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ABSTRACT

This study proposes a procedure to improve the interpretation of data from the Frequency Domain ElectroMagnetic method
(FDEM), a geophysical technique with high benefit-cost ratios in archaeology. This method enables the simultaneous analy-
sis of electrical and magnetic properties of the investigated medium, providing data as in-phase and out-of-phase (quadrature)
components of the electromagnetic field. Traditionally, FDEM produces individual maps for these components that are typically
inspected and related to each other only visually. The proposed procedure is based on unsupervised machine learning that, by
providing integrated maps of these two components, overcomes the limitations of visual inspection and streamlines the inter-
pretative phase. The FDEM data acquired at the Torre Galli archaeological site in Calabria, Italy, were clustered using K-means,
known for its effectiveness in partitioning densely distributed spatial data. The optimal number of clusters was determined
through silhouette analysis. Once identified, the clusters were classified as either representative of the natural background or
indicative of archaeological interest and mapped in real space. This analysis identified several areas with anomalous geophysical
characteristics compared to the natural context, characterized by distinct ranges of EM property values, suggesting the pres-
ence of different archaeological targets, such as road, walls and iron/bronze tools, which are distributed heterogeneously in the
subsoil. This classification facilitated the rapid delineation of areas with significant archaeological potential that may warrant
further investigation, resulting in a reduction of both the study area size and the archaeological effort associated with excavation.
A comparison of these areas with previous excavations and the results of a magnetic survey shows that the proposed procedure
is promising in enhancing the efficiency and accuracy of the FDEM method for identifying areas of archaeological interest. The
findings suggest a move towards automation in the interpretation process, which could improve cost-effectiveness and time op-
timization in geophysical and archaeological investigations.

1 | Introduction geophysical methods, archaeologists can improve their un-
derstanding of archaeological sites and ensure the preserva-
The use of geophysics in archaeology has made consider- tion of cultural heritage for future generations (e.g., Piro 2008;
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In the literature, there are various applications of geophysical
methods to the archaeological field. The purposes can be mul-
tiple, and some examples of applications aim to (i) study the
distribution of targets in the subsoil of known sites, guiding tar-
geted excavations, through the use of single methods, typically
the magnetic method (e.g., Paoletti et al. 2005; Fedi et al. 2017;
Florio et al. 2019) or through multimethodological geophysi-
cal investigations (e.g., Carrara et al. 2001; Di Maio et al. 2018;
Casas et al. 2022; Grassi et al. 2023); (ii) confirm the existence
of hypothesized archaeological sites and targets, providing valu-
able data for further investigation and preservation efforts (e.g.,
Soupios et al. 2013; Cella et al. 2015; Bianco et al. 2024; Paoletti
et al. 2024); and (iii) evaluate the state of conservation of un-
derground archaeological assets (e.g., Milo et al. 2022 and ref-
erences therein).

Among the geophysical prospecting methods, the Frequency
Domain ElectroMagnetic method (FDEM) has become a valu-
able tool for archaeologists over the last decades, as it allows fast
and noninvasive exploration of larger areas while reducing the
costs associated with excavation campaigns (e.g., Boschi 2020;
Sea and Ernenwein 2021; Deiana et al. 2022; Rizzo et al. 2023).

EM instruments are frequently used for archaeological work
because they are lightweight and mobile and do not require
contact with the ground and because they enable the simulta-
neous recording of both the electrical and magnetic properties
of the soils (e.g., Tabbagh 1986; Gaffney et al. 2002; De Smedt
et al. 2013). FDEM involves generating an electromagnetic field
oscillating between 1 and 100kHz using a transmitter coil (Tx),
which induces eddy currents in conductive soil. These eddy cur-
rents create a secondary electromagnetic field that generates an
oscillating current in the receiver coil (Rx). The receiver detects
this secondary field and separates it into two components. The
first component is the in-phase component, which is aligned
with the primary signal and measured in parts per thousand
(ppt). The second component is the quadrature component,
which is 90° out of phase with the primary signal and is typically
output in millisiemens per metre (mS m™') using an approxi-
mate function. Typically, the outcomes of a FDEM prospection
are spatial maps of the individual EM component values that
provide insights into the magnetic and electrical properties of
the investigated subsurface separately.

Although some procedures have been recently proposed for the
inversion of FDEM data (e.g., Benech et al. 2016; Christiansen
et al. 2016; Deidda et al. 2020; Narciso et al. 2025), the inter-
pretation of FDEM data is still primarily based on the visual
inspection and correlation of the EM maps. This study aims to
contribute to improving the interpretative process by developing
a procedure (illustrated in Figure 1) that integrates data from

both the EM components in a way that reduces the inherent
subjectivity of visual inspection while simultaneously moving
towards an automation of the interpretative process.

Utilizing a partitional cluster analysis, the K-means algorithm,
data groups characterized by specific intervals of the in-phase
and quadrature components were identified, and integrated
EM maps were obtained. These maps show the study area auto-
matically divided into subareas with specific ranges of physical
properties being considered. The subsequent identification of
subareas with potential archaeological interest is then an essen-
tially semiautomatic process, guided by the operator's geological
and archaeological knowledge of the site.

Specifically, FDEM data were clustered in the parameter space,
and the optimal number of clusters was searched for from the
silhouette analysis. Once clusters were identified, they were
mapped back into real space, and areas of potential archaeologi-
cal interest that warrant further studies were identified.

The paper is organized as follows. Section 2 describes the archae-
ological site of Torre Galli and is divided into two subsections
providing information on geological/archaeological setting and
on geophysical surveys. Section 3 illustrates the procedure pro-
posed to generate integrated maps of the EM components and is
divided into three subsections, which describe (i) data charac-
teristics and normalization, (ii) K-means algorithm and (iii) the
used clustering validation methods. Section 4 shows the results
of the cluster analysis, which are discussed and compared with
those from a magnetic study in Section 5. Section 6 outlines the
conclusions.

2 | Torre Galli Site

Torre Galli is an archaeological site located on the western edge
of Monte Poro plateau in Calabria, Italy (Figure 2a). This site
was selected for its notable archaeological importance, particu-
larly during the Iron Age.

2.1 | Geological and Archaeological Setting

Geologically, the archaeological site is located over marine sed-
iments of Tortonian age, lying above a crystalline basement
(Tortorici et al. 2003). These sediments are characterized by
arenaceous deposits with a predominant carbonate fraction
towards the top (Nicotera 1959; Rao et al. 2007; Gramigna
et al. 2008; Calcaterra and Parise 2010). In the study area, this
succession has a hypothesized thickness of between 5 and 20m,
based on references from nearby outcrops (Ietto and Ietto 2004).

Map of
in-phase
component Integrated
FDEM data Cluster Analysis Cluster Validation maps of the
Map of components
quadrature
component

FIGURE1 | Scheme of the proposed procedure for automatization of FDEM data integration.
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FIGURE 2 | (a) Geographical map showing the area where the archaeological site of Torre Galli is located (red filled area); bottom right: settle-
ment of the site; the red rectangle (defences?) points out the area of this study; (b) enlargement of the defence zone (red filled rectangle in a): meshes
M1-M3 of the geophysical survey. The white rectangle in M2 is the excavation prior to the 2012 campaign, which highlighted the presence of a ditch.

Torre Galli is placed at an altitude of approximately 620 m above
sea level (a.s.l.), on a marine terrace (Figure 2a). This strategic
position allowed it to oversee a vast and resource-rich area.
Recognized as one of Italy's most significant archaeological sites
for the Iron Age studies, Torre Galli has attracted the interest
of numerous archaeologists since the early twentieth century
(Pacciarelli 1999; Orsi 2004). The site is believed to have played
a crucial role as a transit point within a trade network that ex-
tended across the entire Mediterranean (Orsi 1926).

Initial excavations conducted by Orsi (1926, 2004) between
1922 and 1923 uncovered extensive necropolises and settle-
ment traces, revealing a wealth of artefacts that highlight the
site’s historical importance. The discovery of a necropolis with
280 burial pits, dated to the Iron Age, suggests the presence of a
thriving indigenous community, populated by 400-600 people,
from the 9th and to the 8th century BC. Near the necropolis, Orsi
uncovered evidence of habitations in the form of huts, which
were further supported by a significant number of earthenware
and ceramic fragments primarily dating back to the 6th century
BC. A comprehensive analysis of the tomb types, grave goods and
burial practices, typically involving inhumation in rectangular
or elliptical pits adorned with rich metal and ceramic items, led
Orsi to propose that the necropolis was utilized from the 10th to
the 6th century BC (Orsi 1926, 2004; Benelli 2012; Abbate 2014).

However, the absence of materials from the 8th and 7th centuries
BC among Orsi's excavation findings prompted a reevaluation
of the chronological framework. This led to the identification of
two distinct phases of use for the necropolis: a first phase, asso-
ciated with the Early Iron Age, concluded around the mid-8th
century BC and characterized by impasto pottery, double-edged
razors, short swords and bow fibulae. The second phase is dated
to the first half of the 6th century BC (e.g., La Geniére 1964;
Benelli 2012).

One notable change between the two phases was the gradual
adoption of hand-manufactured iron goods marking a shift in
the culture of materials. The role of the male ‘warrior’ also be-
came more prominent, as shown by a widespread presence of
personal iron armaments. This period marked a stronger differ-
entiation among social and economic classes, transitioning from
a dominant warrior aristocracy to a society characterized by
large landowner families with their own military organizations
(e.g., Cella and Fedi 2015; Bettelli and Vagnetti 2019).

This hypothesis was supported by subsequent excavation cam-
paigns conducted by Pacciarelli (Pacciarelli et al. 2017), which
identified the remains of stone walls with regular geometry and
traces of a fireplace, confirming the presence of a community
deeply engaged in military activities. These findings suggested
that the Monte Poro plateau was probably suitable for hosting a
more developed village, especially considering its natural bar-
riers. The plateau is bordered to the east by the necropolis and
defended by steep slopes on the southern, western and northern
sides, with access only limited to the eastern side. Archaeologists
hypothesize that during the Early Iron Age, Torre Galli had a
defensive system along its eastern side, approximately 250 m
wide, situated between the village and the necropolis (inset in
Figure 2a). This system likely consisted of ditches associated
with stone structures, such as small walls and/or roads.

There is evidence (Pacciarelli et al. 2017) that such ditches were
filled during the Early Iron Age, perhaps in conjunction with
fire events. Indeed, excavations at Torre Galli have revealed that
the areas with the finds of major interest (masonry structures
and/or road pavements) bear evident and widespread traces of
fire. These traces are witnessed by the presence of abundant
burnt soil, of charred wooden material (poles and beams), to-
gether with many bricks calcined by fire. Downstream of the po-
tential main moat and parallel to it, a trench approximately 1 m
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wide, dug into the rock was identified (see M2 area in Figure 2b).
These remains could belong to a 6th century structure associ-
ated with this defensive system (Pacciarelli et al. 2017).

The amount of information provided by the previous archaeo-
logical digs confirmed the need for new excavations between
the necropolis and the old village. However, the large area af-
fected by the hypothesized defensive structures has made the
prospect of further digging challenging. For this reason, in 2012,
a geophysical investigation was carried out in the area shown in
Figure 2b (Cella and Fedi 2015).

2.2 | Geophysical Survey

In the summer of 2012, a high-resolution geophysical survey was
conducted at Torre Galli to identify and locate buried archaeo-
logical defence structures (Cella and Fedi 2015). The survey cov-
ered approximately 14400 m? at elevations ranging from 605 to
615ma.s.l. Due to its size, the area was divided into three sec-
tors (M1-M3) for separate investigations (Figure 2b). The geo-
physical investigation employed magnetic and electromagnetic
methods chosen on the basis of the physical characteristics of
the hypothesized archaeological targets including walls, roads,
ditches, furnaces, accumulations of fired artefacts and iron/
bronze artefacts. These materials typically exhibit a magnetic
susceptibility higher than the surrounding environment, when
embedded in a sandstone subsoil. Furthermore, these targets ex-
hibit electrical conductivity characteristics that differ from that
of the natural background. Typically, more compact and less po-
rous materials (such as the bricks of walls and roads) have lower
electrical conductivity compared to a more porous and less com-
pact arenaceous subsoil. On the other hand, metallic objects are
generally characterized by significantly higher electrical con-
ductivity than both arenaceous subsoils and bricks.

The FDEM data were collected using a GSSI PROFILER EMP-
400, a multifrequency EM induction tool. This sensor is charac-
terized by a fixed separation of 1.21m between the transmitter
and the receiver coils, generally kept 20cm above the ground
level. This instrument can analyse up to three different frequen-
cies simultaneously, ranging from 1 to 16 kHz. For this study, the
three frequencies of 15, 10 and 5kHz were selected, in vertical
mode configuration, to accurately explore the upper few metres
of the subsurface.

Estimating the exploration depth of an EM measurement system
is complex due to factors such as coil orientation, coil separation,
measurement frequency and the electromagnetic properties of
the soil (Reynolds 2011; Saey et al. 2012). This work follows the
findings of Cella and Fedi (2015), which indicate a detection
depth range of approximately 0-3m, compatible with the ex-
pected depth of the investigated targets and supported by mag-
netic data analysis.

Data (the quadrature and in-phase components) were acquired
along equidistant profiles at a sampling rate of two to three mea-
sures per second with a transect spacing of 1m. The EM data
were georeferenced using a Leica Geosystem differential GPS
with centimetric precision in the UTM WGS84 coordinate sys-
tem, alongside aerial images and a digital terrain model (DTM)
of the area. The acquired FDEM data (Figure 3) were processed
to reduce noise and highlight key archaeological features. For
detailed processing steps, please refer to Cella and Fedi (2015).

3 | Building the Integrated EM Maps

Looking at Figure 3, it is clear that the visual inspection of the
EM maps leaves room for ambiguities in data interpretation.
The identification of areas characterized by the highest and/or
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FIGURE 3 | Maps of the quadrature and in-phase components (left and right of each panel), after the processing phase, acquired for the three
acquisition frequencies 5kHz (a), 10kHz (b) and 15kHz (c) in the three meshes of the survey (M1-M3 from top to bottom).
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lowest values of the EM components is influenced by the choice
of colour scale. Consequently, the size and the shape of the areas
of potential interest are not identified objectively and univocally.
In this section, the steps of the procedure developed to overcome
this issue and generated integrated EM maps are described.

3.1 | Data Characterization and Normalization

The dataset analysed in this study has been assembled starting
from the FDEM data shown in Figure 3. The dataset consists of
nine matrices, with three for each survey area (M1-M3) corre-
sponding to different acquisition frequencies. The total number
of datapoints is 28955 for M1, 18229 for M2 and 10808 for M3.
Tables 1 and 2 summarize the statistical metrics for each dataset.

The Low Induction Number (LIN) condition is crucial for inter-
preting FDEM data, as it ensures that the relationship between
the primary and secondary magnetic fields remains valid (e.g.,
Won and Huang 2004; Simon et al. 2015). The concept of LIN con-
dition in the FDEM method is widely attributed to Fraser (1972),
who discussed the apparent conductivity approximation under
low induction number conditions in frequency-domain electro-
magnetic systems. Additionally, Wait (1955) and McNeill (1980)

contributed to the theoretical foundation of electromagnetic
induction and its applications. When this condition is satisfied,
the electrical conductivity measurements acquired at different
frequencies can provide insights into the subsurface properties
at varying depths. To verify this, the induction number N was
calculated, defined as the ratio between the intercoil spacing
and the skin depth 6 = 1/ \/zpou,cf. Using u, = 4z - 107"H/m,
4, = 1and the values for electrical conductivity o and frequency
ffrom Table 1, the condition N<<1 is confirmed to hold for all
Survey Areas M1-M3.

This was later confirmed by an additional study examining the
values of the EM components in the parameter space, which re-
vealed how their distribution varies across different acquisition
frequencies (Figure 4).

Notably, M1 and M3 show clear distinctions with minimal over-
lap in the data acquired at different frequencies (Figure 4a,c).
As the frequencies decrease, for both M1 and M3, the values of
quadrature components decrease, whereas those of the in-phase
components increase. However, for the M1 area, there is a sim-
ple shift in the range of values of the two components, whereas
for the M3 area, the shape of the value distribution changes sig-
nificantly with decreasing frequencies.

TABLE 1 | Statistical metrics for the values of the quadrature component.

Mesh Acquisition frequency Min (mSm™1) Max (mS m™1) Mean (mSm™1) Std (mSm™1)
M1 5kHz 0.5945 33.2337 11.2967 4.6633
10kHz 9.2777 35.0238 17.0425 4.0181
15kHz 14.3633 41.5553 24.5385 3.5949
M2 5kHz 10.1932 36.4208 17.9762 4.4007
10kHz 9.1934 32.8222 16.8696 4.5415
15kHz 0.0484 26.2452 10.2286 4.5370
M3 5kHz 0.6867 10.2139 6.1628 1.6050
10kHz 8.1254 17.0109 13.1647 1.2804
15kHz 11.2440 19.5779 15.7265 1.2382
TABLE 2 | Statistical metrics for the values of the in-phase component.
Mesh Acquisition frequency Min (ppt) Max (ppt) Mean (ppt) Std (ppt)
M1 5kHz 0.0025 0.0200 0.0074 0.0023
10kHz 0.0016 0.0184 0.0060 0.0023
15kHz 0.0020 0.0175 0.0032 0.0023
M2 5kHz 0.0050 0.0230 0.0125 0.0029
10kHz 0.0053 0.0230 0.0126 0.0029
15kHz 0.0010 0.0220 0.0120 0.0027
M3 5kHz 0.0096 0.0179 0.0125 0.0015
10kHz 0.0076 0.0167 0.0109 0.0014
15kHz 0.0057 0.0144 0.0085 0.0013
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FIGURE 4
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The mesh M2 exhibits significant overlap between the 5- and
10-kHz datasets (Figure 4b). In contrast, the 15-kHz frequency
data display lower quadrature component values, suggesting
the presence of a shallow resistive layer. In the present study,
the 5- and 10-kHz datasets were chosen based on the variability
observed in Figure 4, to examine if there are significant differ-
ences between them. The 15-kHz dataset was instead excluded
from cluster analyses due to signal noise issues, as previously
reported by Cella and Fedi (2015).

This data representation also shows how the values of the two
EM components exhibit significantly different ranges of varia-
tion, differing by several orders of magnitude. To ensure that the
different scales do not skew the importance of the EM compo-
nents in clustering, data normalization has been implemented.
By scaling the data to a uniform range of 0-1, the impact of dis-
parate data ranges is effectively mitigated, allowing for a more
accurate and meaningful analysis. Specifically, the logarithm of
the original data is considered and then rescaled to the interval
[0, 1] using the following equation:

. mMax(X,p,) — Min(X,q, )

new —

(Xota = min(xyq) ) + Min (X)),

@

max(x,y) — min(x,,)

where x,, is the original log,, transformed value of the compo-
nent and x,,, is the respective normalized value. Normalization
using a logarithmic transformation has the advantage of com-
pressing the range and making the data more normally distrib-
uted. This is particularly beneficial when dealing with variables
that span several orders of magnitude, as it helps mitigating the

influence of outliers.

3.2 | Cluster Analysis Through K-Means
Algorithm

Over the years, there has been an increasing number of appli-
cations of clustering algorithms proposed to improve geological
and geophysical data analysis and interpretation (Florio and Lo
Re 2018; Bernardinetti and Bruno 2019; Ambrosino et al. 2022,
2023, 2024; Cicchella et al. 2022; Cutaneo et al. 2023; Modabberi
et al. 2023; Piegari et al. 2023).

In this work, cluster analysis was conducted using one of the
most widely utilized partitional clustering methods: K-means.
This algorithm was chosen due to its efficiency in clustering
large, homogeneous datasets, its straightforward implemen-
tation and its relatively quick execution time. This algorithm
divides the data within a dataset into K predefined, nonoverlap-
ping groups (clusters) based on a similarity measure, typically
using Euclidean distance (Murphy 2012). The process begins
by choosing the number of clusters, K, and then, it randomly
assigns the position of K points, called centroids (), in the
parameter space. Subsequently, the algorithm calculates the dis-
tance between each point and the K centroids, assigning each
point to the cluster with the closest centroid. An iterative loop
then begins, during which the centroid positions are updated as
the mean of the points assigned to the previous centroids. The

iterative cycle continues until the cost function E defined by the
following equation is minimized (Bhattacharya 2021):

N
E= Z Zrm-(xn—ui)z, @)

K
i=1 n=1

where x, denotes the data points, N is the total number of points
in the dataset and r,; is a binary variable equal to 1 if x,, is as-
signed to cluster i and 0 otherwise.

One of the main drawbacks of K-means is that the algorithm
tends to find different local minima of E for each different initial
position of the centroids, providing different cluster solutions.
To face this issue, an iterative cycle was employed on the ini-
tial configuration of centroids, enabling the tracking of variance
for every initial configuration. Specifically, 50 different starting
configurations of the position of centroids were considered, and
the cluster solution was chosen as the one corresponding to the
lowest variance.

K-means requires as input the number of K clusters into
which one wants to divide the initial dataset. If this number
is unknown, the algorithm is usually applied with different
K, and the best value for K is chosen from one of the various
methods of clustering validity proposed in the literature (e.g.,
Desgraupes 2013).

3.3 | Cluster Validation

In this study, two validation approaches are analysed to mea-
sure the quality of clustering: the elbow method and the silhou-
ette coefficient.

The elbow method is classified as a relative cluster validation
as it evaluates the clustering results by varying the number of
clusters and comparing the different clustering by looking for
an ‘elbow’ in the plot of the within-cluster sum of squares versus
the number of clusters (Bhattacharya 2021).

The percentage of explained variance EV is calculated for each
value of K chosen clusters as follows:

EVj= szl,z,

K1, 3
AE,,. ®

where AE, corresponds to the E deviation between 1 and the
highest K among those analysed. As the number of clusters in-
creases, EV will also increase, as more of the total variance is
‘explained’ by the clustering. The optimal K value is typically
chosen to be the one corresponding to 90% or 95% of explained

variance (Thorndike 1953).

The silhouette coefficient is an internal cluster validation that
evaluates the clustering result based on the data clustering itself.
It measures how well each object lies within its cluster, provid-
ing insight into the clustering quality and separation between
clusters. The silhouette coefficient (s [i]) for each point is defined
as follows (Aranganayagi and Thangavel 2007):
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where a(i) is the average distance between data i and all other
points belonging to the same cluster and b(i) is the smallest
average distance of data i from all data belonging to the other
clusters (Jain et al. 1999). By summing the silhouette coeffi-
cients of all the samples and dividing by the total number of
data, an average coefficient is obtained, ranging in the inter-
val [-1, +1]. An average silhouette score with a value equal to
or close to +1 means that the group is characterized by max-
imum cohesion and data separation; a value close to or equal
to —1 means minimal data cohesion and separation. Therefore,
the K-best suggested by silhouette is the one corresponding to
the average coefficient value closest to unity (Shahapure and
Nicholas 2020).

Here, the cluster analysis was performed by using software pack-
ages available in the Statistics and Machine Learning Toolbox of
MATLAB.

4 | Results

The results obtained from elbow and silhouette validation meth-
ods reveal distinct outcomes in both the number of clusters and
their interpretability (Table 3).

The elbow method suggests between six to eight clusters for dif-
ferent frequencies and areas, particularly when applying a 90%
or 95% explained variance threshold. However, this approach
can lead to excessive detail and a large number of groups that
do not effectively represent the geological or archaeological
features, due to the area’s inherent homogeneity. In contrast,
the silhouette coefficient recommends a smaller K-best value,
typically around two to three clusters. This smaller number of
clusters captures the low lithological heterogeneity of the study
area while accommodating significant variations in geophysi-
cal properties, such as magnetic susceptibility and electrical
resistivity.

Furthermore, the silhouette analysis demonstrates greater con-
sistency across different frequencies, maintaining a constant
number of clusters regardless of frequency changes, with only
variations in data volume within each cluster. Conversely, the
elbow method shows fluctuations in cluster numbers with

frequency changes, resulting in variability in proposed K values
and data distribution among clusters.

Given these insights, it is inferred that the K-best value sug-
gested by the silhouette coefficient provides a more meaning-
ful partitioning of the dataset. Figure 5 illustrates the cluster
analysis results in the parameter space for both 5- and 10-kHz
acquisition frequencies. The retrieved clusters were categorized
into four groups based on the range of variations of the EM com-
ponents, enhancing the understanding and interpretation of the
data. Figure 6 shows the results of the clusters analysis into the
real space.

It is worth noting that the clusters identified in the parameter
space, when mapped back to real space, illuminate contigu-
ous areas and do not end up illuminating random pixels on the
maps. This indicates that the employed clustering methodology
is robust and effective. It also demonstrates that the parameters
used for clustering are capturing meaningful spatial patterns
rather than noise or outliers. This enhances the credibility of the
analysis and suggests that the underlying data has a coherent
structure.

5 | Discussion

The interpretation of the retrieved clusters is based on the
LIN condition, which considers the in-phase component to
be directly proportional to magnetic susceptibility and the
quadrature component to be directly proportional to apparent
electrical conductivity. Using archaeological and geological
knowledge of the area, the four clusters were divided into two
main groups:

« Natural background: characterized by low susceptibility
values with low-to-medium conductivity (Cluster 2) and
low susceptibility values with high conductivity (Cluster
3);

« Areas of Archaeological Interest (AAI): characterized by
high magnetic susceptibility with low conductivity (Cluster
1) and high magnetic susceptibility with high conductivity
(Cluster 4).

Cluster 2 (green in Figures 5 and 6) exhibits an average conduc-
tivity range for all meshes between 3 and 25 mSm~!, with in-
phase component values never exceeding 0.02 ppt, suggesting

TABLE 3 | K_best values from elbow and silhouette methods for the different meshes and acquisition frequencies.

K-best elbow method K-best elbow method K-best silhouette

Acquisition frequency Mesh (explained variance 90%) (explained variance 95%) coefficient
5kHz M1 6 8 3

M2 7 8

M3 5 7 2
10kHz M1 6 7 3

M2 7 7 3

M3 6 8 2
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compatibility with a sandstone background. Similarly, Cluster
3 (blue in Figures 5 and 6) is interpreted as a natural back-
ground. It exhibits a susceptibility range similar to Cluster 2,
but with a slightly higher maximum conductivity, reaching
approximately 35 mSm~'. This modest difference in electrical
conductivity may be explained by the presence of areas char-
acterized by sandstone with a slightly higher grain size and/
or saturation level.

Cluster 1 (red in Figures 5 and 6) has lower electrical conduc-
tivity compared to Cluster 2, peaking at around 20 mS m™,
that is, relatively low. Furthermore, the values of the in-phase
component are relatively high, up to approximately 0.023 ppt,
implying high magnetic susceptibility values. These charac-
teristics suggest that the materials in Cluster 1 may be more
compact and more magnetic than surrounding sandstone. As
mentioned above, this may indicate the presence of building
materials such as bricks, which are commonly used in the
construction of walls and roads. The indigo Cluster 4 could
be related to the presence of small and sparse metallic mate-
rials, such as iron and bronze objects, both representative of
the two periods of activity of the Torre Galli site. These ma-
terials exhibit relatively good magnetic properties (in-phase
component of about 0.023 ppt) and electrical conductivity ( up
to 37mSm™") (e.g., Dionne et al. 2011) higher than the sur-
rounding environment.

Figure 6 reveals a clear spatial organization of clusters, as well
as a distinct distribution of these clusters based on their oper-
ating frequencies. In mesh M1, the clusters of archaeological
interest characterized by high magnetic susceptibility and low
electrical conductivity values (red clusters in Figure 6a,b) are
found in the northern and western sectors at 5 kHz (Figure 6a),
whereas at 10kHz, another area of interest in red appears in
the central sector (Figure 6b). This has an elongated shape
and limits a more conductive zone (Cluster 3). In mesh M2,
the areas associated with the red clusters (Figure 6c,d) are
localized essentially in the western sector for both the oper-
ational frequencies, whereas in M3, they appear in the north-
ern sector only at 5kHz (Figure 6e). Additionally, the maps
indicate that regions of archaeological significance, marked
by both relatively high susceptibility and elevated electrical
conductivity, are more likely to be located in M2 and possibly
in M3 (Figure 6c,d,f).

To validate the clustering results, a comparison was made with
the outcome of a magnetic survey carried out in the same area
by Cella and Fedi (2015), which analysed magnetic data at mul-
tiple scales.

The authors considered the pole reduced map of vertical gradi-
ent data (Figure 7a) and then applied the enhanced horizontal
derivative (EHD) method (Fedi and Florio 2001) to outline the
lateral boundaries of sources (Figure 7b). This method facil-
itated the identification of areas with varying magnetization.
The magnetic data outcomes supported the archaeologists’
hypotheses regarding a defence zone, leading to targeted ex-
cavations at M1 and M2, where remains of two ditches were
uncovered, corresponding to magnetic maxima t12 and t17
(Figure 7b).

In Figure 7c,d, Clusters 1 and 4 (AAI clusters) are overlaid
on the magnetic vertical gradient map, revealing a strong
correlation between these clusters and significant magnetic
anomalies.

Clusters 1 and 4 were also overlapped to EHD maps (Figure 7e,f).
This comparison shows that all AAI clusters include magnetic
maxima. It is noted that at 5kHz, they also include the locations
of trench t12 (width of 2.5m) and trench t17 (width less than
2m). Differences can be observed between the integrated EM
maps at the two different acquisition frequencies. A notable dis-
tinction is the elongated anomalous area in the central-eastern
sector of M1. These EHD anomalies (t21, formed by a pair of
parallel alignments, and t22) fall within the red cluster area on
the 10-kHz frequency map (Figure 7f) but not on the 5-kHz map
(Figure 7e).

This discrepancy may be attributed to the ancient topography
of the investigation area, which is not as regular and flat as it is
today. This irregular terrain likely influenced the construction
of defence walls and roads at varying levels, with some features
located at greater depths.

Another difference is observed in M3, where electrical conduc-
tivity varies significantly with frequency. Given the lack of geo-
logical evidence for a shallow lithological change, the existence
of subhorizontal layers is inferred. These layers may show vary-
ing gradations of erosion and compaction, potentially affecting
saturation degrees or containing different types of archaeolog-
ical material. However, these hypotheses remain assumptions
that only excavation can confirm.

The strong correlation between the magnetic analysis results
and these findings underscores that a key factor in distinguish-
ing archaeological features from the natural environment at
the Torre Galli site is the contrast in magnetic susceptibility be-
tween the two sources. Shallow soils, formed from weathered
arenaceous bedrock with a predominant carbonate fraction, are
expected to exhibit very low susceptibility. In contrast, materials
used in the discovered structures, such as bricks for walls and
road paving, show moderate susceptibility slightly higher than
the background.

Compared to the magnetic method, this new representa-
tion of the EM data allows simultaneous examination of
susceptibility and conductivity. This enabled to categorize
highly magnetic regions into two subgroups based on con-
ductivity. More specifically, the two AAI groups that exhibit
similar susceptibility ranges were divided into (i) a subgroup
showing low electrical conductivity (such as bricks) and (ii)
a subgroup with high electrical conductivity (such as accu-
mulations of bronze/iron materials). Thus, the proposed ap-
proach provides archaeologists with insights into different
potential target types across areas of major archaeological
interest, identifying zones characterized by varying relation-
ships in electrical and magnetic properties. Additionally, this
approach enables the recognition of different area characteris-
tics as the operating frequency changes, a distinction that has
not been observed with traditional methods, as noted by Cella
and Fedi (2015).
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6 | Conclusions

This study employed the K-means clustering algorithm to
combine the in-phase and quadrature components of the elec-
tromagnetic (EM) field. This approach enabled the creation of
integrated EM maps, offering a comprehensive view of the ap-
parent electrical conductivity and magnetic susceptibility of the
surveyed area. The proposed innovative visualization allowed
the identification of spatial regions defined by specific intervals
of these properties, highlighting areas that share similar charac-
teristics, regardless of their distance apart. This automatic cor-
relation significantly reduces interpreter subjectivity, moving
beyond simple visual inspection.

The integrated maps have facilitated the automatic identifica-
tion of key areas with potential archaeological interest, char-
acterized by high susceptibility values and variable electrical
conductivity. After classifying these areas, they were overlaid
with results from previous magnetic analyses to validate the
findings. This comparison revealed that all features identified
through magnetic methods were also captured in the FDEM
analysis, although the EHD method (see Figure 7b) provided
more detailed information due to careful weight selection and
extensive data processing. In contrast, mapping EM clusters al-
lows for a rapid assessment to identify areas of greatest interest,
highlighting different characteristics as the operating frequency
varies, significantly reducing both the extent of land subject
to further geophysical analyses and/or excavation and associ-
ated costs.

The advanced analysis performed in the area suggests that ar-
chaeologists should prioritize future studies in the regions cov-
ered by Cluster 1 (red) (Figure 7) if they intend to excavate buried
structures characterized by higher resistivity, such as roads and/
or walls. Conversely, if they are interested in examining more
conductive objects like iron/bronze tools and weapons, a more
detailed investigation of the areas marked by Cluster 4 (indigo)
is advisable (Figure 7).

However, users should use caution when drawing conclusions
without a well-understood geological context or sufficient ar-
chaeological knowledge of the site. Failing to consider these fac-
tors may lead to increased time and costs rather than savings.

Future studies will involve conducting a multivariate analysis
that incorporates spatial coordinates to evaluate whether expand-
ing the dimensionality of the parameter space leads to a consis-
tent improvement in delineating areas of archaeological interest.
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