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A B S T R A C T   

San Pietro Infine (Caserta, southern Italy) is an archaeological area of significant historical interest as it is in the 
vicinity of the Roman site of Ad Flexum. Based on historical sources, the site would correspond to the junction of 
a road axis that, during the Roman colonization (3rd century BCE), was crossed by the Via Latina. At the 
intersection of these two roads, which coexisted for a time, a post station was built, most likely later replaced by 
an early medieval village near the religious building of S. Pietro, of which only the apse portion is preserved. 
However, the archaeological evidence is too scarce to allow a reliable historical reconstruction of the site and to 
direct any excavation work. In this paper, we present the integration of LiDAR and geophysical surveys with the 
aim of advancing the archaeological interpretation of the San Pietro Infine site over the-state-of-the-art while 
providing a cutting-edge example in archaeological investigation. In particular, LiDAR data analysis was 
addressed to recognize and characterize topographic micro-reliefs presumably correlated to buried archaeo
logical structures, while subsurface geophysical prospecting, consisting of magnetic and electromagnetic surveys, 
was aimed at defining their possible location and extent in depth, due to the expected contrasts in the magnetic 
and electric properties between the targets (e.g., limestone materials, paving roads) and the host geological 
setting (mainly marshy deposits). The integrated study allowed us to identify a structure whose characteristics (i. 
e., location, shape and nature) could well match the hypothesized Ad Flexum junction. In addition, LiDAR micro- 
reliefs and geophysical anomalies individuate structures that, by location and extent, suggest the presence of a 
village developed around the religious building of San Pietro.   

1. Introduction 

Santa Maria del Piano (Fig. 1a), located south-west of the modern 
village of San Pietro Infine (Caserta, southern Italy), is an area of rele
vant archaeological interest because it includes the Roman site of Ad 
Flexum (Fig. 1b), whose location has long been a subject of debate 
(Mommsen, 1883; Carettoni, 1940). However, it was not until the 1980s 
that the correct setting of the site could be defined, thanks to some 

archaeological traces found following the widening of a gravel road and 
the excavation of a segment of the Venafro-Rocca D’Evandro railway 
line (Fig. 1a). The importance of the area is proved since pre-roman 
times because it was the junction of a road axis controlled by the forti
fied settlements of Sant’Eustachio and Colle Marena-Falascosa at the 
foothills of Mt. Sambucaro (Fig. 1a; Zambardi, 2007a, b). During the 
Roman colonization occurring in the 3rd century BCE, the pre-existing 
road axis was crossed by the Via Latina (Fig. 1b), as demonstrated by 
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Fig. 1. a) Location of San Pietro Infine (Caserta, southern Italy). b) Framing of the Ad Flexum site (from Zambardi, 2007b, modified) on the topographic map 
extracted from the IGMI (Italian Military Geographic Institute) base cartography at scale 1:25000 - sheet 161 – III-N.O. Venafro. The red rectangle indicates the 
geophysical survey area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the paving stones found near Santa Maria del Piano (Zambardi, 2007b). 
In the area characterized by the intersection of these two roads, which 
coexisted for a time, a mansio (post station) was built, most likely later 
replaced by a pagus (village). The toponym Ad Flexum, transcribed in the 
Tabula Peutengeriana (Calzolari, 2003), probably originates from the 
paved segment of the road found near the mansio. This segment, in fact, 
flexes toward the Roman settlement of Casilinum (Fig. 1b) (Caiazza, 
1995; Merola, 2007; Zambardi, 2007a, b). The historical importance of 
this area is evidenced by the human presence also in the Middle Ages, 
when the Roman post station was replaced by a rural village born 
around the church of S. Pietro, of which only the apse portion is pre
served. Indeed, the church belonged to the Benedictine Abbey of Mon
tecassino. There are several examples of rural villages that grew up 
around small monastic churches in the Middle Ages (Frisetti, 2019; 
Marazzi, 2011; Marazzi, 2016). These villages were usually inhabited by 
small groups of peasants who worked the land for the religious com
munities and attended mass in the church of S. Pietro. We can therefore 
assume the presence of various small rural houses, built with poor and 
easily degradable materials (e.g., wood, straw, clay), a small cemetery 
near the church, all surrounded by vegetable gardens and cultivated 
fields. Between the 8th and 10th centuries, through these rural churches, 
monastic communities ensured the exploitation of previously unculti
vated lands and the loyalty of local families. However, the archaeolog
ical evidence is too scarce to enable a reliable historical reconstruction 
of the site as well as to address any excavation work. Therefore, an 

integrated interpretation of the results from LiDAR (ALS, Airborne Laser 
Scanning) surveys and subsurface geophysics, combined with informa
tion from the archaeological findings, was used to get a consistent pic
ture of the ancient site of San Pietro Infine that could guide future 
archaeological research. The goal of our study is both to advance the 
archaeological interpretation of the San Pietro Infine site above the 
state-of-the-art, and to integrate information from different approaches 
into a coherent archaeological interpretation, in order to provide a 
leading-edge example in this research field. Specifically, ALS data 
analysis was devoted to the identification and characterization of 
topographic micro-reliefs presumably related to buried archaeological 
structures, while geophysical prospecting was aimed at defining their 
possible location, shape and extension in depth. In particular, for finer 
and more reliable characterization of the entire system under investi
gation, i.e. anthropogenic remains and hosting geological setting, a 
multimethodological geophysical approach was used. Based on the 
geological background of the test site, which consists mainly of marshy 
material due periodical runoffs of the river shaft flowing south of the 
study area, the following geophysical methods were used: magnetic, 
frequency-domain electromagnetic and ground penetrating radar. In 
fact, these techniques are able to detect the expected contrasts in the 
physical properties between the geological background and the survey 
targets, mainly consisting of limestone/brick masonry and paving roads. 
The multimethodological geophysical prospecting was performed in an 
area that surrounds Il Torrione (Id 1 in Fig. 2), an outcropping structure 

Fig. 2. Plan of San Pietro Infine site (Caserta, southern Italy) showing the various archaeological findings (from Zambardi, 2009a, modified).  
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referable to an apse belonging to a layered religious complex (Zambardi, 
2007a), which is considered by archaeologists as relevant for the 
reconstruction of the ancient Roman settlement. Moreover, to verify the 
hypotheses based on the archaeogeophysical interpretation, a forward 
modeling of the acquired magnetic data was performed to define the 
location of the supposed buried structures and to estimate their mag
netic susceptibility contrast with the geological background. 

2. The archaeological site of San Pietro Infine 

2.1. Geological setting 

The San Pietro Infine archaeological area is located in the northern 
sector of the Campania region (southern Italy, see inset in Fig. 1a), along 
the boundary with both Lazio and Molise regions, not far from the 
Roccamonfina extinct volcano. It lies in a narrow plain bordered to the 
north and south by mountain ridges crossed by the Via Casilina (Fig. 1b), 
an ancient Roman road. The reliefs are mainly formed by Mesozoic 
limestones and dolomitic limestones, and the morphotectonic setting 
results in a graben-like structure formed because of high-angle faults 
that affected the limestone belt. The depressed areas at the foothills are 
filled by alluvial and volcanoclastic deposits, whose emplacement is 
linked to the occurrence of several streams that drain the run-off of 
waters from the carbonate massifs. The investigated archaeological site 
was buried by reworked deposits of the Roccamonfina volcano mainly 
made up of variably sized tuff clasts embedded in an altered sand-silty 
argillified matrix. 

2.2. Historical and archaeological context 

The archaeological records at the ancient site of San Pietro Infine are 
rather fragmentary because they come from surveys and emergency 
excavations carried out in the 1980s. However, these data show that the 
site of Ad Flexum was in the area of Santa Maria del Piano (Fig. 1). First, 
evidence of the importance of the site can be gleaned from an honorary 
epigraph from the Republican period that documents considerable 
building development of the settlement (Giannetti, 1973). On the other 
hand, tracks of Via Latina are suggested by some paving stones found 
during the widening of a gravel road in Le Mura site (Fig. 2) at a depth of 
about 0.70 m from the ground level. The portions of the paved road 
brought to light (Id 19, 20 and 21 in Fig. 2) have an E-W direction, and 
are, therefore, assumed to belong to a branch of the Via Latina that led to 
the Roman town of Venafro (Zambardi, 2009a; Fig. 2). The presence of 
the Roman road in this sector of the archaeological site is also confirmed 
by the finding of a milestone (miliarium) dated to the last 3rd-4th century 
CE, and traces of some building structures (i.e. an opus spicatum floor and 
plastered walls) found at a depth of approximately 0.80 m from the 
ground surface about 100 m west of the paved road (Zambardi, 2007a). 
Other remains, notably a mosaic floor and some building structures (Id 
17 and 18 in Fig. 2, respectively), were found during the construction of 
the Venafro-Rocca d’Evandro railway line (Zambardi, 2009a). Further
more, along the branch of the Via Latina that presumably led to the Via 
Casilina, a portion of a retaining wall with NW-SE direction was recov
ered (Id 12 in Fig. 2). It bends eastward after 50 m and engages 
perpendicularly with some structures that outcropped about 0.80 m 
above the ground level, which are no longer visible due to later levelling 
by the landowner (Zambardi, 2009a). The use of the area in medieval 
times is evidenced by the remains, called Il Torrione (Id 1 in Fig. 2), of the 
church of Santa Maria del Piano; they may correspond to the apse of the 
church, which probably overlapped with the older church of Sancti Petri 
in Flea. The latter is mentioned in written sources dating back to the end 
of the first millennium AD, where it is inferred that the site was known as 
oppidum Sancti Petri in Flea, a toponym derived from the name Ad 
Flexum. Some authors (e.g., Merola, 2007) attribute this oppidum to a 
fortified settlement located in the valley near the church of San Pietro/ 
Santa Maria. 

3. Materials and methods 

3.1. Airborne LiDAR survey 

During the past decades, studies based on the use of airborne LiDAR 
(Light Detection And Ranging) data in archaeology have increased 
exponentially. This technology, to date used by both airplane and drone, 
is probably the best performing currently among the Remote Sensing 
techniques applied to archaeology for the identification of archaeolog
ical sites and topographical micro-reliefs created by anthropogenic ac
tions/structures both under canopy (Briese and Pfeifer, 2001; Masini 
et al., 2011; Lambers, 2018; Luo et al., 2019; Adamopoulos and 
Rinaudo, 2020; Cohen et al., 2020). In the modern literature, there are 
many studies related to discoveries and studies of archaeological con
texts under vegetation, such as those conducted by, for instance, Khan 
et al. (2017) in the evolution of the ancient landscape covered by the 
Amazon rainforest, Chase et al. (2011) for the study of ancient Maya 
civilizations, Evans et al. (2013) in ancient Angkor Wat in Cambodia, 
and Masini et al. (2018) in medieval Italian contexts. At the same time, 
an increase in LiDAR-based work in archaeology has been matched by an 
increase in methodological studies with the development of ad-hoc so
lutions for this field, such as the open source tools developed by Kokalj 
et al. (2019), Lozić and Štular (2021), and Štular et al. (2021a), or so
lutions based on derived DTM (Digital Terrain Model) data, illumination 
engineering, and artificial intelligence that have proven useful for the 
identification of archaeological remains (Crutchley, 2006; Corns and 
Shaw, 2009; Banaszek, 2013; Doneus, 2013; Evans et al., 2013; Costa- 
García et al., 2016; Horňák and Zachar, 2017; Kokalj and Hesse, 2017; 
Davis et al., 2019; Štular and Lozić, 2020; Guyot et al., 2021; Richards- 
Rissetto et al., 2021; ̌Stular et al., 2021b; ̌Stular et al., 2023) as well as for 
the identification of cultural heritage hazardous phenomena such as 
looting (Danese et al., 2022). 

In order to search for elements to complement/support the inter
pretative hypotheses suggested by the archaeological evidence to 
reconstruct the ancient site of San Pietro Infine, a detailed analysis of 
LiDAR data made available by the National Geoportal (Ministry for the 
Environment, Land and Sea) of the Italian state was performed. The 
Italian state provides for free LiDAR data covering most of the peninsula. 
The data are provided by the National Geoportal, upon request, already 
processed as point clouds or DTMs, already filtered as only points 
belonging to the ground, and are distributed under a Creative Commons 
Attribution 3.0 license. According to the geo-portal of the Ministry, the 
information of PST (Piano Straordinario di Telerilevamento, Not-Ordinary 
Plan of Remote Sensing) PROJECT - LIDAR DATA were acquired with 
ALTM Gemini, ALTM 3100EA and Pegasus laser - scan systems of the 
Canadian Optech Company. These systems consist of one or two laser 
heads operating in the near-infrared (1064 nm) that send out light pulses 
at a frequency ranging from 33 kHz to 400 kHz depending on the flight 
altitude. The data from the aerial shots were statistically analyzed and 
classified for modelling using the Terra Match module of the TerraScan 
software from the Finnish company Terrasolid (http://www.pcn.mina 
mbiente.it/geoportal/catalog/search/resource/details.page?uuid=m_a 
mte%3A299FN3%3A8740c0d0-8f32-4e85-9856-42f8b88853da, last 
accessed on February 12, 2023). DTM raster data at 1 m/pixel cell res
olution was used for this study. The data provided by the Ministry were 
then processed to highlight micro-reliefs and topographic features of 
possible archaeological interest using the open source RVT (Relief 
Visualization Toolbox) v. 2.2.1 desktop tool (Kokalj et al., 2019). 

The derived DTMs produced for this study are specified in Table 1 
and showed in Fig. 3. 

Then all the enhanced visualizations of DTM data were subsequently 
used within a GIS platform (QGis) in order to be interpreted from a 
purely archaeological point of view, in accordance with what is already 
known for the area of interest (Fig. 4). 

In particular, it should be noted the identification of micro-reliefs 
that attest the presence, not found in the visible spectrum, of a road 
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with an east–west trend about 20 m south of the religious building (Id 8), 
which intersects with two probable parallel roads (Id 15 and 17) ori
ented approximately SW-NE (also these evidences are not found in the 
visible spectrum). Specifically, the road found in the east area (Id 15) is 
about 10 m from the church. Finally, the LiDAR visualizations confirm 
the presence of the large Roman building (Id 31), identified during the 
previous survey 80 m to S-E of the church, and allow us to read very well 
also the diverticulum of the Via Latina with trend NW-SE (Id 30). The 
micro reliefs Id 10, 16, 18 and 42, instead, given the proximity to the 
segment of the Via Latina and another probable road to the south with an 
E-W trend (Id 2), could be attributed to the remains of Roman mauso
leums. Unfortunately, we have little data to propose certain recon
structive hypotheses on the evidences Id 1, 3, 4, 5, 6, 7 and 13. 

3.2. Geophysical prospecting 

Geophysical methods are certainly fundamental tools for the his
torical reconstruction of ancient sites without necessarily resorting to 
excavation work, due to their ability in identifying and characterizing 
buried features/structures attributable to anthropogenic remains. 
However, over the past decade, several studies have shown that the best 
benefits of such methodologies applied to the archaeological field come 
from their integration with information from remote sensing surveys 
and archaeological research (e.g., Křivánek, 2017; Di Maio et al., 2018; 
Deiana et al., 2020; Henry et al., 2020). In particular, for the present case 
study, a multimethodological geophysical prospecting was planned to 
support some of the interpretative hypotheses that emerged from the 
LiDAR data and the fragmentary information from historical, 
epigraphic, and archaeological sources. The aim is to investigate at 
medium to shallow depth the geological setting of the test site with the 
dual purpose of detecting geophysical anomaly patterns ascribable to 
the hypothesized Ad Flexum junction, and to identify possible 
geophysical lineaments attributable to buried anthropic remains of the 
village that historical sources assume developed around the church of 
San Pietro Infine. Specifically, high-resolution magnetic (MAG), 
frequency-domain electromagnetic (FDEM) and ground penetrating 
radar (GPR) surveys were carried out in a test area of size 100 × 100 m2 

(Fig. 5) surrounding the remains of the Il Torrione, composed of Roman 
and medieval building elements. The choice of the mentioned method
ologies is based on the expected variation in the magnetic and electrical 
properties between targets and geological setting of the area, which are 
respectively formed by bricks and/or limestone materials and sandy, 
clayey or swampy soils (see Section 2.1). In fact, in archaeological 
research, magnetic anomalies are mainly generated by magnetic 

Table 1 
Derivatives based on visualization techniques.  

Visualization method Parameters 

Hillshading Sun azimuth (deg): 315; Sun elevation angle 
(deg): 35 

Hillshading from Multiple 
directions 

Number of directions: 16, Sun elevation angle 
(deg): 35 

PCA of Hillshading Number of components to save: 3 
Slope gradient No parameters required 
Simple Local Relief Model Radius for trend assessment (pixel): 5 and 10 
Sky-View Factor Number of search directions: 16, Search radius 

(pixel): 5 and 10 
Openness – Positive See above 
Openness – Negative  See above 

Archaeological VAT General preset  

Fig. 3. Examples of enhanced visualisations of DTM: Multiple Hillshading, Openness Negative, Simple Local Relief Model, and Archaeological VAT.  
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Fig. 4. (Top) Features of archaeological interest identified by the enhanced visualisations of DTM. The black rectangle indicates the geophysical survey area. 
Multiple Hillshading is used as background; (bottom) the top image without the archaeological and micro-topographical features. 
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susceptibility contrasts between artifacts and geological background (e. 
g., Aspinall et al., 2008; Di Maio et al., 2016; Ayad and Bakkali, 2018 
among others). Moreover, their alignment, correlated with the distri
bution of the causative sources, provides information on the geometry 
and orientation of any buried anthropic remains (e.g., Arısoy et al., 
2007; Gaffney, 2008). On the other hand, the occurrence of electrical 
anomalies, which identify areas with electrical properties different from 
the background, is indicative of hidden structures resistant to the pas
sage of electric or electromagnetic signals, such as foundation walls, 
cavities, tombs, which are generally hosted in a more conductive envi
ronment due to the fluid circulation in the predominantly sedimentary 
coverages (e.g., Drahor et al., 2007; Di Maio et al., 2012; Saey et al., 
2015; Di Maio et al., 2016; Yilmaz et al., 2019). First, MAG and FDEM 
surveys were performed for preliminary exploration of the study area to 
identify sectors characterized by meaningful contrasts in electrical and 
magnetic properties. Next, GPR measurements were carried out to better 
define any observed high-frequency MAG and FDEM anomalies, likely 
related to shallow and/or small-scale anthropic structures. The data 
were acquired along parallel profiles oriented approximately E-W and 
placed at a distance from each other comparable to the size of the 
structures to be detected (e.g., roads, walls, stationes, etc.), which is in 
the order of a few meters. 

3.2.1. MAG survey 
MAG is a widely applied passive geophysical method for mapping 

buried archaeological remains, due to its capability in detecting anom
alies of the Earth’s magnetic field induced by localized structures, such 
as walls, trenches, pits, graves, which therefore can be distinguished 
from the geological environment because of the magnetic contrast be
tween the anthropogenic disturbance and the undisturbed soil (e.g., 
Silliman et al., 2000; Fassbinder, 2015; 2017 and references therein). 

The MAG measurements in the survey area (black dashed rectangle 
in Fig. 5) were performed along parallel E-W profiles 0.5 m apart by the 
GSM-19 Overhauser Magnetometer (GEM System) in a gradiometric 
configuration. The latter enables to measure the vertical gradient of the 
Earth’s magnetic field, which is given by the ratio of the difference in the 

field values recorded by two sensors placed at different heights from the 
ground level to their distance (vertical magnetic pseudo-gradient). This 
data acquisition mode allows the enhancement of high-frequency com
ponents of the signal generated by magnetic sources that are expected to 
be located at very shallow depths (e.g., Fassbinder, 2017). Based on 
preliminary tests aimed at finding a distance that would provide a high 
signal-to-noise ratio, the two used omnidirectional sensors were posi
tioned at 1.70 m and 2.26 m from the surface level, respectively, i.e. at a 
distance of 0.56 m from each other. The data were acquired with a time 
interval of 0.5 s. Fig. 6a shows the vertical magnetic pseudo-gradient 
anomaly map obtained from the collected data, which highlights a 
generally low noise level of the acquired signals. Therefore, the data 
analysis focused mainly on reducing line effects between adjacent pro
files, due to the bidirectional acquisition mode (i.e. roundtrip walking). 
The map, indeed, shows a typical “striping”, defined as heading error (e. 
g., Scollar et al., 2009), which was reduced equalizing at the same mean 
value the data collected along each measurement profile (e.g., Scudero 
et al., 2018). Then, a DWT (Discrete Wavelet Transform) filter was 
applied to attenuate the “zigzag effect”, again due to the bidirectional 
acquisition mode that can cause an offset between the position of the 
GPS system and the magnetic sensors (Ciminale and Loddo, 2001). 
Fig. 6b shows the magnetic map after data processing and filtering. A 
long-wavelength dipolar anomaly elongated in the NE-SW direction (A 
in Fig. 6b) is clearly evident in the central part of the investigated area; 
its shape and size could well account for the presence of the ancient 
buried Roman road (i.e., Ad Flexum, see Section 1). In contrast, the well- 
defined geometry of the smaller dipolar anomaly indicated by B in 
Fig. 6b suggests the presence of a wall structure. Moreover, the relatively 
large number of small-wavelength magnetic anomalies in the northern 
sector of the map compared to the southern one divides the survey area 
into two macro-sectors: one to the north, bordering the modern road 
that gives access to the site and probably related to an ancient rural 
settlement (i.e., statio, Zambardi, 2009b), and one to the south, likely 
used for agricultural and productive activities by virtue of its 
morphology and proximity to the watercourse. 

Fig. 5. Geophysical survey area and remains of Il Torrione apse. Multiple Hillshading is used as background.  
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3.2.2. FDEM survey 
FDEM is an active geophysical method based on the induction of 

electrical currents in the subsurface by a primary electromagnetic field 
generated by passing an alternating current, at a specific low frequency, 
through a transmitter coil placed on the surface. This field induces eddy 
currents in the conductive materials traversed by the primary field, 
which in turn generate a secondary field. The latter is recorded, along 
with the primary field, by a receiver coil placed at a fixed distance from 
the transmitter coil and returned in terms of in-phase and out-of-phase 
(or quadrature) components against the primary field, usually 
expressed in parts per million (ppm) (e.g., Reynolds, 2011). The former 
component is related to the presence of magnetically susceptible mate
rials/structures in the subsurface, while the latter is directly related to 
the ground electrical conductivity (e.g., McNeill, 1980; Won and Huang, 
2004; Christiansen et al., 2016). The application of the FDEM method in 
archaeology is now widespread due to its ability to provide a quick 
characterization of large areas in terms of distribution of electric and 
magnetic parameters, whose possible variations are determined by 
contrasts in the physical properties of buried archaeological features 
compared to the host soils (e.g., De Smedt et al., 2013; Di Maio et al., 
2016; Pueyo Anchuela et al., 2016; Deiana et al., 2022). In particular, it 
is generally supplemented with magnetic survey to investigate sites 
where magnetic susceptibility contrasts are suspected to be too low to be 
detected (e.g., an alluvial geological setting hosting limestone wall 
remnants), while high contrasts in the electrical properties are assumed 
to exist (e.g., limestone materials hosted by a generally conductive 
sedimentary environment). However, due to the lower resolution and 
penetration depth compared to high-resolution and/or relatively deep 
survey methods, such as GPR and/or geoelectrical surveys, it is generally 
used in conjunction with these methods, rather than alternative to them 
(e.g., Pavoni et al., 2021). 

The FDEM data at the San Pietro Infine test site (black dashed rect
angle in Fig. 5) were recorded along parallel E-W profiles 1 m apart by 
using the Profiler EMP-400 multi-frequency electromagnetometer 
(GSSI, Nashua, USA). It consists of two coils (transmitter and receiver) 
separated by a fixed distance of 1.21 m and is able to simultaneously 

investigate up to three selected frequencies in the range 1–16 kHz. Based 
on results obtained at other archaeological sites characterized by 
geological contexts similar to the one studied in this paper (e.g., Di Maio 
et al., 2016), the three frequencies 1, 10 and 15 kHz were chosen, which 
should allow for accurate exploration of the first few meters of the 
subsurface by using a vertical coplanar coil orientation (Saey et al., 
2012). The acquired FDEM data (in-phase and out-of-phase compo
nents) were manually despiked to remove data likely contaminated by 
ambient noise, and then leveled against a zero level by calculating the 
arithmetic mean of the survey data and subtracting that value from the 
dataset (e.g., Delefortrie et al., 2018; Miller et al., 2019). Fig. 7 show the 
distribution of the in-phase and out-of-phase component values of the 
induced magnetic (secondary) field after the data processing for all the 
three investigated frequencies. The maps in Fig. 7a, b and c show, for all 
frequencies, an anomalous distribution of the in-phase values fully 
consistent with the magnetic anomaly map in Fig. 6b. In fact, the central 
sector of the area is dominated by a sharp anomaly characterized by low 
values of the in-phase component, whose shape and orientation corre
spond well with the large anomaly pattern observed in the magnetic 
map, thus providing further support for the identification of the Ad 
Flexum paved road. Furthermore, the maps in Fig. 7d, e and f show a 
clear separation in the distribution of the out-of-phase component 
values; in fact, the N-NE sector is characterized by quadrature values 
lower than those observed in the western sector. This trend is clearly 
visible in the higher frequency maps (i.e., 15 kHz and 10 kHz), which 
correspond to shallower exploration depths, while it is much less 
marked in the 1 kHz frequency map, which includes contributions from 
natural and/or anthropic anomaly sources located at greater depths. 
Considering that the quadrature component is directly proportional to 
the apparent electrical conductivity of the investigated subsurface vol
ume (McNeill, 1980), it is realistic to correlate the low quadrature values 
observed in the NE sector with the presence of buried anthropogenic 
structures, whose resistivity is assumed to be higher than the relatively 
conductive host environment (see Section 2.1). The sharp increase in the 
out-of-phase values observed in the N-NE sector of the lower frequency 
map (1 kHz, Fig. 7f) would support this interpretive hypothesis. Indeed, 

Fig. 6. Vertical magnetic pseudo-gradient anomaly map observed in the geophysical survey area (black dashed rectangle in Fig. 5) from (a) unprocessed data and (b) 
after reducing line effects between adjacent profiles. The white box indicates the position of the Il Torrione apse remains. The black dashed lines in (b) mark the main 
detected anomalies of archaeological interest. 
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Fig. 7. Maps of the in-phase (a, b, c) and out-of-phase (d, e, f) components provided by the FDEM prospecting in the geophysical survey area (black dashed rectangle 
in Fig. 5). The white box indicates the position of the Il Torrione apse remains. 
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it is reasonable to assume that at greater depths the largest contribution 
to the observed quadrature values comes from the deepest source(s), 
which in this case would be the geological formations. Therefore, the 
quadrature component maps also provide evidence to support the in
ferences drawn from the magnetic data interpretation (Fig. 6b), namely 
the presence of buried remains ascribable to an ancient rural settlement 
in the northern sector of the survey area. It is worth noting that the 
different geological characteristics of the explored subsurface could also 
contribute to a lowering of the out-of-phase component in the north- 
eastern part of the investigated area. The latter, in fact, might be char
acterized by sandy soils free of clayey materials, in contrast to the south- 
western sector, which might instead correlate well with a marshy 
environment with clayey fractions, based on the periodic overflows of 
the river rod flowing south of the area. 

3.2.3. GPR survey 
GPR is one of the most common active methods used in archaeo

logical research due to its high resolution for near-surface investigations 
(Conyers, 2016 and references therein). It aims at identifying possible 
dielectric contrasts between buried anthropic structures and host soils 
by transmitting high-frequency radar pulses in the ground and recording 
amplitude and delay time of the reflected pulses as they encounter dis
continuities in the dielectric properties of the media traversed by the 
radar pulse (e.g., Davis and Annan, 1989). A GPR system is configured as 
mono or bi-static; in the former case, a single antenna serves as both 
transmitter and receiver, while in the latter configuration the trans
mitting and receiving antennas are separate. Exploration depth and 
spatial resolution are closely dependent by the frequency of the emitted 
signal and the type of material to investigate. GPR works typically in the 
frequency range 100 MHz − 2 GHz: the higher the frequency, the greater 
the vertical resolution, but the lower the penetration depth. The GPR 
response is generally visualized in terms of radargrams, which are two- 
dimensional maps showing the increasing delay-time from the initial 

impulse for each position of the radar antenna on the ground surface. In 
the archaeological field, the surveys are generally performed according 
to 3D geometries to capture the three-dimensional shape of any buried 
remains (Leckebusch, 2000; Griňc, 2015; Leucci et al., 2016). In this 
case, the data are acquired along parallel profiles about 0.5 m apart and 
represented in terms of horizontal maps (time slices) of the reflection 
amplitudes, which are extracted at various reflection times from the 
entire dataset (e.g., Leucci et al., 2016 among others). By estimating the 
average propagation velocity of the radar wave in the subsurface, it is 
then possible to convert the time slices in depth slices, which highlight 
the possible radar structures within the investigated volume. For 
archaeological investigations, the diffraction hyperbola fitting method is 
generally used to retrieve the average propagation velocity (e.g., Wolff 
and Urban, 2013). The method compares synthetic hyperbolas with 
known velocities to the hyperbolas displayed in the experimental 
radargrams until the true velocity is found. 

The GPR survey at the San Pietro Infine test site was carried out 
according to a 3D geometry along the same profiles of the MAG pro
spection by using the SIR-3000 radar system (GSSI, Nashua, USA) 
equipped with a 400 MHz monostatic antenna. The data were acquired 
using a space sampling of 0.016 m, a time window of 60 ns, and the 
manual gain function. Due to low-level noise on the acquired reflected 
signals, the data were processed with the Reflexw 7.0 Sandmeier soft
ware by applying basic processing techniques, specifically static 
correction, temporal filtering, and background removal (e.g., Yilmaz, 
1987). As an example, Fig. 8b shows six radargrams along some profiles 
located in the northern sector of the survey area (Fig. 8a), where the 
main GPR anomalies were identified. As can be seen, an investigation 
depth of approximately 2.5 m below ground level (b.g.l.) was achieved 
by using an average radar signal propagation velocity of 0.12 m/ns for 
time-to-depth conversion. High-amplitude reflections of the radar signal 
are mainly visible in the N-E sector from about 0.4 m depth (red arrows 
in Fig. 8b). The hyperbolic shape and size of the observed GPR 

Fig. 8. a) Location of the selected GPR profiles (RG 1 – RG 6) 8 m apart. The open black box indicates the position of the Il Torrione apse remains. The magnetic map 
in Fig. 6b is used as a background to facilitate comparison with the observed GPR anomalies. b) Processed GPR radargrams along the six profiles RG 1 – RG 6. The 
symbols outline the main detected reflectors. 
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anomalies correlate well with the presence of reflectors due to anthropic 
buried structures. Continuous horizontal reflectors are also evident 
mainly in the N-W sector (blue dotted lines) at a depth of approximately 
1.6–1.8 m b.g.l., sometimes interrupted by gentle and extensive inclined 
reflectors, probably due to soil stratification. Based on the geological 
setting of the study area (see Section 2.1), the relatively low amplitude 
of the observed reflections may be an indicator of the interface between 
alluvial soil and sand-silty substrate, likely a Roman paleosoil. Inter
estingly, in the easternmost part of the RG 3, 4, 5 and 6 radargrams, the 
high-amplitude GPR anomalies are interrupted, at a depth of about 1.5 
m b.g.l., by a narrow horizontal reflector (red dotted lines) 

corresponding approximately to the trace of the Ad Flexum paved road 
(see its trace on the background magnetic map in Fig. 8a), as suggested 
by the results of the MAG and FDEM surveys. We note that, along the 
radargrams RG 3 and 4, this horizontal trend seems to be influenced by 
the reflections from the remains of anthropic structures of the medieval 
village, probably built around the church. All the processed radargrams 
(see examples in Fig. 8b) showed the presence of vertical features, which 
were often consistent between successive profiles. In order to better 
enhance their lateral continuity, time slices were extracted from the 
whole GPR data volume, with a vertical integration of 3.0 ns, to inves
tigate the distribution of the reflection amplitude values in maps parallel 

Fig. 9. Depth slices provided by the GPR prospecting in the geophysical survey area (black dashed rectangle in Fig. 5) for different depth intervals from the surface 
level. The white box indicates the position of the Il Torrione apse remains. 
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to the ground surface, then converted in depth slices using the average 
radar signal velocity of 0.12 m/ns. Fig. 9 shows the depth slices selected 
at different depth intervals to highlight the main observed GPR anom
alies within the explored volume. As expected by the analysis of all the 
radargrams, linear geometries of high-amplitude GPR-reflections as
cribable to the presence of anthropic structures are identified in the N-E 
sector of the maps from a depth of about 0.4 m b.g.l. (Fig. 9a), although 
embedded in a rather noisy background. Such anomalies, which begin to 
be clearly defined at greater depth (Fig. 9b) and visible up to about 1.8 m 
b.g.l. (Fig. 9d), correlate well with the small wavelength magnetic 
anomalies visible in the same sector (Fig. 6b) and attributed to wall-like 
structures. The lack of significant anomalies in the remaining part of the 
maps in Fig. 9 is probably ascribable to the geological characteristics of 
the south-western sector of the investigated area, which, based on the 
results provided by the other survey methodologies, would consists of 
marshy soils with clayey material. The nature of the subsurface would, 
therefore, be responsible for the significant absorption of the GPR signal 
observed at all depth ranges. Finally, we note that the distribution of the 
high-amplitude anomalies helps to trace the development of the village, 
which probably developed around the religious building, thus support
ing the interpretative hypotheses derived from the MAG and FDEM 
surveys. Furthermore, the depth extension of these elongated anomalies 
is consistent with the depth of the Roman paleosoil inferred from the 
radargram analysis. 

4. Integrated interpretation of LiDAR, geophysical and 
archaeological outcomes 

Fig. 10 shows the map of the Ad Flexum site that integrates the lin
eaments identified by the LiDAR survey with the results of the multi
methodological geophysical prospecting. As can be seen, LiDAR data not 
only confirm the traces highlighted by the geophysical survey, but also 
allow them to be contextualized in a much wider area. Specifically, the 
long-wavelength magnetic anomaly asserted to the Ad Flexum paved 
road (see Section 3.2.1) fits very well with the trace detected by the 
LiDAR analysis (Id 15 in Fig. 10a), although the latter does not highlight 
the flex, i.e. the Ad Flexum junction, which is instead clearly visible from 
the vertical magnetic pseudo-gradient map. This apparent mismatch 
could be due to degradation of the slope in a S-W direction, i.e. toward 
the river, where the alluvial deposits may have covered over time the 
traces that were previously visible on the surface. This hypothesis is 
further supported by the results of the FDEM survey, which suggest that 
the south-western part of the investigated area could correlate well with 
a marshy environment with clayey fractions, due to periodic overflows 
of the river channel (see Section 3.2.2 and Fig. 7d, e). Furthermore, the 
arrangement of the high-amplitude GPR anomalies in the N-E sector 
(Fig. 10c), which correspond well to the high-frequency magnetic 
anomalies observed in the same sector (Fig. 10a), appears to be inter
rupted by both the LiDAR lineament Id 15 and the large-wavelength 
magnetic anomaly (Fig. 10c). Position, shape, and reflection ampli
tude of the GPR anomalies could be tentatively attributed to the ma
sonry structures that probably constituted the statio located on opposite 
sides of the Ad Flexum main road. Finally, we note that the in-phase 
component map from the FDEM survey shows anomaly patterns 
consistent with the two parallel paths, oriented approximately SW-NE, 
assumed from the LiDAR data analysis (Id 15 and 17 in Fig. 10b). 

To provide further support for the hypotheses resulted from the in
tegrated interpretation of the LiDAR, geophysical and archaeological 
findings, a forward modeling of the magnetic data was performed by 
assuming the presence of buried prismatic sources with direction of 
magnetization parallel to the ambient magnetic field (i.e. declination 
3.7◦ and inclination 58◦). Fig. 11 shows the synthetic map of the vertical 
magnetic pseudo-gradient related to sources whose position, size and 
magnetic contrasts with the surrounding soil have been chosen ac
cording to the results from the high-resolution GPR survey, the LiDAR 
data analysis and the characteristics of the remains found in the study 

area, made of marble, limestone and tiles. With reference to the assumed 
distribution of the magnetic sources, the long-wavelength dipolar 
anomaly in the central part of the investigated area (A in Fig. 6b) is well 
reproduced by two sources, approximately 6 m wide by 65 m long, with 
the top at a depth of 1.5 m b.g.l., characterized by a positive magnetic 
contrast with the surrounding soil. Size and depth of such a structure are 
consistent with those of a road made of calcareous paving stones, whose 
position seems to correspond with the Ad Flexum junction. Furthermore, 
the distribution of the magnetic anomalies that characterizes the north- 
eastern sector of the study area (B in Fig. 6b), which compares well both 
in shape and extent with that of the GPR anomalies (Fig. 9) observed in 
the same sector, is instead well reproduced using seven smaller pris
matic sources (approximately 1–2 m wide and 3–15 m long) charac
terized by different azimuths and positive or negative magnetic 
contrasts with the background. Although top depth and thickness of 
these structures are approximately the same as those used to model the 
long-wavelength anomaly, it was necessary to use magnetic contrasts 
that were generally about an order of magnitude lower in order to 
achieve a good match between the synthetic and observed magnetic 
data. This suggests the presence of wall remains (e.g., inconsistent mixed 
masonry made of limestone, brick, and pisé) according to the building 
materials used in the Roman period. 

5. Discussion and conclusions 

Integrated interpretation of LiDAR and geophysical data allow us to 
profile with greater clarity the complex settlement reality that charac
terizes the Ad Flexum archaeological site. First of all, we can confirm the 
continuity of activity of this area from the Roman period to the Middle 
Ages. The persistence of roads that across the area makes this territory of 
crucial importance, although, with the information available to us, it is 
impossible to assume a certain chronology of the traces and/or struc
tures identified from the interpretation of the LiDAR and geophysical 
data. The extent of the structures might suggest the presence of an early 
medieval village developed around the religious building. The church of 
San Pietro belongs to the property of Montecassino Abbey, i.e. a 6th-cen
tury monastery located southeast of Rome (central Italy), and is 
mentioned in a lawsuit in which the boundaries of the lands, donated by 
Gisulfo and unfairly occupied by the gastald Guiselgardo, are reported 
(Gattula, 1734). The intervention of the abbot of Montecassino suggests 
the importance of these lands and the probability that the church of San 
Pietro also had the function of managing these lands. In addition, the 
hypothesis of a village in the vicinity of a religious rural building should 
not be surprising. In the early Middle Ages, in fact, it was monastic 
communities that probably gave rise to some villages. We can recall, for 
example, the case of San Martino di Ruviano (Caserta, southern Italy) 
connected to the homonymous cell of Montecassino, known from the 
early 9th-century and equipped with lands, houses and a curtis (rural 
farm) (Gattula, 1733; CMC, 1980; Esposito, 2010), and the Vicus 
Bonelle, pertaining to the abbey of S. Maria in Cingla (also a Mon
tecassino cell) and probably located to the north in the Municipality of 
Ailano (Caserta) (Gattula, 1733; CMC, 1980; Bloch, 1986). Therefore, it 
is very likely that the identified traces are also pertinent to the presence 
of a village organized around the church of San Pietro. This village may 
have housed a small community of farmers who worked the lands of 
Montecassino. This abbey, in fact, had an obvious interest in garrisoning 
a crucial area crossed by important roads of Langobardia Minor. 

It should be noted, however, that although our study suggests the 
presence of an early medieval village, the case of San Pietro Infine 
cannot be traced back to a precise settlement model. Indeed, at the 
present stage of research, only a few late antique and early medieval 
villages in Italy are known and studied through archaeological excava
tions, in many cases attested only by the discovery of ceramic material 
and a few traces of buildings. There are therefore no regional models 
applicable to all contexts, partly because the historical events that 
affected the Italian countryside in the early Middle Ages differed from 
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Fig. 10. Map of the Ad Flexum area that integrates the LiDAR traces with the vertical magnetic pseudo-gradient anomaly map (a), the in-phase component map at 10 
kHz from the FDEM survey (b), and the depth slice in the range 1.21–1.35 m from the GPR survey (c). 
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region to region. However, it is reasonable to assume that the settlement 
of San Pietro Infine, similarly to other cases in Italy, was a village with 
small wooden and mixed-technology dwellings around a small church 
and a cemetery, a few buildings used for productive activities and sur
rounding fields for cultivation. In Piemonte (northern Italy), i.e. where 
pagi and vici are as widespread as in Lazio and Campania regions, the 
case of Collegno (Torino) can be cited. There, stratigraphic studies have 
shown that the Late Antique village (with wooden buildings on masonry 
foundations), originating from a Late Roman settlement, developed in 
the Lombard period and moved towards the river in the 11th century, in 
an area where a church is attested. With regard to southern Italy, where 
the archaeological site of San Pietro Infine is located, the written sources 
are rather ambiguous and the settlements that have been archaeologi
cally investigated are few and have rather different characteristics. It is 
therefore still difficult to say what the villages were like between the 9th 
and early 12th centuries (Loré, 2012). The exception is Abruzzo, where 
several late antique and early medieval settlements are known thanks to 
the discovery of pottery areas or the presence of cemeteries linked to 
churches, or even the transformation of Roman vici and villae (Staffa, 
2006). Among the excavated sites is the settlement of Moscufo (Pescara), 
whose occupation periods are very similar to those of San Pietro Infine. 
It is, in fact, the Cassinese women’s monastery of St. Scolastica, located 
near an area where a section of the Via Flaminia crosses the Tavo River. 
Pottery fragments and several masonry structures in opus incertum, 
attributable to a Roman settlement later reused in the Early Middle Ages, 
were found in the area. The village of Colle S. Giovanni, near Atri 
(Teramo), was also built on an earlier Roman site, with raw earth houses 
near the church and pits dug in the ground to store foodstuffs (Staffa, 

2006). In Campania, several ancient villages founded along the main 
river valleys of the Paestum plain (Salerno) are known. Some are linked 
to the presence of monastic cells belonging to San Vincenzo al Volturno 
(Isernia), such as that of San Vincenzo in loco Tusciano (in the plain 
between the Sele and Calore rivers). In this case, archaeological research 
has confirmed the presence of a rustic villa dating back to the 1st-2nd 
century CE, with structures reused from a medieval settlement that 
was in use until modern times (Fiorillo, 2012). Another partially 
investigated fluvial village is that of San Lorenzo di Altavilla Silentina 
(Salerno) (with an early phase dated between the 6th and 7th centuries 
CE), which, like San Giovanni di Pratola Serra (Avellino), is one of the 
sites that originated in the vicinity of late-Roman farmsteads. In both 
cases, however, the only evidence of the existence of the village is the 
discovery of a cemetery (Peduto, 1984). 

The case of San Pietro Infine offers, with the current study, an 
interesting example of another possible early medieval village associ
ated with the presence of a monastic cell and the management of the 
surrounding land. In an area where archaeology has never studied these 
rural settlements, the data presented in this paper provide useful in
dications for starting a targeted archaeological investigation. 
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Fig. 11. Synthetic map of the vertical magnetic pseudo-gradient generated by buried prismatic sources with direction of magnetization parallel to the ambient 
magnetic field (see text for details). 
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pp. 41–51. 

Zambardi, M., 2007a. La via Latina nel territorio di Ad Flexum. In: Ager Aquinas. Storia e 
archeologia nella media valle dell’antico Liris II. Spigolature Aquinati. Giornata di 
studio-Aquino, 19 maggio 2007, A. Nicosia, G. Ceraudo (Eds.), 121-132. 

Zambardi, M., 2007b. Organizzazione del territorio in corrispondenza della mansio “Ad 
Flexum”. In: Casinum Oppidum, Atti della Giornata di Studi su Cassino preromana e 
romana (Cassino, Biblioteca Comunale 8 ottobre 2004), Cassino, 161-169. 

Zambardi, M., 2009b. San Pietro Infine: il sito di Ad Flexum. Bollettino trimestrale di 
studi storici del Lazio meridionale, 9(2), 92-95. 

R. Di Maio et al.                                                                                                                                                                                                                                

https://doi.org/10.3390/geosciences11010026
https://doi.org/10.3390/geosciences11010026
https://doi.org/10.1016/j.rse.2019.111280
https://www.intechopen.com/chapters/15810
https://www.intechopen.com/chapters/15810
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0300
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0300
https://doi.org/10.1002/arp.1529
https://doi.org/10.1002/arp.1529
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0335
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0335
https://isprs-annals.copernicus.org/articles/VIII-M-1-2021/133/2021/
https://isprs-annals.copernicus.org/articles/VIII-M-1-2021/133/2021/
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0345
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0345
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0345
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0345
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0350
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0350
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0350
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0350
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0355
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0355
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0360
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0360
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0360
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0365
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0365
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0365
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0370
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0370
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0370
https://doi.org/10.3390/rs12183025
https://doi.org/10.3390/rs13163225
https://doi.org/10.3390/rs13163225
https://doi.org/10.3390/rs13091855
https://doi.org/10.3390/rs13091855
https://doi.org/10.1016/j.jasrep.2023.103840
https://doi.org/10.1016/j.jasrep.2023.103840
https://doi.org/10.3402/polar.v32i0.19888
https://doi.org/10.3402/polar.v32i0.19888
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0400
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0400
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0405
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0405
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0410
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0410
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0410
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0415
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0415
http://refhub.elsevier.com/S2352-409X(23)00188-8/h0415

	Reconstruction of archaeological contexts through the integrated use of airborne LiDAR and geophysical survey: The case stu ...
	1 Introduction
	2 The archaeological site of San Pietro Infine
	2.1 Geological setting
	2.2 Historical and archaeological context

	3 Materials and methods
	3.1 Airborne LiDAR survey
	3.2 Geophysical prospecting
	3.2.1 MAG survey
	3.2.2 FDEM survey
	3.2.3 GPR survey


	4 Integrated interpretation of LiDAR, geophysical and archaeological outcomes
	5 Discussion and conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


