging of a
buried temple located near the fortification wall of the Greek city of Posedonia (Paestum,
Italy). The remains of a small Doric temple backing onto the ancient city’s walls were found,
also with the support of archeological data and magnetometric analyses, by collecting GPR
data according to a grid of parallel lines equally spaced 0.5 m apart in two perpendicular
directions, at frequencies of 200 and 600 MHz. The depth slices shown in Figure 4 highlight
the foundation system of the temple at different depths, including isolated reflections
presumably associable with the other nearest archeological features.

Depth= 1.05 [m]

Distance [m)
Distance [m]

10
Distance [m] Distance [m] Distance [m] Distance [m]

Figure 4. Paestum (Italy). Tomographic images reconstructing the Doric temple structure at a depth
ranging between 0.65 and 1.05 m. The high amplitude reflections are due to the foundation system of
the buried building (al,a2) and a possible altar (b) [19].

Zhao et al. [20] investigated the potentialities of GPR attribute analysis for detecting
and emphasizing features not easily visible on the usual amplitude data. Data were
acquired at the frequency of 250 MHz according to parallel lines at a mutual distance of
0.5-1 m. The authors tested the contributions of the attributes of energy and similarity for
detecting possible archeological structures at the archeological site of Aquileia (Italy), and
highlighted that the energy can emphasize low or irregular amplitude reflections identifying
the most reflective zones, while the similarity allows for the detection of coherently and
extended buried structures (Figure 5).

Amplitude — I -+
Energy — mom e +

Figure 5. Aquileia (Italy). Joint visualization of 3D GPR volume highlighting high amplitude vertical
variations and time slice (at 46 ns), characterized by lateral anomalies with high energy not identifiable
with the vertical sections [20], © 2017 Elsevier Ltd., permission obtained.
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Recently, Colombero et al. [21] used attribute analyses and 3D reconstruction for
supporting the identification of buried linear and localized archeological remains at the
archeological site of Augusta Bagiennorum (Bene Vagienna, Italy). GPR data were collected
at a frequency of 500 MHz and parallel profiles were acquired, depending on the site, at
the mutual distances of 0.3 m and 0.5 m. The authors exploited texture attribute analyses
based on the evaluation of the attribute’s uniformity, heterogeneity, and dissimilarity, which
were finally assembled in 3D data volumes and are represented in values referred to as
amplitude of reflection. The computed textural attributes revealed good imaging potential,
but only the dissimilarity attribute improved the quality of the obtained information.

3.1.2. Magnetometry (MAG)

Magnetometry investigates the Earth’s magnetic anomalies resulting from the mag-
netic properties of underlying rocks or buried artifacts. Anomalies are generated as a result
of the induced and remanent magnetism effects. The first effect is related to the intensity of
the magnetic field and magnetic susceptibility of the materials, whilst the second effect,
independent of the magnetic field, results principally from thermal and chemical processes
characterizing the object itself.

Today, the three most used types of technology for the realization of the magnetometers
are fluxgate, proton precession, and optical pumping and, depending on the sensor adopted,
the accuracy and speed of the measurements can vary. Measurements are carried out using
at least two sensors arranged for performing radiometric analyses that are able to emphasize
the response of possible archeological contrasts.

As in the case of the GPR measurements, MAG acquisitions are often carried out
using a regular grid, with parallel profiles acquired every 0.5 m or 1.0 m that allow for
the continuous recording of the data. In the resulting maps with the distribution of
the magnetic field, the recognized anomalies are imputable to the contrast between the
magnetic properties of the archeological features and the surrounding environment in
terms of magnetic susceptibility.

Depending on the geological context and on the prospection targets, magnetometry is
among the most used geophysical methodologies for supporting archeological research,
also thanks to very clearly interpretable results. This is the case of the survey of an Iron Age
enclosure [22], where the positive anomaly of the ditch was found, accompanied by a fringe
of negative data. Similarly, the large pit in the SW corner of the enclosure has a negative
halo, most prominently to the north. Under this aspect, the Stonehenge Hidden Landscapes
Project (SHLP) represented the successful application of the MAG method in the space
surrounding Stonehenge (United Kingdom). Magnetograms of regular and several more
irregularly shaped segmented and penannular ditches and pit circles, of various shapes
and sizes, are perfectly drawn (Figure 6) [23].

Boschi et al. [24] demonstrated the MAG ability of detecting the main archeological
buried structures present at the site of Classe (Italy), where an extensive area of approxi-
mately 80 ha was investigated. Different geophysical technologies were applied, but the
best results were achieved with the geomagnetic methodology, because of the presence
of clayey soils that limited the capability of the GPR. Using cesium and potassium vapor
magnetometers, parallel profiles equally spaced 0.5 m apart were acquired, providing
impressive information about the ancient city walls, the presence of a huge basilica, and a
port. Indeed, despite the problems due to the presence of clay soils and the depth of the
archeological structures (2 m), an extensive concentration of ancient buildings was detected,
providing new insights to the archeologists for the reconstruction of the ancient urban
landscape and understanding the original city planning, also in an urbanized context,
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characterized by different sources of magnetic noise, such as railway lines, roads, and
buildings placed at a short distance from the surveyed area.

5 10 15 20m

Figure 6. Stonehenge (UK). Magnetograms of eighteen monuments of probable third millennium BC
date, mapped within the Stonehenge Hidden Landscapes Project study area. [23] © John Wiley &
Sons, permission obtained.

Barta et al. [25] highlighted the possible contribution that MAG surveys can make
to archeological investigation in an urban context. Indeed, at Hradcany Square (Prague,
Czech Republic), magnetometric measurements supported ERT, GPR, and gravimetric
analyses for identifying the medieval trenches going across the square, and some linear
and circular anomalies were also detected.

Caldara et al. [26] successfully used the methodology in tandem with aerial observa-
tions for investigating the archeological site of Masseria Pantano, located near Foggia, Italy,
which has evidence of a long-term human presence dating back to the Neolithic period. An
area of 7.6 ha was investigated with parallel profiles equally spaced 0.5 m apart, employing
a cesium vapor magnetometer. Results have confirmed the presence of round-shaped
marks due to Neolithic ditches, a field system network, and traces of a Roman road and
linear and square cropmarks, probably related to the medieval age. Magnetic data have
also detected a strong anomaly up to the depth of 3 m below the layer initially considered
of interest for the corresponding archeological purposes, as demonstrated by archeological
trenches and boreholes of an accommodation work made by the Romans, supposedly a
drainage channel (Figure 7a).
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contour interval = 10 cm

105 RS\\}

Figure 7. Masseria Pantano site (Italy). The magnetometric results show the presence of different
anomalies imputable to medieval structure, also including a Roman channel characterized by a recti-
linear shape and a clear deflection at right angles (C). This structure belongs to the accommodation
works before the second half of the thirteenth century AD. Two trial excavations are indicated with
E1 and E2. [26] © John Wiley & Sons, permission obtained (a). Swift Water Place (Alaska, USA). The
integration of magnetometric results overlapped with the DEM of the area clearly highlights the
surface depressions hosting the hearth anomalies and four external pits surrounding House B [27],
CC BY-NC-ND 4.0 (b).

Fitton et al. [28] adopted magnetometry for identifying the putatively ephemeral re-
mains of mobile pastoralists at the Luxmanda site (Tanzania), the largest known settlement
documented for the Pastoral Neolithic era in eastern Africa. The authors highlight the
contribution of the methodology for recognizing the site’s spatial structure, providing
information about features (e.g., hearths, livestock pens) and patterns in the structure of
refuse deposits fundamental for the comprehension of the settlement dynamics.

The geophysical contrasts can be limited when the target of the investigation has the
same magnetic characteristics as its surrounding environment. However, as demonstrated
by Lasaponara et al. [29] at the archeological site of Nazca (Peru), magnetic measurements
can effectively detect small variations in the soil due to the presence of ceramic materials,
linked to tombs and ceremonial offerings.

The successful application of magnetometry is also emphasized by [30], who investi-
gated the Qocho City site in Turpan (China) to detect buried earthen archeological remains.
Thanks to the magnetic properties caused by the presence of iron oxides in the mudbrick
used for the buildings in the ancient city, the method was able to detect slight magnetic
variations (<2 nT) associable with the archeological structures.

The technological advances made in recent decades have allowed for the use of mag-
netometers with increasing sensitivity. Linford et al. [31] investigated the capability of the
cesium magnetometer system in comparison with fluxgate gradiometers to detect weak
magnetic anomalies typical of buried archeological features. Through on-field measure-
ments realized at three different sites located in the United Kingdom, the cesium vapor
measurements demonstrated a lower level of noise, especially in the presence of deeply
buried features overlain by alluvial deposits. Similar results are presented by [32], who
evaluated the performance of both the systems on several sites characterized by different
archeological structures (ovens, fireplaces, pools, ditches, and stone walls).
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As highlighted by [33], magnetic methods provide qualitative information that aids
in identifying the presence of archeological structures, but that is unable to accurately
reconstruct their real geometries, sizes, and depth. To extract complete 3D information
from magnetic data, an inversion strategy is required, and the authors chose to invert
vertical-gradient magnetic data, imposing some constraints. The approach was successfully
tested at the Unterstammbheim archeological site (Switzerland), where an early medieval
settlement is present, to recognize the 3D geometries of pit houses, an important form of
accommodation during medieval times, as well as ditches.

Argote et al. [34] performed 3D modeling of magnetic data at the archeological site of
Teteles de Ocotitla (Mexico) to identify the geometry and depth of buried remains such as
tombs, kilns, or walls. The 3D modeling strategy proposed by the authors based on the
inversion of the magnetic moments induced by the archeological objects was demonstrated
to be accurate for the reconstruction of the shape of heterogeneous underground bodies.
Cella and Fedi [35] reviewed the reliability of 3D imaging techniques of potential field data
aimed at providing an estimation of the magnetization distribution within the subsurface
induced by archeological remains, in order to characterize them in terms of size, shape, and
depth. They analyzed the contributions of 3D imaging methods for analyzing the magnetic
and electromagnetic data acquired at the Torre Galli archeological site (Italy). In particular,
the results were obtained using the enhanced horizontal derivative (EHD) technique and
the multiscale analysis of potential fields through the DEXP (depth from extreme points)
method. The first method allows for the location of areas where a strong lateral contrast of
magnetization occurs, while the DEXP method provides meaningful representations of the
source distribution related to archeological structures.

Furthermore, Urban et al. [27] adopted the methodology to investigate archeological
sites ranging from the terminal Pleistocene to historic periods located at high latitudes.
Figure 7b shows the results obtained at the site of Swift Water Place located in Alaska
(USA), where magnetometric measurements integrated with GPR and electromagnetic
induction data were performed to identify the locations of hearth anomalies, which were
found to be corresponding to the present house depressions.

3.1.3. Electrical Resistivity Methods

The electrical resistivity technique involves injecting an electrical current into the
ground using two metal probes and measuring the potential drops via the other two probes.
By analyzing the electrical behavior of the soil, it is possible to identify electrical anomalies
that may be associated with possible archeological structures. Although the resistivity
method has longer acquisition times compared to other methods, it is effective because it
provides easily interpretable results, is highly versatile in varying soil conditions, and is
ideal for detecting relatively deep structures.

Tsokas et al. [36] demonstrated the potential of the simplest setup of the resistivity
method by reconstructing the layout of the urban complex of Europos (Greece) using a twin
probe array (this kind of resistivity method is also known as the electrical resistance method).
The result was an impressive image of the subsoil in terms of apparent resistivity, which
allowed for the identification of both archeological structures and the different phases
of the settlement, characterized by two distinct building orientations (Figure 8a). The
data were collected by positioning the current electrode and the corresponding potential
one in a remote area (>30 times the spacing of the mobile ones) and moving the other
current and potential electrode from one measuring position to another. Using a similar
approach, Hargrave et al. [37] investigated the site of Fort Riley (Kansas, USA), accurately
locating, with high accuracy, the building locations of Army City. Gaffney et al. [38]
also performed resistivity measurements for the discovery of the theater of the ancient
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city of Sparta (Greece); in this case, the results are combined with the ones obtained by
the topographical survey.

Successful examples are also discussed by Cozzolino et al. [39-41], who used the
resistivity methods employing a four-electrode array split into two mobile (one for energiz-
ing and one for the potentiometric probes) devices for the measurement of a single layer
of resistivity values. Apparent resistivity data were processed using the 2D (3D in the
case of multiple configurations of the devices’ distances, leading to multiple depth maps
of raw data) probability-based electrical resistivity tomography inversion (PERTI) algo-
rithm [42]. The results, validated by excavations, identified resistive anomalies associable
with the presence of internal divisions with a radial development, such as the theater at
Agrigento (Italy) [39], roads and structures at Egnazia (Fasano, Brindisi, Italy) [40], and
the ground floor plan of Villa Medici di Pratolino (Vaglia, Firenze, Italy) [41], as shown in
Figures 8b and 9.

Electrical resistivity tomography (ERT), similar to other geophysical tomographies,
is an imaging method based on the inversion of a typically two-to-four-dimensional raw
dataset (in this case, apparent resistivity values) using a priori information, and the recon-
struction of the estimated distribution of a real model parameter (in this case, resistivity).
This technique is possible due to the collection of apparent resistivity distributions at
various depths, and the assumption that each measurement is influenced by the array
layout and the distribution of real resistivity around the nominal position of the raw data.
The general application of ERT surveys is now quite standard, thanks to instrumental
developments over the last decades, which have allowed for automatic and programmable
devices as a first step, followed by their more recent evolution of the ability to acquire
multiple measurements at a time.

A rich literature testifies a broad use of ERT for different applications in heterogeneous
archeological sites and varying geological settings. Masini et al. [43] used ERT for detecting
the archeological structures covered by alluvial deposits and the building materials at the
site of Kaifeng (China). In this context characterized by clay soils and a great thickness
of soil superimposed on the archeological levels, the electromagnetic methodologies do
not provide useful information. Conversely, the ERT technique permits the identification
of the stratigraphic succession of the site. Five layers characterized by distinct values of
resistivity, and presumably associable with the different phases of the site, were detected.
Furthermore, strong resistive anomalies are detected at a depth greater than 2.5 m, in
correspondence with a small structure characterized by rammed earth walls surrounded by
a fence. Vott et al. [44], with a multi-proxy approach, have tried to reconstruct the history
and evolution of Ostia’s river harbor (Italy). Electrical resistivity tomography surveys,
carried out by adopting a Wenner—Schlumberger electrode array and electrode spacings
of 0.75 m and 1 m, have contributed to identifying subsurface structures and the local
stratigraphy. Furthermore, the data have provided the information needed for planning
the vibracoring sites. The joint results have allowed for the identification of the originally
vaulted chambers and the opus reticulatum walls between them. The interpretation of ERT
patterns in terms of potential archeological features is often performed thanks to possible
data redundancy, which can come from the synergistic use of multi-method surveys and
the acquisition of parallel and crossing ERT lines, in which it is easier to detect and follow
spatially coherent signals (Figure 10) [45].
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Figure 8. Archeological site of Europos (Greece). Resistance map revealing ruins of foundations
at the Acropolis of the ancient city [36], © Elsevier B.V., permission obtained (a). Villa Medici di
Pratolino (Vaglie, Italy). The ground floor plan overlaid by the probability-based electrical resistivity
tomography [40], © John Wiley & Sons, permission obtained (b).
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Figure 9. Akragas (Agrigento, Italy). Modeled electrical resistivity map (left) and the possible
reconstruction of the ancient theater (right) [39].

The use of the resistivity methodology is particularly suitable when a strong electrical
resistivity contrast occurs between the buried object and the surrounding environment, as
in the case of tombs or tumuli placed in the soil. Leucci et al. [46] performed a 3D ERT to
investigate the archeological area of Occhiola (Sicily region, Italy) via the acquisition of
ten profiles with electrodes placed every meter, according to the dipole-dipole array. The
measurements, realized within the imposing ruins of the Santo Spirito Church, impressively
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detected the presence of an elongated resistive anomaly imputable to the presence of a
crypt. Orlando [47] presented the results obtained from the integration of GPR and ERT
for the detection and characterization of a chamber tomb placed at a Sabine necropolis
near Rome (Italy). The problem faced consists of the reduction in the ambiguity present
in ERT data inversion using direct observation and GPR data interpretation as constraints
of the data inversion. The author noted that there is an ambiguous solution when a void
(a resistive anomaly) is placed in a media consisting of two layers (the deeper layer more
resistive than the outcropping one). The use of a priori information obtained from GPR
data and the dipole-dipole array effectively reduces uncertainties and allows for a better
identification of the depth of the buried structure. An exemplary case of the imaging
sensitivity filled cavities is given by Compare et al. [48] in a dense (1 m 2D spacing)
dipole-dipole survey over a lawn, in correspondence with regular crop marks, where the
digs following geophysical characterization confirmed the presence of an ancient giacciara
(icebox) just where the extremely high resistive values were clustered (Figure 11).

T10

Figure 10. Babylon city (Iraq). Inverse models for selected lines from electrical resistivity tomography
to detect archeological walls of Babylonian houses near Ishtar temple. Arrows show subsurface
features, which are the brick walls [45], © John Wiley & Sons, permission obtained.
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Figure 11. Castle of Zena (Carpeneto Piacentino, Italy). Cropmarks in correspondence with the
giacciara (a), the giacciara or icebox found in correspondence with the rounded sequence of nuclei
in the probability tomography (b), and a sketch of the giacciara compared with the particularity of
the round sequence of nuclei extracted from the 3D image from a lateral and a top view (c) [48],
CCBY2.0.

Different arrays of data acquisition can be used, depending on the research target.
In [49], a 3D resistivity inversion algorithm [50] was used to invert synthetic data to re-
construct the subsurface resistivity distribution of two tombs represented by two resistive
bodies covered by the tumulus. The dipole-dipole (DD), pole-dipole forward and reverse
mode (PD: For and Rev), gradient (GRAD), midpoint-potential-referred (MPR), Schlum-
berger reciprocal (SCR), and pole—pole (PP) arrays were used for the simulations. The final
images exhibit a considerable amount of valuable information, reflecting the advantages
and disadvantages of each array. Generally, all tested arrays successfully identified the two
different resistivity layers below the tumulus and the increase in resistivity values between
the background area and the tumulus material.

However, the DD array is the preferred choice for detecting buried structures. A
primary advantage of the DD array is its ease of deployment in the field due to the short
wire lengths needed to connect the active and passive dipoles to the measuring ammeter
and voltmeter, respectively. Furthermore, it allows for fast data acquisition as it supports
multiple receiver channel measurements simultaneously. The DD layout is also more
sensitive to lateral resistivity contrasts than other conventional arrays. For this reason, it
can be particularly effective in archeological contexts where the goal is often to highlight
anthropogenic structures (walls, cisterns, tombs, and trenches, etc.) that cause strong
lateral resistivity contrasts at the boundary with the hosting subsoil. Nonetheless, it should
be noted that the dipole-dipole array is less sensitive in mapping horizontal structures.
Additionally, the main disadvantage of this array is the decrease in signal strength as the
distance between the potential dipole pair increases. However, in ERT prospecting for
archeology, both the typical small size and closed shape of the target bodies and the modest
depths involved largely minimize these drawbacks [51]. To reduce the resolution limits
characterizing ERTs, in most of the archeological fields, the distance between the electrodes
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does not exceed a meter. The data are acquired by positioning the electrodes along 2D lines
or according to unconventional schemes based on 3D acquisitions. As the collection of full
3D resistivity data is extremely time-consuming, the most common geophysical practice is
collecting dense, parallel 2D lines [52]. These 2D measurements can be interpreted with 2D
algorithms to perform the interpretation of the inverted sections into quasi-3D images or
full 3D inversion schemes.

Elwaseif et al. [53] evaluated the performance of the watershed algorithm to enhance
the capability of ERT in accurately reconstructing the geometry and distribution of archeo-
logical remains. The authors highlight the limitations associated with the regularization of
the solution based on the smoothness constraint method, noting that while this approach
accurately predicts the center of the targets, it is unable to reliably determine quantita-
tive information about discrete targets, such as their dimensions or depth of burial. The
use of the image processing technique based on edge detection effectively supports the
reconstruction of buried targets characterized by sharp resistivity contrasts, such as cavities
or tombs. Arato et al. [54] utilized GPR reflection and 3D inverted magnetic data as a
priori information to guide the 3D inversion of ERT data acquired at the Sabine Necropolis
at Colle del Forno (Rome, Italy). Indeed, magnetic data allowed for the detection of the
main anomalies present in the subsoil, while GPR data highlighted the tomb roof and the
presence of lateral niches. Twenty parallel resistivity profiles were acquired in two main
directions using the dipole-dipole array, with an electrode spacing of 0.5 m to carry out
the ERTs. The results of the 3D ERT inversion successfully characterized an unexplored
chamber tomb preceded by a corridor (dromos), as is typical in the investigated area. Pa-
padopoulos et al. [51] investigated the capabilities of ERT with electrodes placed according
to 3D schemes in investigating tumuli through the modeling and inversion of synthetic
apparent resistivity data, considering the topography of the structure. The best results were
achieved using the pole-dipole array and multiple-gradient array. The numerical tests
were positively validated with a 3D ERT performed at the archeological site of Vergina
(Greece), where thirty-eight parallel 2D lines were acquired with the pole-dipole array to
investigate the tumulus’ subsurface properties. Tsourlos et al. [49] evaluated the potential
of 3D ERT arrays for investigating tumuli. To select the best array, three different strategies
were analyzed, and a pole-dipole array was adopted for all the simulations. A tumulus
with a maximum diameter of 14 m and height of 5 m was considered, and a capsized cup
model was used for topographic correction. The tumulus was placed in the center of an
18 x 18 m area to simulate its terrain elevation, and the simulated data were then validated
with an in-field survey at the site of Elias-Spilaion (Greece), characterized by the presence
of a tumulus with an elevation exceeding 13 m and an average diameter of 56 m. The
combined use of radial and regular ERTs produced the best (i.e., netter) results, especially
for characterizing the deeper levels (Figure 12).
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Figure 12. Elias-Spilaion (Greece). Elevation model of the prospected tumulus (a), and ERT in-
version results of the tumulus area presented in the form of XY geoelectrical slices at different
elevations (b) [49], © 2013 Elsevier B.V., permission obtained.

Different applications deal with the study of historical/archeological sites. Akca
et al. [55] conducted 102 DD ERTs with the purpose of answering several questions about
the design of a large area near the episcopal site of Side, which dates back to the late an-
tique/early Byzantine times. The 3D geophysical models revealed clear traces of structures
characterized by relatively high resistivity, interpreted as buildings originating from the
Roman Imperial Period (Figure 13). Al Saadi et al. [56] realized quasi-three-dimensional
(3D) ERT measurements in an area of a presumed Roman construction, using a dense elec-
trode network of parallel and orthogonal profiles in a dipole—dipole configuration. The 3D
ERT inversion results clearly characterized the main structures of the Roman foundations,
imaging most parts of the walls (R1 in Figure 14), pits, and also smaller internal structures
of the Roman building (R2, R3). Moreover, excavation ditches that had been refilled prior
to the ERT survey are delineated as resistivity heterogeneities (C1, C2) as well.

Depth (m)
Resistivity (ohm.m)

Figure 13. Side (Antalya, Southern Turkey). The three-dimensional resistivity model of the survey
area at the episcopal district [55], © 2013 Elsevier B.V., permission obtained.
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Figure 14. Roman villa near Nonnweiler (Germany). Depth slices from 25 to 110 cm (a—f) [56], © John
Wiley & Sons, permission obtained.

Ullrich et al. [57] performed ERTs at two sites: Tell Jenderes (Syria) and Ain al-Hajar
(Morocco). At the first site, the results identified three distinct electro-layers. The more
resistive values correspond to the building structures of the Hellenistic-Roman settlement,
the intermediate resistive values are associated with a massive mud-brick wall, while
the low resistivity values are attributed to the presence of a mud-brick wall surrounding
the upper town settlement from the Bronze Age. The second site, a site of ancient metal
production, was investigated using a 3D complex resistivity model derived from Induced
Polarization (IP) measurements, which clearly defined the contrast between the slag deposit
and the bedrock.

Fischanger et al. [58] effectively utilized the development of 3D ERT data inversion to
investigate the Tutankhamun tomb (Luxor, Egypt) and detect resistivity anomalies associ-
ated with the burial chambers. An extensive survey was carried out adopting ERT lines
placed with linear or quasi-linear electrode spreads. The authors exploited the methodol-
ogy’s flexibility, making it particularly suitable for preliminary archeological investigations
in topographically complex areas. Given the difficulties, the authors paid great attention to
the data quality and presented an estimate of the reliability of the ERT in terms of sensitivity;
indeed, higher sensitivity corresponded to greater confidence in the final resistivity model.
Pazzi et al. [59] investigated the effects of electrodes” misplacements and topographical
errors by performing a geoelectrical survey at the Etruscan site of Poggio (Italy). The results
were analyzed using statistical analysis by employing a Monte Carlo simulation to evaluate
the influence of the GPS error on the geometric factor and, consequently, on the indirect
measurement of the apparent resistivity. The authors highlighted how GPS errors can
influence the apparent resistivity values, particularly in the shallowest layers, which often
represent the most important levels for archeological applications.

The versatility of ERT was advantageously exploited by Tsokas et al. [60] to enhance
the aqueduct system of the Eupalinian Tunnel through the deployment of surface-to-tunnel
electrical resistivity tomography. To improve resolution with depth, the authors placed the
electrodes both within the tunnel and on its surface. Measurements, performed using the
pole—dipole array with a mutual electrode distance of 5 m, demonstrated their usefulness
in detecting the presence of the tunnel at a depth ranging between 30 m and 45 m. The
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use of 3D ERT is promising and indicative of its high impact for archeological purposes.
Its applicability in urban areas is discussed by Bellanova et al. [61], who used a minimally
invasive approach to analyze the 3D electrical behavior of the subsoil in the city of Matera
(Italy). The results allowed for the detection of a subsurface cistern within the first 3 m
of subsoil, supporting the GPR data and reconstructing the stratigraphic succession. Ad-
ditionally, Rizzo et al. [62] employed 3D ERTs to detect the presence of unknown cellars
placed in the subsoil of the historic center of San Benedetto del Tronto (Italy). Cozzolino
et al. [63] carried out several ERTs in the urban area of Nicosia (Cyprus) to identify po-
tential archeological risk at Eleftheria Square and Solomon Square, discovering buried
archeological constructions from previous historic phases of the city, which supported the
shallower results obtained via the other geophysical methodologies (GPR and electromag-
netic induction). The contribution of non-conventional systems for ERT acquisition was
examined by Capozzoli et al. [64] in an unsaturated and subwater analogue archeological
site in a full-scale laboratory test. Using loop-loop shaped ERT, archeological remains
were detected, demonstrating the applicability of the method in urban scenarios where the
regular disposition of the electrodes is hindered by the constant presence of obstacles.

In a recent paper, Klanica et al. [65] introduced a method for the determination of the
volumetric information on architectonic buried ruins based on ERT data. Their analysis
is based on the architectural energetics concept, a methodology that translates architec-
tural objects into a quantitative time-labor equivalent, from which information about past
societies, labor organizations, or political relations can be inferred. Preliminarily to this,
the volume of the architectural structures must be determined, typically by in situ mea-
surements and the computing of volume by mathematical formulae or using UAV-based
photogrammetry. Within their work, they were able to apply the same characterization to
buried or semi-buried monuments without direct excavation (Figure 15).

Thanks to the recent development of geomatic reconstruction and 3D ERT inversion,
innovative applications have been possible for the study of very complex Cultural Her-
itage sites, such as unexcavated ancient settlements inside caves [66]. In Figure 16, the
effectiveness of these joint approaches in the lithological and subsequently archeological
sedimentological characterization of the investigated target can be appreciated [67].

3.1.4. Electromagnetic Induction Method (EMI)

The case history of the electromagnetic induction (EMI) methodology is somewhat
more limited than the GPR, MAG, and ERT methods for archeological purposes. However,
the potential of this method, particularly in contexts where other well-known methodolo-
gies face challenges, such as noisy environments or conductive soils, can be particularly
interesting. EMI is founded in Faraday’s law and the working principle involves the in-
troduction of an alternating magnetic field into the soil using a transmitter coil (primary
magnetic field). This magnetic field can induce an electrical field in the ground, which
in turn generates a secondary magnetic field recorded by the same transmitter or by a
second receiver coil. The intensity of the secondary magnetic field is directly related to
the apparent electrical conductivity of the soil. Variations in the magnitude and phase
of the field from the primary magnetic field are influenced by soil properties, the spac-
ing orientation of transmitter and receiver coils, and the working frequency (generally
variable from some decades of Hz to some decades of kHz). This prevalent (especially in
archeological prospection) family of electromagnetic geophysical methods is also known
as the Frequency Domain Electromagnetic (FDEM) technique, to distinguish it from the
Time Domain Electromagnetic (TDEM) or Transient Electromagnetic (TEM) techniques,
which are based on the application of a square-wave EM energization and the recording of
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the subsequent response. The latter is quite niche in Cultural Heritage studies, but a few
examples will be discussed at the end of this section.

| 1
100 200 300

Figure 15. Hillfort Krélovice (Czech Republic). 3D inversion results. (A) Entire 3D model showing
the distribution of resistivity. (B) Isolated resistivity structure of rampart without any thresholds.
(C) Resistivity structure of the ditch with a threshold of 126 (dm was applied. The white dots represent
the individual positions of the electrodes. The zero position of the profiles is to the west [65].

Thanks to the great sensitivity of the EMI methods to variations in soil humidity
content, they can effectively support archeological research by providing fundamental in-
formation for reconstructing paleo-environments and identifying shallow hydrogeological
structures, which are often of archeological interest.

Measurements can be taken by carrying the instrument in a normal position (horizon-
tally oriented planes of the loops, vertical dipole mode) and horizontal position (vertically
oriented planes of the loops, horizontal dipole mode). The relative influence of the material
at different depths to the secondary magnetic field is different for each mode: in vertical
mode, the material near the surface has very little influence, whereas in the horizontal
mode, it is at maximum. In the vertical mode, the contribution of material at a depth
of around 1.5 m (order of value for the most common configurations for shallow and
detailed prospections) is maximal, whereas for the horizontal mode, the response falls off
monotonically with increasing depth. By turning the instrument face-up (normal position)
and on its side, it is possible to determine whether the earth is layered or not.
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Figure 16. Arma Veirana cave (northern Italy). A perspective view from above showing different
resistivity range extractions from the 3D inverse resistivity model ((a) 30-150 Om; (b) 150-300 Om;
(c) 300440 Om; (d) 440-200 Om), along with the lithological interpretation of the resistivity
ranges [67], © John Wiley & Sons, permission obtained.

Despite the low resolution, Gugler and Gex [68] applied the method for investigating
a Celtic tumulus in the Canton of Fribourg (Switzerland), identifying a circular zone of
high conductivity presumably induced by a refilled ditch surrounding the tomb. The
authors highlighted the strong influence of the topography on the results and showed an
empirical method for correcting the topography-related conductivity. Furthermore, despite
the good results obtainable via the analyses of two-dimensional maps, able to show the
spatial distribution of conductivity anomalies, the authors emphasize the importance of the
profiles that can host archeological clues. In this case, the necessity of removing the shifts
occurring during the survey induced by electronic instabilities, as well as temperature and
soil moisture variations, is evident.

The great sensibility of the method for reconstructing past environments has been
exploited by various authors to identify the geomorphological processes and anthropogenic
soil changes that have influenced settlement dynamics. Conyers et al. [69] carried out
electromagnetic conductivity measurements to identify possible archeological sites in
meandering river floodplains in different sites located in the USA. The results show the
possible contribution of the methodology in supporting archeologists in areas where
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agricultural leveling and ploughing activities and the presence of thick layers of flood
sediments strongly reduce the capabilities of other geophysical methodologies. Simpson
et al. [70] used EMI for investigating 8 ha of soil with an EM38DD sensor equipped with
a differential GPS with a 2 x 2 m resolution at a medieval manor, which was a lost
dependency of the Benedictine St. Peters Abbey of Gent (Belgium) in the Dutch polders.
The site was buried by flooded sediments. They analyzed the complementary contributions
of both the apparent electrical conductivity (ECa) and magnetic susceptibility (MS) in
providing complementary information valuable for archeological prospection, concluding
that the nest results were obtained by measuring the ECa measured in vertical dipole
orientation and the MS in horizontal dipole orientation. The ECa map, able to delineate the
natural and artificial soil anomalies, showed the location of the moated site, including the
ditch system, whilst MS was only sensible to the archeological traces of the moated site.

Furthermore, as observed in [71], EMI, measuring apparent magnetic susceptibility, is
able to detect some anomalies due to magnetic susceptible materials such as magnetometric
gradiometers. The authors presented results from the simultaneous use of electromagnetic
induction and fluxgate gradiometer measurements to detect buried remains of a 17th-
century castle in Vinkem, Belgium. These findings confirmed the method’s capability for
detecting archeological structures, although the resolution was lower than that of magnetic
measurements alone. De Smedt et al. [72] acquired a 90 ha surface with a motorized multi-
receiver EMI device; the ECa maps showed a large variety of signs and patterns, both of
natural and anthropogenic origin. The fine resolution and continuous peculiarity of the
experimental dataset allowed them to trace the lateral extent of many continuous features,
such as a paleo-river system and the network of linear man-made ditch systems. By
modeling the EC of three non-overlapping soil layers, i.e., 0-0.5 m (Slice 1), 0.5-1.0 m (Slice
2), and >1.0 m (Slice 3) beneath the soil surface (Figure 17), the authors better recognized
and characterized some features, in particular their vertical extent.

Di Maio et al. [73] carried out an integrated geophysical survey at the site of Phaistos
(Greece) and EMI measurements have allowed for the identification of a marked contrast
between the physical properties of soils induced by the presence or not of anthropic
artifacts. Indeed, low conductivity values were detected where archeological structures
are present. These results also improved thanks to the high magnetic contrasts recorded
in the same area. On the contrary, relatively high conductivity values were measured
in a marshy environment, where no structures are expected. Tang et al. [74] showed the
potentialities of the method in the identification of small archeological structures in sandy
loess and sandy loam soil by deploying a multi-frequency EMI instrument at the two
Chinese archeological sites of Han Hangu Pass and Xishan Yang. Results permitted the
identification of EM anomalies at considerable depths greater than 3 m, associable with the
archeological structures (kilns and roads), as confirmed by the excavation activities.
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Figure 17. Koksijde (Belgium). Dualem ECa measurements from site 1 (A), with modeled EC for
topsoil (Slice 1) and substrate (Slice 3) soil volumes (B), and the modeled EC of the soil volume
between 0.5 and 1 m (Slice 2) below the sensor, with and without excavation results (C) [72] (ECa:
apparent electrical conductivity, EC: electrical conductivity, PRP: perpendicular geometry, and HCP:
horizontal co-planar geometry). © 2013 Elsevier B.V., permission obtained.

Deiana et al. [75] used EMI in tandem with ERT and aerial/satellite images for char-
acterizing the Late Bronze Age Terramara settlement of Fondo Paviani (Italy), providing
useful information about the stratigraphic/sedimentation relationships of the older river
systems. The FDEM data showed a resistivity pattern compatible with the presence of
the paleo-system visible from the satellite image and the integration with ERT, providing
the necessary information for reconstructing the lateral extension and total depth of the
buried geomorphological paleo-structures hosting the ancient settlement, surrounded by
ditches and palisades. Multi-frequency and multi-coil electromagnetic measurements were
used in [76] for detecting buried archeological features at the Nuraghe S'Urachi site (Italy)
placed inside the monument and its immediate surroundings. The authors exploited the
capability of FDEM measurements to map the subsoil conductivity at several depths over
a large area, improving the results of some ERTs performed to delineate the lateral and
vertical distribution of the electrical anomalies. The application of EMI was also necessary
due to the scarcity of contributions obtained from the previous surveys realized with GPR
and MAG, which were strongly influenced by the presence of volcanic stone material and
metallic waste, as well as collapsed material and garbage. Despite FDEM measurements
being ineffective for the analysis of the deeper buried structure of the Nuraghe, interesting
results were obtained when investigating the remains of the habitation area at the base of
the structure, as shown in Figure 18.
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Figure 18. Nuraghe S'Urachi, San Vero Milis (Italy). Apparent resistivity of the quadrature component
of the EM signal at the foot of the Nuraghe (a) frequency 16,725 Hz, (b) frequency 28,725Hz, and
(c) frequency 47,025 Hz collected in 2019 with GEM 2 in HCP configuration. The data show the
presence of an alternation of relatively more conductive and resistive soils imputable to the presence
of the ditch [76] CC BY 4.0.

Time Domain Electromagnetic (TDEM) prospection is rare in archeological prospec-
tion, but a few cases exist. A first, predominantly theoretical application was given by
Tabbagh and Dabas [77], who proposed the use of a new magnetic parameter—the mag-
netic viscosity—to allow for the distinction between anthropogenic and natural effects
(anthropogenic activity results in an increase in magnetic susceptibility) in the topsoil of
the ground. Given that this parameter can be measured by either time-domain instruments
(TDEM) or quadrature susceptibility in the frequency domain, they analyzed the scientific
literature, concluding that also in the time domain, a decay law is observed for the viscosity
response, which depends only on pulse duration for most of the soils. Furthermore, they
studied the processing and calibration steps to retrieve the magnetic viscosity in situ with a
TDEM apparatus.

Ranieri et al. [78,79] illustrated some archeological applications of TDEM measure-
ments, with a particular emphasis on the study of disturbances at the early-stage samples
(4 ps) of the decay curve, recorded by the instrument in response to shallow voids and
archeological structures (both with significantly greater electrical resistivity in comparison
to the surrounding soils).

Trogu et al. [80] studied a joint protocol for the detection of deep buried voids by
applying ERT, TDEM, and Very Low Frequency (VLF) methods. The VLF method is
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another geophysical technique based on the EM response of the investigated targets to
the EM waves generated at large distances by military stations all around the world at
selected wavelengths. By applying these three methods to the industrial site of Elmas
(Sardinia, Italy) with the partially known presence of the Karales Roman Aqueduct gallery
(80 x 120 cm section) at around 10 m depth in a high conductive environment (clays), they
studied the best parameters to collect and process the data. In Figure 19, some of their
results are presented. Further investigations with the very rare use of the VLF method in
CH studies are provided by [81,82] for two archeological sites in Turkey.
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Figure 19. Karales aqueduct (Italy). Comparison between TEM 1 sounding and ERT 9
Wenner- Schlumberger profile (a). Comparison between TEM 1 sounding and ERT 10 pole—dipole
profile (b). Resistivity contours in O m. (A) Aqueduct, (B) anomaly probably related to the con-
struction of the aqueduct or to the lateral effect of the nearby open pit [80], © John Wiley & Sons,
permission obtained.

3.1.5. Other Methods

In this sub-section, we present some very rare applications that surveyors run less
frequently compared to the previous cases, especially when encountering different kinds of
difficulties related to specific physical and logistic site conditions.

In essence, the family of seismic imaging methods is used to probe the elastic proper-
ties of the subsurface, primarily allowing their reconstruction in terms of wave velocities.
This group of techniques includes seismic refraction, seismic reflection, and passive seis-
mic methods, among others. To our knowledge, the seismic reflection method, despite
sharing many theoretical principles with GPR, has not been applied in archeology due to
strict constraints on horizontal and vertical resolutions, which are required to gain useful
information about the very shallow subsurface characteristics. Both horizontal and vertical
resolutions depend on signal frequency and velocity, which indeed control the wavelength
of the seismic signals (e.g., for a depth of 6 m and a seismic velocity of 800 m/s, vertical
resolution could be on the order of a few meters, with horizontal resolution typically
measuring more than double that (approximately equal to the product of vertical resolution
and the square root of the depth [83])). While some pioneering papers have explored the
use of very high-resolution signals in very shallow seismic reflection site investigations [84],
these have primarily focused on engineering applications, where there is a high elastic
impedance contrast between anomalies and the surrounding soil. Such methods have
limited applicability in archeology, being primarily restricted to characterizing the local
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geology beneath archeological sites [85] and searching for large-scale buried historical
infrastructure, as exemplified by the King Xerxes Canal in Greece [83,86].

Another seismic method, which is much more common in geology than in archeology,
is the Horizontal-to-Vertical Spectral Ratio (HVSR) method [87,88]. Belonging to the passive
seismic techniques, the HVSR is based on the spectral analysis of natural ambient seismic
noise consisting of wide-period, small-amplitude oscillations (<10~2 mm) of ground mate-
rials. The frequency of these vibrations ranges between <1 Hz and ~100 Hz and originates
from several different natural sources such as wind, oceanic waves, and meteorological
conditions (i.e., microseisms), and those of an anthropogenic origin, such as traffic and
industrial activities (i.e., microtremors [89-91]).

In the HVSR method, each discontinuity in the subsurface, characterized by a contrast
in elastic impedance (the product of velocity and density), can manifest as a frequency peak
in the H/V spectral curve. The amplitude of this peak is related to the magnitude of the
elastic impedance contrast, while the frequency of the peak provides information about the
depth of the discontinuity. Among these applications, we can mention Castellaro et al. [92],
who used the method together with GPR to investigate the shallow subsurface of a Roman
Amphitheater in the urban context of Catania (Italy). HVSR and GPR techniques were also
used by Bottari et al. [93] to locate an ancient Greek-Roman buried harbor (Tindari, NE
Sicily). Similarly, Wilken et al. [94] used HVSR to retrieve very shallow archeological infor-
mation on the location of buried houses made of bricks with a marked elastic impedance
contrast against the filling soil (Viking-age village, Fohr island, N. Germany).

Recently, Abu Zeid et al. [95] successfully applied the HVSR method both in single
station and 2D array modalities to detect and map the existence of paleo-surfaces of
the Bronze Age in the archeological site of Pilastri Terramare (Italy). As confirmed by
the archeological digs, paleo-surfaces are represented by thin layers of hardened clay
(Figure 20) that were not detected with GPR and ERT surveys; their spatial continuity was
imaged thanks to the use of an array of 4.5 Hz tri-axial geophones (noise antennas). In
Figure 20a, an example of a 2D vertical section is reported that shows HVSR amplitude
distribution as a function of frequency across the sensors’ horizontal distance. It is possible
to distinguish the following two frequency horizons (i.e., peaks): the 20 Hz continuous one
and the 75-85 Hz feature that clearly appears beneath the left side of the section. Previous
and purposedly conducted excavations (red rectangles) have proven the validity of the
method used. As noted previously, peak frequencies in the HVSR spectral curve can be
converted into approximate depths of elastic discontinuities, assuming the knowledge of
the shear wave velocity of the surface materials and a power law model to describe how
velocity increases with depth. The power law model is characterized by an exponent, which
can be determined locally for specific sites. In Figure 20b,c, we report a HVSR section along
a profile intersecting the southern boundary of the Terramara habitat. The sections show,
respectively, the distribution of the H/V amplitude values as a function of frequency and
depth. This latter representation (i.e., with depth) was considered more easily interpretable
by archeologists. Two significant features, labeled A and B in Figure 20b,c, were identified.
Event A was attributed to the natural level of the site, which corresponds to the habitat
border. Event B was interpreted as a seismic discontinuity located at an approximately
1 m depth, representing the compacted paleo-surface (potentially the more recent living
level of this ancient site). Between these two events, H/V amplitudes were less than 1,
indicating the presence of sediments with a low shear wave velocity (Vs). Conversely, H/V
ratios greater than 2 suggested amplifications due to an elastic discontinuity characterized
by a significant contrast in elastic impedance. Such discontinuities might correspond to
archeological features like footfall levels or geological structures.
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Figure 20. (a) Pseudo-2D H/V amplitude ratio sections along the eastern border of the Pilastri
Terramara Bronze Age site, NE Italy. The sections, shown in orthographic projection, and the
interpolated H/V amplitudes as a function of space and frequency (see insert for the location). The
Y-axis is oriented from west to east. Sections are spaced 10 m. The red rectangles highlight the
elastic impedance contrast anomalies related to discontinuities produced by previous excavations
and their successive filling (C, D, and E). Trench C, re-opened in 2015, confirmed the presence of
archeological findings [95], © John Wiley & Sons, permission obtained. (b,c) HVSR section along
a profile intersecting the southern border of the Pilastri Terramara site, N. Italy. The H/V ratio is
represented as a function of frequency (b) and approximate depth (c). A and B indicate, respectively,
the most recent paleo-archeological surface (depth of nearly 1 m) and a lithostratigraphic contact
(depth of about 1.5 m).

Seismic refraction is a physical phenomenon that is quite often exploited in a very spe-
cific archeological context, the tumuli studies. There, thanks to the possibility of deploying
sensors all around the investigation targets, it is possible to reconstruct the seismic proper-
ties of the discretized medium with tomographic inversions of travel times or amplitude
attenuations acquired in transmission/transillumination setups to search for chambers or
other 3D bodies inside the tumulus. Tsoksas et al. [96] used the seismic refraction technique
to detect monumental tombs buried in three tumuli in Greece, analyzing and modeling
the experimental travel times with radial and circular deployments of geophones and
shots; differently from most recent applications, archeological evaluations and physical
simulations were performed on raw data without tomographic inversion, not directly
searching for the rooms but, instead, looking for delays in travel time caused by the varia-
tions in compaction of the natural soils during the realization of the chambers. Another
application of the refraction technique was also conducted, to an archeological problem
physically similar to tumuli, to image the Nuragic infrastructure of the “Cuccuru Nuraxi”
well in a small hill in the village of Settimo San Pietro (Italy) [97]; the circular layouts of the
geophones all around the well location, and the 3D paths of the seismic waves, allowed the
author to reconstruct the velocity in three horizontal sections of the hill. Forte and Pipan
(1998) produced a detailed 3D reconstruction and interpretation of artificial features and
small, localized discontinuities within a Bronze Age burial mound in northern Italy [98].
Their work also included a comparison with subsequent archeological excavations and
documentation. This was carried out by analyzing radial GPR profiles synergically with
refraction tomography acquired with a (double) circular layout of seismic sources and
receivers, together with an accurate 3D reconstruction of the tumulus shape. Polymenakos
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and Tweeton [99,100] also exploited the circular acquisition layout all around a burial
mound to reconstruct, in 3D, the P-wave velocity and attenuation tomographic images to
non-invasively assess the soil mass, or bulk, quality of a tumulus, and discriminate areas of
differing quality (and possibly lithology) that are of importance for the understanding of
the tumulus soil structure and engineering state (Figure 21).
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Figure 21. Kastas site in Amphipolis (northern Greece). Combined interpretation of P-wave velocity
and attenuation tomography. Horizontal map, based on field data from surveyed elevations from 84
to 90 m (a). Cross-section C-C” in the E-W direction (b). 3D surface map of the bedrock produced from
velocity tomography. The area of interpreted major soil quality is also shown (c) [100], © Elsevier,
permission obtained.

Another geophysical approach for the discovery and mapping of buried voids consists
of the collection and analysis of gravity data. In this method, the measurements of the
Earth’s gravitational field on a generic surface (typically the ground surface) are first
reduced and corrected to compensate for (typically bigger) site-dependent components
of the gravity acceleration. Then, they are spatially decomposed into a regional and a
local anomaly field (separation that is carried out parametrically based on the searched
targets to image) and, finally, they can be inverted to estimate the 3D distribution of
subsurface density contrast values. Golebiowski et al. [101] presented the gravimetric
study in the village of Wislica, which, between the fourteenth and sixteenth centuries,
was one of the administrative capitals of Poland, an important commercial center, and
one of the most important centers of salt trade in the country. The microgravimetric
study, jointly with GPR and ERT surveys, was performed on the hypothesis that the
underground chambers that previously existed in Wislica were dedicated to salt storing. In
particular, ERT and microgravity measurements, validated with boreholes, were applied
for the detection of chambers or their remains located at depths of up to about a dozen
meters. It is likely that two or three anomalies indicated the locations of remains of
medieval underground salt chambers. Even Rabbel et al. [102] proposed an integrated
(ERT, magnetic, GPR, and microgravity) geophysical prospection of an archeological site
for the discovery of a Byzantine Church in Iznik/Nicaea (Turkey). At the investigation
site, the soil appeared homogeneous, compacted, and was dried out from the hot climate.
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The magnetic results did not show any evidence of buried construction, whereas the GPR
ones provided clear evidence of a spatially coherent structure underneath. ERT and gravity
analyses, in correspondence with a small region inside the regular pattern reconstructed
by GPR (and interpreted jointly with the GPR sections), suggested a low-density zone at
about a 1 m depth that could be interpreted as a grave filled with loose sediment.

Some promising and very recent results are coming from the on-field spectrometric
mapping of gamma-ray emissions from investigated archeological sites [103-105]. Radia-
tion surveys look to measure subtle variations in the concentrations of naturally occurring
radioactivity present in potential targets and the surrounding soil, using portable modern
spectrometers. Of particular interest in the field of archeology is the historic use of im-
ported construction materials and the concentration of radioactivity in these materials [104].
Throughout history, construction materials have often been transported over significant
distances to a desired location or settlement. There are multiple mechanisms that can cause
measurable differences in the concentrations of radioactivity within targets, as summarized
in Figure 22.
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Figure 22. Mechanisms for the accumulation/depletion of naturally occurring radioactivity in buried
archeological and paleontological artifacts [104]. Creative Commons BY-NC-ND.

Extremely rarely, another non-invasive technology can be applied to the recognition
of shallow anomalous bodies buried in archeological sites. This is the case of muon
tomography, which is a particular technique based on the tomographic imaging of studied
volumes, localizing one or more receiving stations underground to record the cosmic muon
flux coming from the sky down to the deepest layers of the Earth [106,107]. The need
for a transparency/transmission functioning scheme implies very peculiar site conditions
for application; in the Etruscan necropolis known as Palazzone near Perugia, Italy, the
data were collected from galleries and underground rooms looking toward an upstanding
hill, and tomographies revealed the presence of unknown voids probably attributable to
tombs [106].

3.2. Other Geophysical Applications
3.2.1. Monumental Structure Geophysics

Geophysical surveys provide both qualitative information and quantitative data for
the adoption of the correct conservation activities and suitable restoration procedures
of monumental structures. The study of the physical state of historical structures and
building materials supports specific technical solutions through the definition of a complete
diagnostic framework for the state of inaccessible environments and the inspection of
structural elements. Historical churches, ancient amphitheaters, and colossal statues are the
main subjects of numerous studies. The surveys mainly include the inspection of structural
foundations and the discovery of previously underground structures, the identification
of the causes at the base of several kinds of geotechnical problems, the prevention of
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collapse and subsidence phenomena of the foundation soils, non-destructive analyses of
pillars, vaults, arches, and other structural elements, and even the mapping of the degraded
volumes of the construction materials. Some miniaturized applications have already been
presented in Part I, the micro-scale (manufacts) [1], section Micro-Geophysics, where we focus
on applications at a slightly larger scale without the need for instrumental miniaturization,
but still maintaining many of the technical difficulties of those surveys.

Tsourlos and Tsokas [108] performed a fully non-destructive ERT imaging survey to
assess the conditions of the south walls of the Acropolis of Athens. The investigation faced
several technical difficulties and required the design of special measuring arrangements and
software modifications. Climbers mounted the cable on the wall, and bentonite electrodes
substituted spike electrodes. ERTs were acquired in both ground-to-external-wall and
cross-wall configurations and allowed for the detection of some moisture paths that could
put the Acropolis wall at risk of damage. Angelis et al. [109] studied the moisture levels and
patterns of a sector of the wall structure at the Heptapyrgion fortress (Thessaloniki, Greece)
with ERT and GPR, and interpreted their results against synthetic datasets simulating
that condition.

The monumental walls of the Bastion of the Holy Cross in Cagliari (Italy) were investi-
gated with surface and borehole-to-wall seismic refraction tomography techniques [110].
The borehole-to-wall seismic tomographies were acquired in four sections of the Renais-
sance curtain wall, moving the energy source in the boreholes and fixing the geophones
on the wall vertical surface through adhesive strips at a relative distance of one meter,
applied by climber operators. The results clearly imaged several structural elements like
the preexisting medieval walls, the soft fillings typical of Renaissance defensive structures
against artillery fire, the external curtain, and the foundations of buildings. The same
bastion, in a different sector, has been studied with a quasi-vertical cross-wall seismic
tomography, providing evidence of a large volume with a low P-wave velocity, which was
interpreted as an ancient collapse of the wall thanks to historical sources [111] (Figure 23).
Beyond historical and archeological interests, the techniques proposed here provide direct
information on the elastic characteristics of the materials involved and therefore also useful
information for safeguarding, consolidating, and restoring, which is difficult to obtain in a
direct way with other non-invasive techniques.

! curtainlof santa chiara

shots | 0 5 10 15 20 25 35 40

0 s 1om e [m/ms]
e g’-\@ N ,\"f’ N \,'\03 v "vff? qu 'L"\b
(a) (b)

Figure 23. Bastion of the Holy Cross (Cagliari, Italy). Section of the investigated defensive wall with
the indication of the positions of shots (bottom and middle of the section) and geophones (top of the
section), and simplified rectilinear seismic rays paths in red (a), and seismic tomography along the
best fitting rays flat surface, with the indication of shots, geophones, and the low velocity volumes
interpreted as a sign of a previous collapse (b) [111], © IEEE, permission obtained.
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The Cathedral of Mallorca (Spain) was the subject of an integrated diagnostic study
based on Ground-Penetrating Radar investigations, electrical surveys, and passive seismic
surveys (Refraction Microtremor) [112]. The geophysical investigations discussed by the au-
thors were part of a deeper multi-disciplinary study aimed at identifying the structural and
experimental dynamic behavior of the ancient church. Electrical surveys were performed
through the capacitively coupled resistivity method. This diagnostic technique was utilized
to derive several two-dimensional images of the underground medium. The multi-method
approach allowed for the definition of a complex model of the ground, which represents
the fundamental base for the implementation of more advanced soil-structure numerical
models of the building for the structural dynamic analysis. The GPR surveys made the
detection of several shallow underground archeological structures and other superficial
buried features possible. Electrical tomographies and seismic data supported the geological
interpretations, specifically the complementary use of direct stratigraphic profiles, enabling
the constraining of the geophysical models and allowed for the obtainment of a detailed
model of the site.

The occurrence of potential archeological remains from the Roman age under the
paves of the Cathedral of Tarragona (Catalonia, Spain) was verified through integrated
geophysical surveys carried out by Casas et al. [113]. Both ERT and GPR prospections
were planned for the inspection of the subsurface volumes inside the church. The authors
performed 3D ERT acquisitions with a method based on the Maximum Yield Grid (MYG)
approach [114], which has been developed to reduce the number of current electrodes of the
acquisition grid during the active electrical surveys for the injection of the electrical current.
Different types of electrodes were utilized for the measurements: small steel electrodes for
the injection of the electrical current and foam Ag/AgCl electrodes for the measurements
of the electrical potential, utilized to perform electrocardiogram (ECG) clinical exams
and previously tested and analyzed by the same authors in other studies [114,115]. The
geophysical investigations revealed the presence of several buried structures and allowed
for the definition of the most promising sectors for selective excavations. Direct diggings
confirmed the archeological nature of the underground objects as the basement of the
Roman Temple that headed the Provincial Forum of the ancient Roman town of Tarraco,
the seat of the Concilium of Hispania Citerior Province.

Three-dimensional GPR and seismic investigations were carried out for a structural
restoration project of the Great Church of St. Sophia of Istanbul (Turkey) [116,117]. The
experimental campaign for diagnostic analysis of this monument, historically significant to
both Christian and Islamic cults, included geophysical surveys to map the geometry of the
foundations and identify the buried remains of earlier structures. The study delineated the
perimeter of a large cistern previously discovered through 2D GPR surveys conducted at
the site.

To explore the GPR performance in reconstructing useful information for the histori-
cal stratification of monuments, an experimental survey on the pavement of the nave of
the Romanic church of San Leonardo de Siete Fuentes in Santu Lussurgiu (Italy) was con-
ducted [118]. Joint analysis of B- and C-scans revealed significant patterns in the subsurface,
allowing for the identification of a primary church foundation based on signal characteris-
tics. Three-dimensional signal attribute analysis, horizon detection, and visualization were
used to define volumes with consistent signal behavior (Figure 24a—c), providing insights
into past events that have affected the shallow subsurface. Furthermore, to provide more
robust and insightful information, the GPR results were interpreted and analyzed in con-
junction with a thermal infrared survey and a historical-artistic analysis of the monument.
Based on the integrated geophysical and historical analysis of the monument, the ancient
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layout of the church was reconstructed, and other potential archeological features were
identified (Figure 24d).
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Figure 24. Church of San Leonardo de Siete Fuentes (Italy). 3D manual recognition of possible
archeological features by interpolating GPR horizons picked from transversal radargrams. Three-
dimensional visualization of the recognized horizon surface belonging to the envelope of anomalies
B and C, which appear fused inside a unique pattern (a,b); map with the depth from the floor
surface of the reconstructed volumes (larger depth values for deeper targets) (c); and archeological
interpretation based on stylistic, historic, and geophysical analyses (d) [118].

GPR surveys were also performed to improve the knowledge of the construction
techniques and building materials of the world-famous Amphitheater Flavium of Rome
(Italy), with the purpose of collecting information and data for assessing the seismic
vulnerability of the structure [119]. The GPR measurements were carried out on the floor
and on the walls of the so-called Passage of Commodus by using a set of radar antennas with
different central frequencies. Thanks to the surveys, the authors identified three equally
spaced GPR anomalies related to old utilities parallel to the passageway at a depth of about
1 m below the surface. The high-resolution GPR measurements allowed for the evaluation
of the thickness of the concrete covering the foundation and the localization of the edges
of buried structural elements. The results of the multi-scale GPR survey highlight the
usefulness of this method in providing concrete answers to numerous technical problems
and historical questions.

Argote-Espino et al. [120] presented a new 3D ERT methodology involving different
conventional electrodes for studying the archeological site of El Pahfiti (Mexico). Here,
two important structures were studied, the Main Pyramid and the Tecpan. The L-Corner
(LC), Equatorial (Eq), and Minimum Coupling (MC) were adopted for reconstructing the
electrical behavior of the subsoil. The first monument was investigated with 33 electrodes
placed around the structure, for the second one 44 electrodes surrounded the structure,
and other electrodes were placed within the structure for performing a traditional 3D ERT.
The results provided useful information at a depth not reachable with other geophysical
methodologies about the presence of archeological features, such as a collapsed tunnel and
temple foundations (Figure 25).
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Figure 25. El Pahiit site (Mexico). Three-dimensional ERT acquired inside the Tecpan in two different
views, South view, (a), and North view, (b). Resistive anomalies B and C can be associated with an
entrance of a cave and a consolidated tuff, while the conductive anomaly A is interpreted as a buried
room or a foundation structure [120], © Elsevier, permission obtained.

Chavez et al. [121] employed unconventional and non-invasive geoelectric arrays for
investigating two Maya Pyramids located at the archeological site of Chichen Itza (Mexico)
without disturbing the archeological context. Three-dimensional ERTs were carried out
by deploying non-intrusive flat-base copper electrodes placed around the base of the
temples, and some resistive anomalies, likely due to the presence of cavities, were detected
(Figure 26). A fundamental question is related to the sensitivity of the approach used for
the analyses (that are limited to the middle of the investigated area), which is maximum
near the edges. Indeed, the authors observed that the obtained information allows for a
good estimation of lateral distribution, but the vertical resolution was limited, as shown by
the synthetic models computed for the research.
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Figure 26. Chichen Itza (Mexico). 3D ERT performed around the base of the Pyramid El Castillo by
adopting flat non-invasive electrodes (A). The model (B) shows a conductive anomaly imputable
to the presence of a water-saturated zone and a resistive body due to a cavity partially filled with
water (C) [121] CC BY 4.0.
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Pazzi et al. [122] adopted an electric and electromagnetic geophysical approach for
the subsurface investigation of an urban anthropogenic mound in the English Cemetery of
Florence, Italy. To overcome the logistic issues linked to the presence of the monumental
cemetery and to the surrounding urban environment, the authors investigated the site with
a quite dense, eighty-two-VLF profile grid homogeneously distributed across the cemetery,
and five ERTs located in the few free-from-obstacles areas. The high resistive anomalies
observed in the VLF results were attributed to remnants of an ancient perimeter wall buried
along the southern side of the mound. While no apparent correlation was found between
the causes of tomb and ground movements for which the survey was carried out, the crack
pattern map supplemented the overall structural assessment, and the northern portion of
the remaining wall was classed with the highest hazard rate.

Microgravimetric studies inside monumental buildings are quite rare. Still, some
interesting results are present in the scientific literature. Their common element, which
differentiates them from many outdoor gravimetric surveys, is the necessity of a careful
and detailed topographic correction to compensate for the gravity (upward) attraction of
massive walls and elements toward the close stations where microgravity measurements are
gathered. Pasteka et al. [123] presented a collection of selected case studies on the discovery
of crypts and tombs under the pavements of historical buildings (mainly churches). It
is worth pointing out that, during data acquisition, it was very important to precisely
measure the position of measurement points and to avoid their close proximity to any
walls (not closer than 15-20 cm). In the processing stage, the lightening contribution of
walls and columns was estimated point by point using the forward modeling approach.
Padin et al. [124] studied the don church in Valencia, Spain, detecting a large negative
anomaly on the Bouguer map after all corrections and reductions. This microgravimetric
signature was compared with synthetic data to estimate the dimensions and position of
a known but unlocated crypt. Fais et al. [125] proposed the same workflow to study
tombs and other shallow and small cavities inside a paleo-Christian church and across its
closest surroundings.

As already introduced in Section 2, “Geophysical prospection of archeological sites”, the
muon tomography has scant applications, even in the study of monumental structures,
thanks to its trait of needing a transillumination setup with the target volumes located in-
between the sensor and the free environment. The first applications date back to the
early 1970s, with the search for hidden chambers in the Second Pyramid of Giza by
cosmic-ray absorption [126]. Recently, this family of techniques has been the object of
many studies on ancient buildings, mines of historical prominence, pyramids, and other
massive targets, with the possibility of installing the required equipment in appropriate
rooms [127-130]. Technological and economic constraints still limit this technique to a few,
mostly academic, implementations.

For inspecting large and massive historical objects, satellite techniques have recently
been proposed. For example, the Great Pyramid of Giza was recently studied using syn-
thetic aperture radar Doppler tomography, revealing possible internal void configurations
based on their influence on surface vibrations [131].

To conclude this sub-section, it is valuable to remember that monumental statues are
constantly exposed to atmospheric agents, chemical attacks, weathering phenomena, sea-
sonal environmental cycles, and thermal variations. Over time, all these factors determine
the alterations in the construction materials and can progressively reduce mechanical resis-
tance. In addition, both chemical and physical alteration phenomena can be responsible for
the opening of cracks, failures, and shallow defects. Such defects and degraded volumes
generally exhibit different physical properties and different responses at the acoustic, elec-
trical, or electromagnetic sources. Thus, the non-destructive techniques contribute to the
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identification of the anomalous sectors and volumes of the media. Famous statues of Moai
on Easter Island were studied by [132]. The authors described a wide and accurate study
performed with different geophysical methods and through geodetic surveying activities
to derive 3D high-resolution numerical models of the statues. The interdisciplinary study
proposed the integration of laser scanner surveys, geomechanical tests on rock samples,
seismic tomographies, and Ground-Penetrating Radar investigations. The combined use
of two imaging techniques allowed for the overcoming of some ambiguities related to the
argillification and unsaturated condition of rock. The joint interpretation of the geophysical
data removed this factor, providing a useful tool to plan possible conservation projects and
other specific interventions.

3.2.2. Submerged Archeological Areas

Numerous archeological sites include underwater and submerged areas. Both natural
phenomena (e.g., environmental climate changes, eustatic and isostatic sea level varia-
tions, subsidence, and geological and seismological effects) and human historical events
(shipwrecks, naval battles, and wars) are the main causes of the presence of underwater
archeological structures located along the coastlines, and artifacts and manmade objects
lost in submerged environments over the past centuries. Many outstanding archeolog-
ical discoveries were made in submerged areas [133-136]. In this context, underwater
archeological surveys have included a wide range of geophysical methods: acoustic meth-
ods and electrical resistivity techniques; magnetometry; and Ground-Penetrating Radar
investigations. In addition, several underwater systems, like Autonomous Underwater
Vehicles (AUVs) and Remotely Operated Vehicles (ROVs), have been widely utilized to
identify candidate archeological targets and to remotely explore the submerged seabed and
inaccessible landscapes.

Acoustic methods, which are commonly used to study submerged and buried media,
employ various technological systems based on the propagation of acoustic waves. These
methods are mainly utilized to define geometric features of the underground geological
units (seismic stratigraphic methods like 4D, 3D, and 2D seismic reflection techniques and
Sub-bottom profiler analyses), or are applied to map the seabed topography or identify ge-
ological outcrops and partially buried artificial bodies or shallow irregularities and sunken
wrecks (Side-scan sonar). In particular, the Side-scan sonar and the Sub-bottom profiler
are two types of equipment utilized to perform submarine and underwater explorations.
A Side-scan sonar is a tool effectively employed to map the topographic surface of the
seafloor. The system provides 3D surface images of the seabed through the processing
of backscattered acoustic signals. Conversely, a Sub-bottom profiler is a measurement
system based on the detection of 3D volumes of contrasts of acoustic impedance between
geological horizons with different elastic properties. In fact, while the Side-scan sonar tech-
nology works using only the first arrivals of backscattered acoustic waves, the Sub-bottom
profiler technology employs all the backscattered and reflected signals, acquiring the full
wave train, typically producing vertical sections of the investigated volumes. Sub-bottom
profiler systems generate acoustic signals through an internal transducer and collect the
reflected echoes coming from the buried mechanical interfaces between different geological
materials. The combined use of both types of equipment has allowed for the identification
of the geomorphological features of the seafloor and the definition of geological models of
the investigated volumes for shallow depths [137].

Several authors have accurately described the results of geophysical investigations
using acoustic methods to exactly locate the spatial position of historical shipwrecks [137].
In addition, to provide more detailed information for archeological interpretation, these
authors often propose an integrated approach using different prospecting methods. Both
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acoustic and magnetic methods were utilized to identify the spatial coordinates of the
sunken remains of two vessels partially buried within soft sediments in the area of the Gulf
of Naples (Italy) [138].

Other authors [139] faced the integration of archeological, geological, and geophysical
surveys to study the submerged structures of ancient harbors and to map the archeological
remains found along the coastline in southern Turkey. The authors employed seismic
surveys to identify the geological features that may have caused the subsidence phenomena
of the area of study over the past centuries.

The electrical resistivity tomography method is considered a suitable technical solu-
tion to explore submerged areas, especially in environmental systems with very shallow
water (shores, lagoons, and saltworks). The contribution of non-conventional systems to
ERT acquisition was examined by Capozzoli et al. [140] in an unsaturated and subwater
analog archeological site in a full-scale laboratory test. Using loop-loop shaped ERT, the
archeological remains were detected, and the applicability of the method in urban scenarios
where the regular disposition of the electrodes is not fully achievable for the constant
presence of obstacles is demonstrated.

In the case of submerged targets, the direct measurement of the electrical conductivity
of the water samples represents a piece of important information to improve the results
of the analyses and to constrain the inversion procedures of the experimental data of
apparent electrical resistivity. Numerous authors have proposed ERT surveys to explore
underwater archeological systems and to identify submerged and buried remains and struc-
tures [141-143]. ERT, gradiometric magnetic, and Ground-Penetrating Radar investigations
have been tested to reveal antiquities and buried archeological remains in different shallow
coastal environments by [143]. Specific technical solutions have been found to perform 3D
ERT measurements with a set of floating electrodes. This methodological approach was
utilized to provide a three-dimensional electrical model of the site and to better resolve the
sizes and shapes of the geophysical anomalies. The experimental results obtained from
the integrated geophysical surveys contributed to defining the superficial extension of the
archeological sites and demonstrated that non-invasive methods are an effective technical
solution for resolving underground anomalies, even in the presence of high-conductivity
shallow layers, such as the water table along the coastlines. In Figure 27, a few images
document this integrated geophysical approach to characterizing the experimental site,
featuring two pictures from the data collection phases (ERT data in the top-left corner and
GPR in the middle-left side). Additionally, some imaging results from the data processing
are illustrated, with screenshots from the electrical resistivity model of the investigated
volumes (top-right), the GPR amplitude maps (bottom-left), and the magnetic map over
the seashore (bottom-right). Mobile streamers dragged along the sea bottom below the sea
surface were utilized to perform archeological investigations at a submerged archeological
site in central Greece [142]. Three-dimensional ERT data were processed through a new
approach based on a fast technique that optimizes the calculation of the Jacobian matrix
values, allowing for the derivation of the inversion model with a significant reduction in
computer time and memory required to solve the least-squares optimization equation [144].

Magnetic prospection, quite often, has been utilized for underwater archeological
surveys. High-resolution magnetic gradiometric and bathymetric surveys were carried
out to identify the geometric distribution of candidate archeological targets and ancient
remains from both the Roman and pre-Roman periods at an offshore archeological site in
southern Italy [145]. The authors analyzed the pattern distribution of the anomalies of the
horizontal gradient magnitude derived from marine magnetic investigations and identified
alignments of magnetic sources, consistent with buried and submerged harbor structures.
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Figure 27. Eastern Mediterranean (Greece). Shallow offshore geophysical prospection of archeological
sites; on the left, an acquisition scheme of offshore ERT (a), onshore GPR survey (b), and GPR time-
slice in the same condition (c); on the right, an example of a retrieved 3D resistivity model under the
seabed (d), and a map of the magnetic anomalies in an onshore configuration (e). G1-G4 and M1-M4
indicate the GPR and magnetometric anomalies respectively detected by the two geophysical surveys
over the shore [143].

Data processing is a fundamental step for the identification of archeological features,
and the development of strategies to enhance GPR data is a key research area. Ludeno
et al. [146] exploited the microwave tomography approach for detecting and imaging
underwater objects by utilizing a spatially variable equivalent permittivity in the inverse
scattering model. The research, performed in laboratory conditions, demonstrated the use-
fulness of the adopted algorithm for retrieving the exact position and size of archeological
structures realized at a real scale, as depicted in Figure 28.
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Figure 28. Hydrogeosite Laboratory (research infrastructure of CNR-IMAA) (Italy). Tomographic
inversion of GPR data recorded along two different lines (S1 and S2) for the detection of archeological
targets artificially placed in the subsoil, adopted for the reconstruction of the permittivity of the
freshwater (tomographies (a) for both S1 and S2 profiles, the wet sand (b), and the equivalent one (c),
respectively). The tomographic images show the normalized intensity of the retrieved contrast. The
acquisitions were performed in the presence of a water column equal to 0.3 m (approximately) and
the white lines identify the bathymetry of the investigated site [146].

3.2.3. Approaches Aiding Risk Assessment and Management

The protection and conservation of cultural and architectural heritage are key global
challenges that require the collaboration of various disciplines. Additionally, the growing
demand for safety necessitates an evolution in the knowledge and assessment processes of
heritage structures under both natural and exceptional loads. This sub-section provides
an overview of the usefulness of contact and remotely operating geophysical techniques
in defining, preventing, and managing potential risk-related issues. In the context of risk
management, the focus is on vulnerability topics as a significant component of accurate
risk evaluation and assessment.

Over the past decades, numerous destructive earthquakes and extreme events world-
wide have caused extensive damage to historical buildings and Cultural Heritage sites.
Consequently, assessing vulnerability is crucial for urban disaster management. It has
been suggested that simple and low-cost early warning equipment should be designed,
implemented, and used to manage and prepare for disasters, particularly in sustainable
development efforts. Therefore, evaluating the vulnerability of historical buildings and
Cultural Heritage sites is vital. Historical buildings can be vulnerable to seismic activity due
to factors such as age, construction materials, and design. Common vulnerability factors
include a lack of seismic retrofitting, brittle materials, weak connections between different
parts, and foundational problems. To mitigate these vulnerabilities, seismic retrofitting can
be undertaken to strengthen the building and enhance its resilience to earthquakes. This
may involve reinforcing walls, upgrading connections between different parts of the build-
ing, or strengthening the foundations. Various sources of excitation generate vibrations in
the structural and non-structural components of structures [147,148]. These sources can be
classified based on their position either inside or outside the structure. Different classes
are associated with serviceability conditions, but severe performance issues can arise from
earthquakes or extreme wind events. Several studies in the literature [149,150] focus on
the effects of vibrations on buildings, and specific codes and guidelines establish limits for
vibration duration and exposure.
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Experimental measurements of historic buildings necessitate non-invasive investi-
gation methods to preserve the integrity of the monuments [151,152]. In this regard,
dynamic identification, coupled with appropriately tuned numerical models, is considered
a powerful and effective approach for investigating the health status of ancient buildings.
Geophysical techniques offer a non-invasive and cost-effective means to provide unbiased
information on the main frequencies and modal shape, which can be directly related to the
assessment of structural damage [153-159]. In this context, numerical modeling plays a cru-
cial role in assessing the seismic vulnerability of structures, especially historical buildings.
Through computer simulations, it is possible to predict a structure’s behavior under seismic
loads, evaluate the effectiveness of retrofitting strategies, and develop appropriate seismic
design standards. One key application of numerical modeling in seismic vulnerability
assessment is the development of finite element models. These models use mathemati-
cal equations to simulate the behavior of a structure under different seismic loads, such
as ground motions of varying intensity and direction. The results of these simulations
can identify the areas of the building most susceptible to damage or collapse during an
earthquake, and develop retrofitting strategies targeting those specific areas. Numerical
modeling also allows for conducting sensitivity analyses to evaluate the impact of various
design and retrofitting strategies on the behavior of a structure under seismic loads. This
information can be used to optimize retrofitting strategies and develop cost-effective so-
lutions for improving the seismic performance of historical buildings. Bartoli et al. [160]
report methodologies and numerical approaches evaluating the seismic risk of historic
masonry towers, discussing expeditious experimental techniques that can estimate the data
needed for subsequent structural analyses. This is particularly important in countries like
Italy [161,162], considering the high density of masonry historical buildings, which are
highly vulnerable and can be easily exposed to significant damage from earthquakes and
other extreme events.

In recent times, various satellite and remote sensing systems have been miniaturized
to create compact radar equipment suitable for performing non-contact measurements of
displacement time series for several kinds of terrestrial targets. Real and Synthetic Aperture
Radar (RAR and SAR, respectively) systems enable the acquisition of one-dimensional
and two-dimensional images of the displacements of multiple targets within the radar
scenario. Ground-based Radar Interferometry (GB-SAR or GB-RAR) systems implement
the interferometric technique to derive the displacements from the phase analysis of the
microwave signals. The electromagnetic signals return to the radar antenna after being
backscattered or reflected by natural and man-made elements or specific corner reflectors.
The phase difference between two signals received by the radar antenna allows for the
derivation of the target’s displacement, measured along the Line-of-Sight of the radar
sensor. In these radar systems, both the transmitter and receiver are located in the same
physical unit and consist of two polarized antennas that generate signals in different
frequency bands. The most utilized wavelengths of the microwave signals are usually
within the frequency range from 8 GHz to 18 GHz (X band and Ku band). These features
of the radar signals allow for the detection of vibrations with an accuracy of up to tens
of micrometers. The radar equipment transmits microwave pulses generated with the
Stepped-Frequency Continuous-Wave technique (SF-CW). The most diffuse systems allow
for a spatial resolution of 0.75 m along the radar scenario.

Terrestrial remote sensing surveys can provide crucial information to find effective
technical solutions for numerous environmental and engineering problems requiring the
displacement data of natural and artificial targets. Numerous opportunities from the ac-
quisition of synchronous time series of displacements related to several back-scatterers
have suggested the use of terrestrial radar systems to carry out experimental dynamic and
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static surveys of engineering structures. In the field of Cultural Heritage, experimental
vibration analyses have been widely utilized to identify the main dynamic properties of
historical and monumental structures. The vibration surveys provide fundamental data
to predict the effects of earthquakes on structures and to prevent structural damages by
identifying the anomalous mechanical behaviors of the buildings. The natural frequencies,
damping ratios, and experimental modal shapes of the structures are usually derived from
experimental tests based on the measurement of both random vibration (e.g., volcanic
microtremor, micro-seismic noise, atmospheric storms, oceanic wave motion, mechanical
vibrations induced by winds and vehicular traffic, etc.) and different known artificial input
sources (e.g., vibrodynes, dynamic shakers, and direct impact of heavy bodies) distributed
in well-identified structural elements of the buildings. Numerous studies have described
experimental vibration analyses carried out using terrestrial microwave systems. This
approach allows for the acquisition of synchronous time series of displacement from dif-
ferent positions of the monitored structures. The experimental dynamic behavior of tall
ancient structures (such as historical civic towers and ancient bell towers) was derived
using terrestrial radar interferometry data by several authors [163-171]. The radar surveys
were carried out by means of coherent radar systems installed on the ground surface
with a simple tripod to support the sensor unit. Generally, more radar stations should
be used to overcome possible ambiguities in the Power Radar Profiles and to compare
the displacement data measured from different perspective views of the sensor. The risk
and vulnerability mitigation of historical structures is fundamental for planning effective
conservation and preservation strategies of tangible Cultural Heritage. In this framework,
several studies have proposed the application of proximal radar sensing techniques to
study the dynamic response of ancient structures with different states of damage [164,172].
In fact, the structural health state significantly affects the dynamic properties of the build-
ings, modifying both the natural frequencies and modal shapes of the structures. The
dynamic behavior may provide quantitative data to evaluate the risk exposure of people
and technicians during the restoration works. Several studies are based on the integrated
use of different pieces of experimental equipment and methods (topographical surveys,
photogrammetric analyses, accelerometers, and triaxial velocity sensors, etc.) and numeri-
cal modeling techniques to derive the operational dynamic response of Cultural Heritage
structures [165,166,168,173]. In addition, although indoor radar surveys are conditioned
by different technical issues, several authors proposed the use of Ground-based Radar
Interferometry for the vibration monitoring of the internal surfaces of ancient structures
(internal sides of domes and vaults) [174,175]. In [175], Piroddi and Calcina integrated
non-destructive sensing methods to retrieve the experimental vibration properties of a
historical dome by means of environmental microtremor measurements. The approach
involved using both contact and remote sensors to acquire ambient vibration data. The
measurements were carried out with a high-sensitivity tri-axial seismometer and a coherent
RAR interferometer. Both seismic time series and microwave signals were processed to de-
rive the experimental vibration properties of the structure, mainly concerning the dynamic
behavior of the circular dome. Additionally, to evaluate the capabilities of the radar system
in the indoor configuration, a finite element model of the structure was built, and the
experimental results were compared to the numerical outputs, showing good agreement
between the experimental and numerical techniques. Some representative images are given
in Figure 29.
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Figure 29. Church of Beata Vergine Assunta in Guasila (Italy). Integrated vibration analysis for histor-
ical dome structures: aerial view (a), finite element model of the central body of the church with the
first modal deformation (b), contact measurements with a 3D-component tromometer (c), close-range
vibration measurements with a RAR interferometer (d), Standard Spectral Ratios (SSRs) diagram
for the evaluation of the dynamic amplification against a reference station of environmental noise
(e), and Power Spectral Density functions derived from the range bins 32, 33, and 35, selected from
a radar scenario corresponding to a specific interferometric acquisition station (f) [175], © Springer
Nature Switzerland AG, permission obtained.

Remote and proximal geophysical techniques are also effective in studying different
scenarios of instability, from urban or archeological settlements to site-specific subsoil
diagnostics. SAR systems allow operators to illuminate two-dimensional radar scenarios,
and are effective in performing continuous monitoring of surfaces and large-scale targets,
providing suitable solutions for a wide gamma of environmental, engineering, and archi-
tectural problems (e.g., slope deformations, dam inspection, quarry and mine monitoring,
detachments, and subsidence phenomena of structures, etc.) [176,177]. Historical towns
and archeological settlements are often affected by instability phenomena, like collapses of
ancient walls, deformation processes of rocky ridges and unstable cliffs and Acropolises,
subsidence phenomena associated with natural voids or artificial underground tunnels, and
past excavation activities. In this framework, Ground-based Synthetic Aperture Radar Inter-
ferometry (GBINSAR) has been successfully applied to support early-warning procedures
thanks to the real-time evaluation of the rate of deterioration and deformation processes,
which involve ancient structures and historical towns [178]. The monitoring systems usu-
ally consist of different tools and are based on a multi-methodological approach combining
complementary data collected through the integration of terrestrial laser scanners (TLSs)
and Spaceborne and Ground-based Radar Interferometry techniques [179]. The earliest
demonstration that GBInNSAR deformation rates can be effectively integrated with TLS
point clouds for the real-time structural monitoring of complex archeological monuments
and scenarios was achieved in the Roman Forum in Rome (Italy) [180]. The so-called 3D
interferometric radar point clouds provide an example of multi-sensor data fusion products
aiming to facilitate the spatial interpretation of the detected deformation, and thus make
GBInSAR monitoring outputs more intelligible to non-expert users (Figure 30).
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Figure 30. Domus Tiberiana and the surrounding monuments of the Roman Forum (Italy). Three-
dimensional interferometric radar point cloud showing cumulative LOS displacements measured
in the period 18 April-3 June 2009. The blue-violet colors in correspondence with the restoration
scaffoldings are an artifact due to the disturbance created by the metallic materials of the scaffoldings
themselves and the ongoing restoration activities [180], CC BY-NC-ND 3.0.

Since the above earliest experiments in Cultural Heritage, RAR and SAR technologies
have further developed, and nowadays, there is a clear understanding of the pros and cons
of the various techniques for the various Cultural Heritage applications. A comparative
analysis, also encompassing an outlook on commercial and operational applications, is
provided in [181].

Moscatelli et al. [182] characterized the anthropic layer of the Palatine Hill and Roman
Forum (Rome, Italy) by means of the joint use of boreholes and ERT, which have provided
detailed information about the geometry and thickness of the anthropic cover of the Palatine
hill and surrounding areas. Twenty-four ERTs were performed with forty-eight electrodes,
arranged according to the Wenner—Schlumberger array and placed at a constant spacing
ranging from 1 to 10 m. The results obtained and integrated with GPR prospecting (at the
frequency of 35 MHz) were addressed to assess the local seismic hazard and to define a
detailed map of the basal surface of the anthropic layer. Indeed, ERTs have allowed for the
identification of dominant masonry (p > 160 (dm) and dominant infill (60 < p < 160 (dm)
zones, which play a crucial role local seismic amplification. Technological advances in
geophysical equipment have recently enabled the use of multichannel systems with a large
number of electrodes, thus improving the achievable resolution. The depth of investigation
reachable by the ERT provides fundamental information for understanding the geological
context and evolution of ancient settlements. In this context, Capozzoli et al. [183] adopted
ERTs for identifying the presence of a landslide (Figure 31) at the archeological site of
Pietragalla (Potenza, Italy) responsible for the abandonment of the site. Shallow resistive
layers (>80 (dm, al in Figure 31b,c) were detected in proximity of the southern edge of
the line and the northern one (the Acropolis), and similar resistivity patterns were found
between 75 and 85 m in the ERT3, at the location of an old archeological dump of excavated
materials. In the deeper part of the ERT3, two relatively conductive zones were detected
(a2 and a3) where the electrical values were less than 20 and 80 (dm, respectively, which
were interpreted as evidence of the landslide characterizing the area.



Remote Sens. 2025, 17, 598

44 of 64

JAcropolis

N ACROPOLIS OUTER WALLS
0 ACROPOLIS WALL OLD ARCHAEOLOGICAL S

......... al . ... .1 o MARIE GATE

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140
DISTANCE [M]

BRLESSBZTEERY

Figure 31. Pietragalla (Italy). Location of the ERT lines (a); joint 3D visualization of the inverted
ERT1, ERT2, and ERT3 (b); and ERT3 (c). The lowest values of electrical resistivity have permitted the
supposition of the presence of a landslide under the Acropolis [183], © John Wiley & Sons, permission
obtained. Resistive patterns of potential cultural interests are identified as al, while some relatively
conductive volumes, a2 and a3, are interpreted in terms of potential stability issues of the site.

3.3. Proximal Sensing Geophysics and Geomatics for Archeological Prospection

Over time, low-altitude aerial photography and ground-based geomatic methods have
been largely used in archeological studies for a combination of different goals, which can
be divided into two branches: documentation through the survey and 3D modeling of
archeological sites, and, secondly, the knowledge, identification, and prediction of unknown
parts of archeological heritage.

The documentation of archeological sites is typically undertaken through active and
passive ground sensing (laser scanners and terrestrial photography) and passive close-
range sensing (aerial photography using unmanned devices such as balloons, drones, kites,
model aircrafts, blimps, and poles).

In the last decade, the use of these methods has permitted the expansion of the
scope of the geometric survey process, allowing for the production of high-resolution,
reality-based digital models. They greatly enhanced the quality of the conventional, bi-
dimensional, hand-made survey, which resulted in timesaving in document processing
and gaining knowledge for the archeologists. Nowadays, the extraordinary development
of camera sensors, the manufacturing of the lenses, and the more accurate algorithms for
the recognition of homologous points on images allow for the complete reconstruction of
the investigated object. Ground sensing is performed using image-based methods such as
terrestrial photogrammetry (passive method), range-based methods such as laser scanners
(active method), or an integration of both techniques.

Image-based data acquisition requires the acquisition of sets of photographs/images
using terrestrial cameras that collect at least two images framing the same scene with
an overlap of at least 60-80%. For archeological documentation, RGB (Red, Green, Blue)
cameras are the most frequently employed sensors, capturing images in visible wavelengths
(400-700 nm). The reconstruction of the point clouds can be obtained through digital
stereoscopy with planar photo triplets [184,185], spherical photogrammetry applied on
panoramic images [186], and dense image matching using frame images through Structure
from Motion (SfM) algorithms [187]. Nowadays, thanks to the development of very effective
algorithms and software, SfM is the most used algorithm in 3D modeling. The quality of the
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results can be linked to one or more factors, such as the type of sensor (camera and lenses),
calibration of the camera, data acquisition mode (parallel or convergent), characteristics
and complexity of the object, use of markers and ground control points (GCPs) measured
with topographic equipment (total stations, GPS), and direct measurements of known
points on the object and processing algorithms.

Range-based data acquisition is carried out by using terrestrial laser scanners that
mainly use two different principles for distance measurement between the sensor system
and its target. The first principle is based on the time-of-flight (TOF): a short laser pulse is
emitted toward the target and reflected back from its surface and a portion of the energy
then returns to the scanner’s detector, where the sending and arrival times are measured.
The second principle is based on the phase shift (PS), in which the distance is determined
by the phase difference between the sent and received waveforms. The accuracy of the
range data can be dependent on the scanner mechanism precision (mirror center offset or
rotation mechanism aberrations), properties of the scanned surface (roughness, reflectivity,
or color), environment conditions (ambient light, humidity, or temperature), and scanning
geometry (incidence angle on the surface or range differences) [188].

Even if image-based and range-based methods are based on different geometric
principles, their output is similar, i.e., point clouds. Based on completely different geometric
principles, the two techniques are mainly focused on short-range object modeling. Image-
based data acquisition provides good metric accuracy and true colored information on
the point cloud (i.e., the assignment of an RGB value to each scan coordinate) and is cost-
effective and time-efficient; range-based data allow for high accuracy (the reflectance image
has a very high resolution in grayscale), but the acquisition process is time-consuming. A
good balance between geometric resolution, costs, and time can be achieved by integrating
the two techniques, considering the specific necessities of each diagnostic study.

In [189], TOF laser scanning and image-based modeling were applied for a 3D analysis
of a “nuraghe”, a typical megalithic monument built only in Sardinia (Italy) during the
Bronze Age. The research highlighted interesting details in construction techniques in order
to perform volumetric reconstruction and map some structural issues of the monument,
like cracks or disruptions in the stones and masonry. The same technique was implemented
to create geometric models of the masonry and mosaic floors of the churches at Umm
ar-Rasas (Jordan), allowing for an in-depth analysis to understand the evolution of the
iconographic repertoire [190,191]. In refs. [192,193], the remaining ancient Byzantine city
walls of the archeological site of Aquileia in Friuli Venezia Giulia (Italy), and the medieval
walled enclosure surrounding the historic city center of Pontevedra (Spain), were docu-
mented. Three-dimensional data were used to create maps, orthophotos, and sections
providing information such as the investigation of architectural construction techniques
or construction phases. Karsent et al. [194] described the 3D modeling of Pinchango Alto
(Peru) based on a combination of image and range data with the aim of conducting spatial
archeological analyses at different scales. Several other authors reported similar appli-
cations [195-197], while in other cases, the two techniques were applied individually or
integrated with non-destructive diagnostic methods [198-200]. Regarding built Cultural
Heritage, many authors reported applications of indirect surveys to identify phenomena
of degradation triggered over time, such as the cracking of walls and columns, presence
of humidity, and the irregularity of the structure in plan and height [201-205]. Angelini
et al. [206] studied the route and characterization of a stretch of the ancient Via Salaria, an
ancient Roman consular road, which connected Rome with Porto d’Ascoli (Italy) on the
Adriatic Sea. Three-dimensional laser scanner and digital photogrammetric surveys of the
structures were carried out and supplemented with a campaign of radar surveys. Figure 32
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shows an aerial view of the high-resolution point cloud of the Via Salaria, assessing the
capability of these techniques.

Figure 32. Via Salaria (Cittaducale, Italy). High-resolution point cloud of road (about 30 m long by
5 m wide) [206], © Springer Nature Switzerland AG, permission obtained.

Close-range aerial photography using platforms operating at low altitude is dated to
the late nineteenth and early twentieth centuries [207]. A comprehensive overview has
been published by Verhoeven [208], while in [209], a summary of the available platforms,
along with their main merits and disadvantages, is proposed. However, masts, poles,
booms, towers, kites, balloons, and blimps seem to have been less intensively used in recent
years [210-216]. In [191], a stereoscopic photogrammetry hardware with three cameras was
adapted to fly on a helium balloon at a 50 m altitude. Each image could simultaneously
capture coordinate points over an area of 3000 m?. This system was used in different
archeological sites in Jordan: at the Shawbak Crusader castle (Figure 33) to map the visible
area and to study the geomorphology of the terrain within the walls, and at Petra on the
Palace Tomb, to draw the architectural facade and investigate the pathologies of the surface
deterioration (Figure 34).

Recently, the development of UAVs has shown considerable progress in the field of
aerial photography for documenting archeological excavations [197,209,217-220], three-
dimensional surveys of monuments and historic buildings [221-225], and the survey of
archeological sites and landscapes [226-229]. In addition, different researchers report the
integration of terrestrial laser scanning and terrestrial and unmanned aerial vehicle digital
photogrammetry for different purposes [194,230-237].

The knowledge, identification, and prediction of unknown parts of tangible heritage,
especially archeological built heritage, can be acquired through techniques of active and
passive close-range sensing and geophysical prospections. They can give visibility to buried
archeological heritage, in some cases providing high-resolution drawings of it, even at
different depths, which facilitate an overall interpretation of the site. In recent years, these
applications have grown impressively in terms of instrumentation, information handling,
representation strategies, as well as processing and combined systems. They require min-
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imal intrusive effort (they allow fast prospecting and mapping at multiple scales, rapid
analysis, and the dynamic monitoring of archeological sites and their surrounding environ-
ments investigating the presence of crop marks (differential growth of vegetation due to
moisture content), parch marks (sharp chromatic contrast due to the lack of humidity), and
shadow marks (unevenness of the ground) [238].

@) (b)

Figure 33. Shawbak castle (Jordan). Orthophoto overlaid with contour lines generated by the
numerical model (a) and DEM overlaid with contour lines (b) [191].

(a)

Figure 34. Palace Tomb (Jordan). Numerical model (a), DEM with a chromatic scale ranging between
blue (deep layers) and dark red (shallow layers) (b), and degradation map (c) [191].

In a recent comprehensive literature review [239], the technological developments in
UAVs and in lightweight sensors operating with visible (VIS), near-infrared (NIR), thermal-
infrared (TIR), multi-spectral (MS), and hyperspectral (HS) cameras and laser and radar
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sensors are analyzed. Specific applications in archeological sites across the world, with
primary clusters of activity in Europe and North America, mainly deal with prospection
studies, with the interpretation of visible spectrum orthophotos and digital surface models
(DSMs) considering the contrast between the buried remains and the surrounding matrix.
Products are mainly realized using SfM and multiple-view-stereo (MVS) techniques, typi-
cally by using shape reconstruction and GIS software platforms. The data are commonly
analyzed toward the manual identification of traces. Several studies report the use of the
Principal Component Analysis (PCA) [240-242], the normalized difference vegetation index
(NDVI) [240-259] or, in a few cases, multiple soil indices [240,246,253,256,258,259]. Regard-
ing the utilization of sensors, RGB cameras are often combined with other sensors and, in
general, studies report the implementation of multiple devices [240-245,251,256,258-266].

Thermographic imaging is frequently exploited in archeological surveys [267-273].
Piga et al. [273] studied a Punic site in Sardinia (Italy) with ground-based GPR and aerial
thermography, installing a thermal camera suspended under an aerostatic balloon. By
acquiring the thermal infrared data in a time-lapse fashion during the initial hours after the
sunset (for a total of about 2 h and 40 min), and with a rate of acquisition of one image per
minute, they were able to compensate the balloon and sensor oscillations (due to winds at
50 m height) allowing for the recording of a significantly larger area than the fixed sensor
geometry, with a sufficient thermal data (per pixel) repetition (across time) to produce
derivative thermal maps summarizing the cooling behavior of the exposed surfaced. The
ntercept temperature and night thermal G=gradient are shown in Figure 35.

[K]

Figure 35. Punic site of Villamar (Italy). The thermal map of apparent intercept temperature (in
Kelvin) (a), and the night thermal gradient (NTG) index (in Kelvin/minute, negative values), resulting
from the merging of many thermograms and processing temperature over time, (b) [273].

In [274], a method for the collection and processing of high-resolution thermal imagery
using an UAV is presented. The results, tested at the Chaco-period Blue ] community in
northwestern New Mexico, allowed for the ready mapping of most habitation sites, reveal-
ing previously undocumented architectural features. Barazzetti et al. [275] implemented
new algorithms for registering thermal images with the geometrical survey from RGB data.
The georeferenced images (thermal orthophotos) were then used to inspect the ground and
discover buried features.

Single applications rely on the use of active NIR [276,277], IR [254,278], and LiDAR
sensors [279-282]. The latter ones are emerging given their capability to penetrate the
foliage, directly measuring the effects that buried remains have on the topography.

Regarding aerial GPR, only a few recent studies have reported GPR experiments,
while other electromagnetic sensors and magnetometers have been used fewer times
as systems on-board a UAV for archeological and Cultural Heritage applications [283].
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In [284], several GPR aspects such as speed, cost, security, and ability to detect both
metallic and dielectric targets were improved. In particular, the problem of generation of
a high-resolution radar image by using Synthetic Aperture Radar (SAR) algorithms and
the detection of small objects was discussed. In [285], the overall radar imaging system
in terms of device hardware and data processing was described, and a measurement
campaign demonstrated the ability to provide focused images in controlled conditions.
Reference [286] demonstrated that an antenna with a central frequency of 80 MHz could
have been effectively used to detect many relevant archeological features in the Roman
forum of Cambodunum (Germany). Testing the efficiency of passive sensors on UAVs
opens up new branches of research aimed at optimizing acquisition time compared to
geophysical applications, and the resolution of the results in comparison to remote sensing
outputs [283]. Accomando and Florio [287] implemented a magnetic vertical gradiometer
UAV system in an archeological area of Metaponto (Southern Italy). To reduce the magnetic
and electromagnetic noise caused by the aircraft, the magnetometer was suspended 3 m
below the drone using ropes. This noise was then eliminated with a low-pass filter, and
the resulting drone-borne vertical gradient data compared with ground-based magnetic
measurements was collected in the same area and taken as a control dataset (Figure 36).
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Figure 36. Archeological site of Metaponto (Italy). Aerial image of the Hera temple with the yellow
and red box indicating, respectively, the areas covered by ground-based and UAV magnetic datasets.
The dotted circle highlights an outcropping calcarenite structure forming a relic at the base of the
eastern temple side. The blue line encloses an area corresponding to a subtle change in vegetation
(a) and side-by-side comparison of the vertical gradient maps obtained from drone-borne (on the left)
and ground-based (on the right) datasets (b) [287].

4. Discussion

At the meso-scale, the analyzed non-invasive imaging applications for heritage sites
were primarily based on geophysical methods or other techniques/specializations often
acting as support, and occasionally taking a primary role, which falls outside our overview.

The first mature application of geophysical methods to Cultural Heritage studies
consists of the survey of archeological sites for inferring a probable distribution of buried
archeological features in terms of tridimensional (typically, but not exclusively architec-
tonic) bodies or even stratification of cultural layers, signs of anthropic uses and natural
events that occurred at specific sites. A variety of contexts and diagnostic goals have been
presented in Section 3.1 to exemplify the effectiveness of individual geophysical techniques
in real-world case studies. It is important to emphasize that a single technical method
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is rarely, if ever, the best choice for geophysical diagnostics in archeological prospection.
Given the non-unique nature of the results from reconstruction problems, which are gen-
erally ill posed and implicitly probabilistic, synergistic and multi-method investigations
are often the preferred experimental approach to obtain more robust technical information
about the distribution of underground physical properties. It is also crucial to underline
the significant role that researchers/practitioners play in all stages, from the design and
meta-design of the diagnostic goals to the choice of the technological and methodological
tools for the acquisition, processing, and interpretation steps. In a modern approach to the
knowledge building process, this is possible thanks to multi- and cross-disciplinary cultural
instruments, including methods and competencies from a wide variety of specializations
involved in the discovery, characterization, and management of Cultural Heritage goods
and sites.

Non-invasive and non-destructive applications of geophysical methods can be highly
effective in studying CH meso-scale assets, as evidenced by the case studies shown in
the sub-sections related to the investigation of monumental structures, submerged arche-
ological sites, and the risk assessment and management of precious structures/sites. In
such contexts, the examples proposed clearly highlight the flexibility and reliability of non-
invasive techniques across many challenging study problems, provided they are (at least
due to their novelty) appropriately designed and managed to construct crucial information
for CH managers, decision-makers, and the preservation of institutions.

Among the successful strategies of utilizing multiple non-invasive methods to study
meso-scale precious elements and sites, a recent trend involves integrating modern geomat-
ics, geophysics, and robotics technologies to produce digital documentation with varying
levels of integration, up to more or less detailed digital twins [288-292]. Since the Malta
Convention [293], excavations have not been recommended, but the rapid development
of non-invasive methods makes it possible to attempt to study/solve research problems
about the past without interfering with strata systems. This concept is generally applicable
to many contexts described in the text, including sites where a large excavation campaign
could be too expensive or too slow for cultural exploitation, sites with multiple cultural
layers where excavations imply the destruction or relocation of the shallowest ones, or
sites with difficult accessibility, such as submerged sites or areas behind building elements
of precious monuments. The joint historical /diagnostic documentation of delicate and
valuable CH sites is now possible in relatively short terms through explorable and/or
hypertextual virtual digital models [66,294-297].

It is useful to underline that the process of information building is an expression of the
mutual interaction among various complementary and often overlapping disciplines and
specializations. The present overview is primarily intended to document some potentialities
that have emerged from the application of a subset of possible investigation techniques, as
evidenced by the literature. This three-paper project is expected to contribute to the general
debates related to the characterization of precious assets. Clear limitations in expecting a
unique and objective answer from the acquisition of diagnostic data are implicit in their
application. In fact, they are generally based on an iterative process of information building,
effective only through a multi-/trans-disciplinary approach that considers probabilistic
scenarios in all stages of processing and interpretation to constrain and lead to the most
probable and best-fitting solution. This process is subject to the cultural profiles of the
researchers involved and the natural evolution of the critical disciplinary debate.

Even if not primarily oriented to reconstruct a best-practice manual in the sense of a
generalization of the presented investigation protocols, for which many text books exist
and are suggested for a quick but rigorous introduction [2-4,298-301], the overview within
Section 3 of case studies, both supported by images and not, can be a valuable contribution
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to addressing many inhomogeneous but important issues faced by researchers studying
meso-scale Cultural Heritage sites.

5. Conclusions

At the meso-scale, the analyzed prospecting applications for heritage sites were mostly
based on geophysical methods, with other techniques and specializations mainly acting
as support, though sometimes taking a primary role. The first type of targets investigated
in the literature are archeological sites, both from the temporal and quantitative points of
view. Archeological sites are not the original focus of applied geophysics, which initially
targeted mineral exploration and later environmental fields, but they share many practical
problems and solutions related to basic on-field activities and processing. The majority of
the scientific and technical literature for the non-invasive and non-destructive investigation
of Cultural Heritage at the intermediate scale focuses on the geophysical prospection of
archeological sites, primarily aimed at discovering buried structures. Another important
application, briefly introduced in this review for coherence, is the documentation of excava-
tions or the preexisting surface and over-surface conditions, where geomatic techniques
are predominant.

Other non-invasive investigations are gaining relevance in the study of Cultural
Heritage sites. We have grouped them into a common section entitled “Other geophysical
applications”, which includes at least three classes based on our literature review: the study
of monumental structures, the study of submerged archeological areas, and various aspects
where non-invasive techniques are particularly effective in managing Cultural Heritage
assets and sites exposed to natural and artificial risks. These applications of geophysical
techniques began as niche areas and are now rapidly developing specific approaches and
tools with notable innovation.

Finally, we have identified a third major group of non-invasive approaches to heritage
sites, involving proximal sensing applications of geophysical or geomatic techniques. This
section of the manuscript introduces supporting techniques for collecting surface informa-
tion, as well as innovative installations of geophysical instruments on drones and balloons
for studying underground archeological structures in difficult and inaccessible areas. These
futuristic applications and the growing role of positioning and automation techniques
in archeological prospections pave the way for precise and cost-effective investigations,
where the expected industrialization of processes will allow for the quick, delicate, and
cost-effective inspection of large, inaccessible, or delicate targets.

Compared to the first review, which was dedicated to the small scale (manufacts) [1], at
the meso-scale, the study of sites has encouraged and driven research toward more efficient
and cost-effective solutions, while specific topics of distinction and in-depth analyses
remain present across the three groups of non-invasive and non-destructive applications
that we have identified. This trend is likely to continue at the macro-scale (landscapes), the
topic of the next review. For meso-scale applications, as with micro-scale applications, it is
important to emphasize the probabilistic nature of most modern diagnostic approaches.
In this context, convergence toward a probable or possible solution scenario is primarily
achieved through joint protocols, involving the synthesis of contributions from different
disciplines and methods.
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