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Abstract: Different geophysical methods applied at the settlement of Villasviejas del Tamuja (Botija, 
Spain) have identified robust anomalies located at the same position, but some anomalies are 
reflected by only one method. Furthermore, analysing the spatial correlation of these anomalies is 
of fundamental importance for obtaining a correct archaeological interpretation. In this work, we 
analysed the main results of electrical resistivity tomography (ERT), ground-penetrating radar 
(GPR) and magnetic gradiometry methods in a particular area of the archaeological site. In this 
analysis, we performed graphical and numerical spatial correlation analyses of the anomalies and 
observed strong agreement among the results provided by each method. Certain anomalies were 
reflected only in the magnetic and ERT studies. The results highlight the importance of applying 
several geophysical methods and performing spatial correlational analyses. Furthermore, the 
methodology that we have applied to evaluate the spatial correlation offers interesting results. 

Keywords: archaeological site; geophysical correlation; spatial correlation; electrical tomography; 
ground penetrating radar; magnetic method. 

 

1. Introduction 
The archaeological site of Villasviejas del Tamuja is located in the municipality of Botija 

(Province of Cáceres, Spain); it is a fortified settlement that was founded at the beginning of the 4th 
century BC, and it remained active until the 1st century BC. Two walled enclosures (A and B in Figure 
1) reinforced by artificial ditches and natural defences provided by the Tamuja River and the Verraco 
stream encompass a total area of approximately 7 ha. 

From a geological point of view, the study area is part of the domain of vertical folds of the 
Central Iberian Zone of the Iberian Massif [1], where the upper Pre-Cambrian successions occupy 
extensive outcrops. These are metasedimentary series composed of schists and metasandstones, 
called the Schist–Greywacke Complex (SGC) [2] (Figure 1). The SGC has been divided into different 
lithostratigraphic units corresponding to the area of study by the Domo Extremeño Group [3]. The 
sediments are interpreted as having been laid down in submarine fans, slopes and channels [4,5]. The 
series are characterised by low-grade regional metamorphisms and are affected by different 
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deformation phases accompanied by plutonism, to which the nearby Plasenzuela batholith 
originating in the Varisca phase is linked [6,7]. 

 
Figure 1. Location of the study area and geological map for the region. The yellow rectangle in 
enclosure B corresponds to the zone analysed in this work. The red rectangle in detailed maps 
corresponds to the area of the map on the left. 

The settlement of Villasviejas sits on a promontory consisting of metasedimentary rocks 
corresponding to the SGC unit, mainly slates. A geological study carried out at the settlement has 
allowed the geological characteristics both on and below the surface to be determined [8]. The slates 
are affected by primary schistosity with differentiated highlights. This structural disposition 
influenced the initial construction of the settlement and the development of the defensive wall. The 
slate substrate is located at a depth between 1 and 3 m, and beginning at an approximate depth of 7 
m, these slates are affected by a possible granite intrusion that would have generated a bulge and a 
contact aureole leading to compositional disagreement with the host slate. The effects on the slates 
have been observed in the potholes [9] in the bed of the Tamuja River that delimits the hillfort to the 
west. 

Villasviejas is an important archaeological site for the study of the Second Iron Age and the 
romanization process in central Iberia, because it is one of the enclaves of this type of greater 
extension and monumentality within the region, and it is one of the best-known study cases. 
Therefore, it serves as a reference for knowledge of the emergence of the hillforts, the first great 
human settlements in the area before the spread of Roman towns. 

This type of settlement reveals the great demographic, economic and social changes of the 
mentioned period, considering them as the most immediate precedent of the urban phenomenon in 
this part of Europe. However, knowing the anatomy of these sites—their internal organization, urban 
planning, domestic architecture and defensive structures—represents a challenge if we depend only 
on conventional excavation work. In addition to the high cost in time and resources, large excavations 
pose conservation problems that make the management of these large and complex archaeological 
areas unsustainable. Bearing this in mind, we approach the study of these sites through the integrated 
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use of a series of prospecting and detection methods that allow obtaining abundant information while 
minimizing destructive tasks.  

To understand this spatial organization and diachronic evolution of the hillfort, we carried out 
a detailed multidisciplinary study at the settlement that covered the application of geophysical 
methods, geological and archaeological characterization and digital cartographic representation [10]. 
We elaborated LiDAR digital terrain model (DTM) hillshade and simple local relief model (SLRM) 
derived from the LiDAR DTM (Figure 2). SLRM [11,12] is a trend model useful to enhance the 
visibility of small-scale features; Figure 2 shows blue surfaces with a relatively lower position than 
the ones in red, that show a relatively higher position. Unfortunately, this visualization technique 
does not detect any of the structures identified with geophysics. We also used the information 
provided by previous excavation efforts (Figure 2) that have been carried out since the mid-19th 
century by a different research team [13] for comparison of the results. 

 
Figure 2. LiDAR digital terrain model (DTM) image of the study area. Photographs A, B and C show 
excavated areas, and the red rectangle in enclosure B corresponds to the zone analysed in this work. 
Images on the right show the research area in an orthophotograph (1), LiDAR DTM hillshade (2) and 
simple local relief model (SLRM) derived from the LiDAR DTM (3). 

The aim of this paper is to present the results obtained from a detailed study in a particular area 
of the archaeological site (Figure 2) by applying electrical resistivity tomography (ERT), ground-
penetrating radar (GPR) and magnetic gradiometry methods. The archaeological excavation is still 
pending. The study zone covers an area of 20 × 9 m and offers optimal conditions for geophysical 
work, since the topography is smooth, and the terrain is free of brush and obstacles such as trees or 
large stones. We detailed the geological knowledge of the substrate in this zone to support the 
interpretation of geophysical methods. Currently, it is very common in archaeological studies to 
apply several geophysical methods to investigate anomalies that correspond to the same structure, 
because different methods may reveal different aspects of the subsurface [14–17]. In this study, we 
analysed the main anomalies revealed by each method and evaluated the graphical and numerical 
spatial correlation. 
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The application of geophysical methods for mapping cultural remains first emerged in the 
United States and United Kingdom between 1920 and 1930, with the use of electrical and magnetic 
methods [18]. These methods have since been widely applied because they allow knowledge of the 
subsurface to be obtained more quickly than is possible through archaeological excavation, and thus 
are of great use for defining the study location and planning all further actions to be performed [19]. 
Currently, there is a great diversity of geophysical methods that can be applied to an archaeological 
site, such as GPR, vertical magnetic gradiometry and ERT. 

With the emergence of these techniques, it has become possible to gain in-depth knowledge of a 
location; however, there has not always been an in-depth study of the acquired data, as these data 
frequently show an apparent lack of information. In many cases, this occurs due to a low signal-to-
noise ratio. Noise in large quantities masks useful information, resulting in low perceptibility of 
buried structures. Currently, in-depth study using advanced mathematical techniques is a research 
area that is undergoing extensive development because of its high applicability in important contexts 
such as medical and digital image processing. Even data of very low quality can be used as input 
data to produce images of better quality. Image fusion algorithms are one example of this type of 
processing [20]. 

2. Methods  

2.1 Magnetic Gradiometry 

In magnetic methods, variations in the intensity of the Earth's magnetic field are measured to 
probe the different degrees of magnetization of the materials found in the subsoil. These differences 
in the magnetic field depend on both induced and remnant magnetizations. These methods enable 
the exploration of large surfaces within a relatively short time; but in general, without knowledge of 
the geometry, the depth of structures cannot be established with precision. Therefore, such a method 
is suitable to carry out a general exploration of a site to preliminarily identify the zones of greatest 
interest. 

In this study, we used a Grad601-2 fluxgate gradiometer from Bartington [21,22] in grid mode 
with an interval of 50 cm between the data lines and 8 observations per meter. The data were initially 
processed using Terra Surveyor software to correct errors derived from acquisition, such as stripping 
(imbalanced between sensors) and staggering (mismatch in horizontal displacements), to perform 
filtering for the correction of noise problems and other operations such as field transform derivatives 
to enhance possible alignments. Once the data was exported to a geographic information system 
(GIS) environment and vector digitized into a polygon geometry, we explored the data distributions 
and maximized the detection of traces of archaeological interest. 

2.2 Electrical Resistivity Tomography (ERT) 

The ERT method, which is based on variations in electrical resistivity, is widely used in 
characterizing archaeological sites and geological structures [8,10,23–26]. 

With the aim of analysing the anomalies revealed by the magnetic method in detail, we carried 
out a pseudo three-dimensional (3D) study based on a grid composed of 19 parallel profiles of 20 m 
in length and spaced at 0.5 m, with an interval between electrodes of 0.5 m, which yielded results 
with a satisfactory resolution. The whole area studied was 20 × 9 m, and the greatest depth reached 
in the study was 4 m. We used an ABEM Terrameter LS resistivity meter with 42 electrodes and multi 
gradient array. With this configuration, different sets of measurements were performed with the 
current and potential electrodes at different locations, enabling very stable field data acquisition with 
a good signal-to-noise ratio [27]. The starting point for each profile was located in the south and the 
locations of the sampling points were established by using a differential Global Positioning System 
(GPS) receiver (Trimble R8) with Real Time Kinematic (RTK) corrections received from the 
Extremadura Positioning Network. The data were georeferenced and processed using the RES2DINV 
and RES3DINV inversion programs from GeoTomo Software based on the least-squares method 
involving the finite-element and finite-difference methods. 
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2.3. Ground-Penetrating Radar (GPR) 

A GPR device operates on the basis of electromagnetic (EM) pulse waves transmitted by an 
antenna (Tx) into the subsurface. When radar pulses encounter materials with different dielectric 
properties, part of their energy is reflected by these materials and returns to the surface where it is 
collected by the receiver antenna (Rx) if certain theoretical physical constraints are respected [28,29]. 
The simple model that explains the physical conditions that must hold to enable object detection 
using this method is described by the Fresnel zone equation [30] 

∆𝑙 ≥
𝑟. 𝑣
2𝑓

 (1) 

where ∆l is the minimum size of an object that can be detected at a distance r from a GPR antenna 
emitting electromagnetic pulses with a central frequency fc that propagate through the soil with a 
velocity v. In a geological material 𝑣 = 𝑐 √𝜀⁄ , where 𝜀  is the dielectric constant. 

The resulting data are represented in the form of radar sections (radargrams), in which the x-
axis represents the antenna survey line and the y-axis represents the propagation time of the radar 
wave on a given path. The amplitude at each time is related to the electromagnetic properties of the 
structures by which the waves are reflected (electrical resistivity, dielectric constant = relative 
permittivity and magnetic permeability). The clearest reflections are produced when the radar pulses 
are reflected at the interface of two materials with significantly different dielectric constant values. 
Smaller amplitudes are produced by reflections at the interfaces of materials with dielectric 
permittivities that are only slightly different. The interpretation of the reflection profiles enables the 
estimation of the locations of buried structures and their dimensions in the vertical plane. Many radar 
profiles collected from adjacent locations can be merged to create a three-dimensional map of 
reflection amplitudes, which may be displayed using 3D visualization techniques either as isosurface 
renderings or as 2D slices (cutting planes in 3D) [31]. 

In the GPR survey carried out at Villasviejas del Tamuja, a Geophysical Survey Systems, Inc. 
(GSSI) equipment was used, including a SIR-3000 GPR controller with a 400 MHz monostatic antenna 
mounted on a cart with a calibrated tachometer. The survey area of 25 × 34 m was covered by 51 
parallel transects with a spacing of 0.5 m, and data were collected in a zig-zag fashion. Table 1 
presents the configuration used for the GPR measurements. 

Table 1. Ground-penetrating radar (GPR) configuration used in the Villasviejas del Tamuja survey. 

Acquisition 
mode Bit sampling 

Scans 
per 

meter 

Time 
range 

Samples 
per trace Gain 

Vertical 
filter 
(IIR)* 

Surface 
adjustments 

Distance 16 bits/sample 50 60 ns 1024 

4 Pts 
(20 dB; 
29 dB; 
49 dB; 
58 dB) 

LP** = 800 
MHz 

HP** =100 
MHz 

Offset = 4.3 ns; 
Surface = 7% 

*IIR= Infinite impulse response filter; **LP= Low Pass filter; **HP= High Pass filter 

3. Results 

3.1. Magnetic Gradiometry 

The anomalies were classified into a series of discrete categories to identify wall foundations 
(certain or probable) and thermoaltered surfaces (Figure 3). Within the latter group, we differentiated 
among possible pavements, burnt structures and possible combustion structures (kilns and 
fireplaces). 
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Based on the geological characteristics of the environment, the soil appears to present medium-
low magnetic properties, which are, however, enhanced by the presence of basic igneous rocks and 
a likely high concentration of iron oxides in the surface horizon derived from anthropogenic 
activities. The result is a soil with positive magnetic values, as shown by the magnetic readings taken 
in the field. Therefore, the results of the geomagnetic survey depend on the contrast between this soil 
and the construction materials used. 

Negative gradient values correspond to walls built with rocks in the area. These rocks are likely 
to be igneous and metamorphic with relatively low to medium susceptibilities; they are of 
diamagnetic and induced origin. They correspond to the local materials used in the construction of 
the wall basements that are already known from the excavated areas of the site, such as slates and 
granites. The identified walls were isolated in the interpretation as a separate category (Figure 3D). 

Positive gradient values correspond mostly to fillings with materials that exhibit medium 
magnetic susceptibility, such as the remains of materials subjected to prolonged medium-high 
temperatures, fragments of pottery or construction materials such as bricks. In some cases, the 
remains of compacted earthen pavements containing organic material, ceramic fragments and clay 
subjected to heat may be present. 

Dipolar anomalies correspond to two small adjacent areas, one with positive and the other with 
negative readings of diverse origins; some indicate the presence of ferromagnetic elements, such as 
metal remains, resulting from anthropogenic activities. When possible, focal dipolar anomalies were 
distinguished, which correspond to the presence of isolated metals or focal deposits that could have 
an archaeological origin. Other dipolar anomalies of high intensity and undefined geometry were 
interpreted as the result of combustion. Finally, a smaller number of dipolar anomalies were classified 
as indeterminate, as we were unable to specify their origin. 

 
Figure 3. Gradiometer response map. (A) Vertical gradient in nT/m. (B) Vertical gradient with 5 nT/m 
interval contour lines and +/- 15 nT/m peaks shown in red/blue. (C) Map of interpreted amplitude 
values, defined as follow: Class 1 (high-intensity negative anomaly), 2–3 (low- to medium-intensity 
negative area, corresponding to walls), 4 (undetermined), 5–6 (low- to medium-intensity positive 
area), and 7 (high-intensity positive anomaly). (D) Map of identified gradient values and anomalies 
corresponding to walls. 
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3.2 Electrical Resistivity Tomography (ERT) 

First, we processed each profile separately to identify the main anomalies and study their 
continuity along the different profiles; the inversion results had an error of less than 2%. The results 
are shown in Figure 4, in which three main anomalies that are present in almost all the profiles can 
be seen. The first anomaly (A1) has a resistivity of 150 Ωm, is located close to the surface and is 
approximately 0.5 m wide. Considering that we performed the work in February following rainy 
days, A1 corresponds to filler materials (sediments and archaeological deposits) with high water 
contents. The second anomaly (A2), with a resistivity equal to 700 Ωm, is present in profiles P1, P2, 
P3, P6 and P7 at a horizontal distance of 4–7 m from the origin and at a depth between 1 and 2 m. 
This anomaly is also present in P17 and P18 at 6–10 m from the origin and in P19 at 8–12 m. The third 
anomaly (A3) has a resistivity of 900–1000 Ωm and appears in P4, P5, P14, P15 and P16. The position 
and dimensions of this anomaly are similar to those of A2; hence these anomalies could belong to the 
same structure. Another anomaly with lower resistivity values than the surrounding medium, called 
A4, is present in the P5–P13 profiles, more clearly evident in the results from the 3D study. 

 
Figure 4. Left: locations of the profiles in the grid (the red arrows point towards the end). Right: 
resistivity distribution obtained via inversion for each profile. A1, A2, A3 and A4 are the main 
anomalies related to archaeological structures. In each plot, the horizontal axis represents the 
distances (in m) from the origin point, and the vertical axis represents the depth (in m) from the 
surface. 
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We also carried out 3D inversion and obtained the distribution of the resistivity in a cube with 
dimensions of 20 × 9 × 4 m. From this distribution, we obtained slices at different depths (Figure 5) 
that reflect the continuity of the anomalies. At depths of 0.4 and 0.7 m, and with less significance at 
1.5 m, we observed the highest resistivity values along lines with NS and EW orientations. 
Considering the results obtained by applying the ERT method in several excavated zones at this 
archaeological site [10], we concluded that these features correspond to walls. These resistivity values 
correspond to the A2 and A3 anomalies. Furthermore, another anomaly appears with a resistivity 
value of 250 Ωm and a circular shape from 1.5 to 3.8 m in depth; this anomaly is located close to the 
centre of the grid. This anomaly could correspond to that labelled as A4 from the P5–P13 profiles in 
Figure 4, although we observe from those profiles that the depth reached by this anomaly is shallower 
than that indicated by the slice representation; additionally, the anomaly is not so clearly defined. 
Nevertheless, the anomaly also appears in the magnetic study (Figure 3). 

 
Figure 5. Slices at different depths from the three-dimensional (3D) inversion. The anomalies A1, 
A2, A3 and A4 from Figure 4 are marked. 

To analyse these anomalies in detail, we generated 3D figures with the corresponding resistivity 
values. To generate Figure 6a, we selected the A2 and A3 anomalies, and the results show the walls 
discussed above. Additionally, to generate Figure 6b, the A4 anomaly and the closest and 
surrounding resistivity values were selected, and the results show the structure that corresponds to 
the circular anomaly, presented in Figure 5. The two different structures are shown together in Figure 
6c. 
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Figure 6. 3D inversion results obtained by selecting resistivity values corresponding to (a) walls, (b) 
the circular anomaly and (c) both the walls and the circular anomaly. The distances and depths are 
expressed in m. 

3.3 Ground Penetrating Radar (GPR) 

GPR data processing was performed using the commercial software RADAN-7 (GGSI, Inc.) in 
two phases. First, some transects were individually processed to define the processing stages and 
their parameters were set to produce well-defined reflection profiles. As the quality of the signals 
acquired in this study was good, conservative flow processing was applied (Table 2), mainly with the 
aims of increasing the signal amplitude (gain correction) and, more importantly, increasing the 
vertical and lateral resolutions (deconvolution operation). The processing pathway defined in the 
parametrization phase was then applied to all transects, and a 3D amplitude map was obtained by 
averaging the amplitudes of the reflection profiles [32]. 

Table 2. Processing flowchart and settings used. 

A: Surface 
Correction 

B: Horizontal 
Filter for 

Removing 
Background Noise 

C: Gain Correction 
(Exponential) 

D: Predictive 
Deconvolution E: Migration 

–0.2 ns Length = 201 scans 
Np = 5 

(6;10;13;12;9) 

OP length* = 31; 
Lag* =3; PW* = 
10%; GN* = 4 

Dielectric 
constant = 8 

*Deconvolution parameters: OP=Operator Length (size of the filter in terms of the number of samples); Lag=Prediction 
Lag; PW = Prewhitening; GN= Overall Gain. 
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Figure 7 shows a map on which all GPR profiles are marked and the subset of them used in this 
work is highlighted by the smaller rectangle. The portions of the 18 radargrams that correspond to 
the analysed area are also presented in Figure 7. From initial observation of this set of profiles, it is 
evident that many well-defined reflections are present in almost all of them, at different scales of 
intensity and size. The majority of these reflections are located in the soil layer between the surface 
and a depth of 1.5 m. These features are characteristic of the typical GPR reflection scenario observed 
at well contrasted archaeological sites. A closer analysis of the sections allows us to conclude that 
some of these reflections continue into adjacent profiles. The common marks across adjacent 
radargrams reveal some extended reflectors crossed by multiple sections and provide an idea of the 
lateral distribution of the buried structures. These observations are compatible with alignments 
produced by building remains. 

 
Figure 7. Top left corner: location of the surveyed GPR grid (profiles 0.5 m apart), where the segments 
of the profile analysed in this work are marked with black lines over a white rectangle. Remaining 
parts of the figure: the 18 processed GPR sections from the analysed area. On the radargrams some 
reflectors with lateral continuity across adjacent profiles are marked. 
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Figure 8 (left) shows a horizontal slice at 0.7 m ± 0.1 m in depth taken from the 3D amplitude 
reflection map computed from the GPR dataset after processing. As was already suspected from the 
observation of the radargrams presented in Figure 7, this slice clearly defines a set of alignments 
compatible with building remains. The area under analysis in this work is marked by the blue 
rectangle, and four of the transects that define the image are marked with green lines on the slice and 
are shown in the right panel. On each profile the positions of some high-amplitude reflections that 
are identified on the related transects are indicated. We note that the perturbations in the travel time 
caused by topographic variations are very small (~1°) and do not need correction. 

 
Figure 8. The left panel shows a horizontal slice of the 3D model cut at a depth of 0.7 ± 0.1 m, on which 
the traces corresponding to the four GPR sections shown in the right panel are marked with green 
lines. Along each trace, coloured rectangular outlines indicate the higher-amplitude positions that are 
marked on the radargrams with similar coloured rectangular outlines. The light grey strip drawn over 
each radargram represents the source region of the data that define the horizontal slice. 

The 3D amplitude map computed with RADAN-7 was exported in ASCII format using a 
rectangular grid with mesh dimensions of dx = 0.2 m, dy = 0.06 m and dz = 0.1 m. This process was 
accomplished by resampling the image to obtain a cubic mesh of square cells with edges of 0.15 m 
and applying 3D median filtering to obtain similar spatial frequency content. 

A two-fold approach for visualizing the 3D GPR results was used. First, a 3D image of the 
reflecting objects was obtained by rendering a selected amplitude range and assigning transparency 
to the remaining amplitudes (Figure 9). In the second step, horizontal slices of the absolute amplitude, 
corresponding to stacking of the energy at a depth of Z ± 0.1 m, were represented using the same grid 
cell sizes (dx and dy). Figure 10 displays six of these horizontal cuts from depths that coincide with 
the ERT model. 
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Figure 9. 3D image of the reflecting objects that correspond to walls. 

Figure 10. GPR slices from the same depths considered in the electrical resistivity tomography (ERT) 
study (Figure 5). 

3.4 Anomaly Correlation 

The relative effectiveness of the three geophysical methods used in this case can be determined 
in a decisive way based on the characteristics of the features that are the target of the exploration. 
This approach refers to the archaeological stratification (thicknesses and types of sediments) and to 
the depth and composition of the structures. Regarding the former, the investigated area shows 
increasing sedimentation in the S-N direction due to the steep slope towards the boundary of the 
walled enclosure. However, the volume of sediments is generally small and decreases towards the 
southern part of the area. The fill that covers the spaces between the structures has a clear signal since 
the building material of the walls is mostly mud bricks and rammed earth. In general, the foundations 
of the structures were built by means of stone masonry using local materials (slates). Since the 
foundations appear at very shallow depths (sometimes only approximately 20 cm from the surface), 
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they show the maximal contrast with the surrounding materials. For this reason, although the area 
has not been excavated, we can obtain information about the structures that are present. 

As noted previously, we observed two different types of anomalies by applying the ERT method, 
one corresponding to walls, and the other corresponding to a circular structure. As the magnetic and 
GPR methods also both reveal clear anomalies corresponding to walls, we performed a correlation 
analysis only for this anomaly type. In particular, we conducted the analysis based on the results 
corresponding to a depth of 0.7 m because at this depth, the anomalies are best revealed. 

Figure 11 shows the anomaly distribution obtained from the magnetic method (Figure 11a), ERT 
(Figure 11b) and GPR (Figure 11c) at a depth of 0.7 m. We observe that although the anomalies 
corresponding to walls are clearly detected by all three methods, the locations and dimensions are 
not shown as clearly by the magnetic method as by the other methods. In general, we observe that 
the zones that are devoid of anomalies coincide among the three methods, but some elements that 
are evident in the results of one method do not appear in the others. For that reason, to conduct a 
detailed analysis of the results, we carried out a spatial correlation analysis. 

 

Figure 11. Anomalies from (a) the magnetic method, (b) ERT and (c) GPR at a depth of 0.7 m. 

First, we isolated the anomalies corresponding to walls (Figure 12) from each set of data using 
the same grid spacing and the same number of nodes (a total of 5865). Then, we developed a binary 
system by assigning a value of 1 to the nodes where anomalies were observed and a value of 0 to the 
rest to allow a numerical correlation analysis to be carried out by multiplying these values. In this 
way, at nodes where an anomaly is present, we obtained a value of 1, and otherwise, we obtained a 
value of 0. 
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Figure 12. Selection of the anomalies corresponding to walls from the results of the magnetic method, 
ERT and GPR. 

We also calculated the corresponding values of the Pearson correlation coefficient (Table 3), 
which measures the statistical relationship between two variables. In particular, this coefficient is 
appropriate for geophysical studies applied in archaeology to identify any correlations existing 
between datasets collected using different geophysical methods [15,33,34]. The obtained values of 
this coefficient show that the best correlation is between the ERT and GPR results and that the worst 
correlation corresponds to the GPR and magnetic results. 

Table 3. Pearson correlation coefficient. 

 GPR Magnetic survey ERT 
GPR 1 0.177 0.519 

Magnetic survey 0.177 1 0.230 
ERT 0.519 0.230 1 

To analyse the spatial distribution of the correlations between the anomalies, we show the nodes 
at which the identified anomalies appear for each method in Figure 13. In Figure 13a, the positions at 
which the anomalies obtained via ERT are located are represented in yellow, the positions at which 
anomalies are obtained via GPR are represented in blue, and the positions at which the two types of 
anomalies coincide are represented in grey. Moreover, the magnetic anomalies are shown in red, and 
the nodes at which there is concordance between the ERT and GPR anomalies are shown in orange 
and purple, respectively. Finally, the points at which all three anomaly types coincide are shown in 
brown. Figure 13b–e shows the correlations for all possible pairs and for all three types of anomalies 
together. These figures reveal that the areas that are devoid of anomalies are consistent among all 
three methods across most of the study area. 
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Figure 13. (a) Selection of the anomalies corresponding to walls from the magnetic method, ERT and 
GPR. (b–e) Spatial correlations (value 1: black, value 0: white) for the results obtained from the (b) 
magnetic and ERT methods; (c) the magnetic and GPR methods; (d) the ERT and GPR methods; and 
(e) the magnetic, ERT and GPR methods. 

We also calculated the percentages of the nodes for which the different types of anomalies 
coincided (Table 4). These results are fundamentally the same as those shown in Figure 13, with the 
best correlation being between the ERT and GPR approaches; however, the specific values allow us 
to quantitatively compare the areas of coincidence. 

Table 4. Percentage of spatial coincidence. 

GPR–ERT Magnetic–ERT Magnetic–GPR GPR–ERT–Magnetic 
5.6% 2.3% 1.8% 1.4% 

4. Discussion 

Although the archaeological exploration of Villasviejas dates back to the mid-19th century, the 
systematic research that began in the 1970s allowed discovery of the remains of many building 
structures. The excavation findings served as useful references to test the validity of the survey results 
(the area studied in this work has not yet been excavated). A clear coincidence was observed 
regarding the shape and orientation. Additionally, results from magnetic survey next to excavated 
areas allowed us to roughly assign the ranges of geomagnetic survey values corresponding to these 
structures. These clear results, in combination with the high contrast of the ERT and GPR data, made 
it possible to go beyond a mere quantitative correlation between data from different methods and 
provided some clues regarding the structures identified. 

It is clear that in general, the three geophysical methods used in the study area offer a fairly good 
comparison for the identification of archaeological targets. Notably, as has been shown by the results 
of the quoted excavations in other areas at the archaeological site, most of the wall foundations are 
very shallow, sometimes almost at the surface. Hence, there is no attenuation of the sensor response. 
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Additionally, the building technique used for the structures, which consist of drystone foundations 
as a basement for walls made of earth, helps to facilitate anomaly detection. When these structures 
collapse, the filling deposits within the rooms are very clean stone blocks, resulting in a very “clean” 
and homogeneous sensor response. 

From the graphical and numerical correlations among the three types of anomalies, we observe 
that the spatial concordance of the three methods is poor: the greatest coincidence is found for the 
GPR and ERT results, with the greatest area of positive correlation. This result is also supported by 
the Pearson coefficients, for which the highest value corresponds to the ERT and GPR results (Table 
3). Similar results were obtained by Kvamme [15] on the basis of the local Pearson coefficients in small 
neighbourhoods; however, this author obtained a better correlation for the magnetic and GPR results 
than for the magnetic and ERT anomalies. Meanwhile, in this work, we found that the magnetic 
results best match the ERT results (Table 3 and Figure 13). 

Moreover, Figure 13a indicates that the areas that are devoid of anomalies are in agreement 
among the different methods, except in the northern part of the study area, where only the magnetic 
method seems to reflect a structure. The same results are shown in detail in Figure 13b–e, where we 
also observe a correlation for zones without robust anomalies. 

Therefore, the visual impression, which is confirmed by statistical validation, suggests that 
while the magnetic method can record subtle variations in the composition of buried deposits, ERT 
and GPR can reveal high-definition anomalies corresponding to structures. 

The cylindrical anomaly revealed by the ERT data is not seen in the GPR data, probably because 
the corresponding resistivity is lower than the resistivity of the walls; only a small discrepancy with 
the surrounding materials is observed, and this difference is difficult to detect with certain methods. 
Considering the topographic setting of the building, which is on a steep slope facing the walled 
enclosure of the settlement, it is possible that the hillfort could have a terraced surface with a level 
below the ground. The artificial division of the rooms in the deep ERT readings supports this idea. 
In this context, this anomaly could correspond to a cylindrical structure designed for storage or a pit 
excavated in the bedrock. Bearing in mind that the ERT study was carried out in February after rainy 
days, this structure would be occupied by sediments with a high water-content and therefore display 
a low electrical resistivity. The magnetic data also show this structure, which appears as a positive 
anomaly, corresponding to the filling materials. 

5. Conclusions 

We analysed the results obtained by applying magnetic, GPR and ERT survey methods over an 
area with dimensions of 20 × 9 m. These three methods reveal the main anomalies, but we observe 
that some structures are not reflected by all of these methods. This finding reveals the importance of 
applying different geophysical methods to enable a complete interpretation of anomalies. With 
magnetic gradiometry, it is possible to cover a wide area within a short time, thereby obtaining the 
general locations of the main anomalies with variations in details based on depth. The ERT method 
can yield detailed images (2D and 3D) of the structures, although the field work for this method takes 
a long time. Finally, the GPR method is quick to implement in the field and provides 2D and 3D 
underground images, but it does not reflect structures with low electrical resistivity values. 
Regarding the duration of the acquisition work, in this study, the ERT method took approximately 
eight hours, the geomagnetic survey of the studied area took less than 20 minutes as part of a larger 
survey carried out in a 20 × 20 m grid that covered a broader extent of enclosure B and the GPR 
method required roughly the same time investment as the geomagnetic measurements. 

In this work, we developed a methodology for analysing spatial correlations by selecting the 
main anomalies and using a binary system to assign a specific value to the points at which they are 
observed. As a result, we found that the ERT and GPR methods showed the best correlation, followed 
by the ERT and magnetic methods and, finally, the magnetic and GPR methods. These results were 
consistent with the values obtained for the Pearson correlation coefficient. We obtained numerical 
correlations at a particular depth, but data from different depths could be analysed in a similar way. 
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This study finds that spatial correlations are of fundamental importance for quantifying the 
relationships between the results obtained in multi-method studies and that correlation analyses 
must be carried out not only in a graphical way but also by applying a quantitative methodology. 

Furthermore, we observe that the Pearson coefficient is an effective tool for investigating the 
correlations of geophysical anomalies, and it offers information about global correlation. To compare 
the spatial coincidence of the anomalies revealed by different methods, it is necessary to perform a 
quantitative correlation. 

In addition, the results support the claim that the methodology that we have developed to 
quantify spatial correlations is suitable and clearly reflects the areas of coincidence of the anomalies 
identified using different methods. 

Regarding the archaeological model of the site, the study area is part of a larger building with 
an N-S orientation in which we identified a central hall or distributor space of 15 × 6 m, surrounded 
by a series of rooms, some with internal subdivisions. The regular plan of the building, with a 
tripartite division centred on an axial corridor, offers close analogies with architectonic models of 
Roman/Italic origin. It fits very well with the early Roman chronology of the last occupation of the 
site, which is suspected to correspond to a military garrison during the Sertorian War (82–72 BC). 

The ERT data indicate that the distributor space has a remarkable stratigraphic depth, detecting 
an anomaly of low resistivity that reveals a structure that reaches a depth of 2 m, which could be 
related to food storage and conservation. To the south, the area is delimited by the closing wall of the 
complex, probably built with slate basements and mud-brick walls, like the rest of the buildings 
already known. The magnetic and ERT data are highly consistent with the wall alignment present in 
other constructions that were found in excavated areas of the settlement. Regarding the roof, during 
previous archaeological surveys in this sector, several fragments of roof tiles and ceramic building 
material were recorded, including some tegulae raised flanges. These may be part of the areas of 
positive values obtained from the magnetic survey, corresponding to the roof collapse.  
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