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Abstract 

 

 

 

 

 

 

 
I propose a new approach to the integration of different geophysical datasets in archaeological 

context, based on the preliminary conversion of the observed magnetic data into a distribution of 

magnetization that potentially describes the correct shape, size, location, and possibly material of 

each buried archaeological feature. This conversion is accomplished through a computer assisted 

forward modelling procedure of the magnetic anomalies, constrained by the analysis of radar and 

electric resistivity profiles. Compared with classic mathematical, statistical, or computer graphics 

methods of data integration, the new approach proposed here provides a more reliable physical 

representation of the buried structures. Differently from the observed magnetic anomalies, the 

magnetization distribution resulting from the forward modelling procedure can be effectively 

combined with reflection amplitude slices to generate comprehensive thematic magnetization maps, 

representative of all the buried archaeological features, which also includes objects that are not 

detected by one of the two methods.  
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Chapter 1 
 

Introduction 
 

 

 

 

 

 

 

1.1 Fundamentals of Data Integration Methods 
 

 

The application of integrated geophysical techniques in archaeological research is a widely used 

method that can produce a greater quantity of information than the individual datasets, because each 

technique may reinforce or validate what is observed by other approaches, and it may also detect 

additional features (Van Leusen, 2001). All the geophysical methods provide, directly or after a 

modelling step, a distribution of “anomalies” of physical parameters in the underground. In this 

context, the word “anomaly” is widely used to indicate a strong localized contrast of some quantity 

(e.g., a reflection amplitude) with respect to the surrounding region, although this lexicon may 

introduce some confusion with respect to classical potential field anomalies. The latter, in fact, are 

only expressions of the fields generated, near the Earth’s surface, by real physical contrasts in the 

ground (e.g., differences of magnetization between soil and archaeological features). Integration of 

geophysical datasets is a practice that allows a combination of distributions of different physical 

variables at certain depths in the subsurface, in order to obtain a comprehensive picture of the 

pattern of buried archaeological features (Ghezzi et al, 2019b). 

 

Usually, the region of investigation is subdivided into smaller areas, which will be surveyed by 

different techniques (Fig. 1.1). A specific method will not necessarily cover all the areas, due to the 

different ambient conditions. For example, magnetometry cannot be used in presence of metal 

fences up to a distance of ~20 m. Each geophysical dataset generates a map showing a distribution 

of features in the underground, whose pattern depends on the investigated electromagnetic property. 

For example, a limestone wall can be easily detected by a Ground Penetrating Radar (GPR) survey, 

but not necessarily by a magnetic survey, due to its negligible magnetization. Conversely, the small 

slag pit of an ancient metallurgy production site will be definitely detected by magnetometry 

because of its high magnetization but probably not by GPR, due to the small dimensions. 
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Figure 1.1. Subdivision of a GPR survey region in smaller areas (red lines). Yellow and blue dots show the system of 

25 GPS points used to define the local reference frame. The coordinate axes (x,y) show the best–fitting reference frame 

through the assigned GPS points. The direction of the survey lines is indicated by the arrows (from Ghezzi et al, 2019b). 

 

To overcome this problem, different data sets are traditionally combined to obtain a composite map 

of the structures buried in the underground. However, this approach cannot be applied when one of 

the data sets is represented by magnetic anomalies, because these quantities are not related in a 

simple way to the the geometry of the buried structures. In general, magnetic anomalies can be 

reduced to distributions of magnetization that are representative of the real shape of archaeological 

features through forward or inverse modelling procedures (Blakely, 1986). Only these distributions 

can be integrated with other data sets representing the distribution of physical quantities in the 

ground (e.g., resistivity, reflection amplitude, etc). Although in principle both forward and inverse 

modelling techniques can be used in the geophysical applications of potential fields methods, only 
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the former method can be easily employed in archaeology. In the forward approach, an initial 

magnetization model for each source body is built on the basis of archaeological evidence, 

geophysical constraints, and intuition. The corresponding theoretical anomaly is then calculated and 

compared with the observed anomaly. Finally, the magnetization parameters, location, and extent of 

the buried feature are repeatedly adjusted in order to improve the fit between observed and 

calculated anomalies. In the alternative approach used by geophysical inverse methods, the source 

parameters are calculated automatically by specific software starting from the the observed 

anomalies and on the basis of simplifying assumptions. Unfortunately, the archaeological 

application of inverse methods can hardly provide reliable results. Several reasons justify this 

statement. First of all, inversion is relatively robust only when the induced component of 

magnetization, which is characterized by a common direction through an archaeological site, is the 

unique component that is present in the buried structures. This is a strong limit to the use of this 

technique, because the remanent component of magnetization is often the main source of the 

magnetic signal.  In the approach of Parker et al. (1987), the distribution of magnetization is divided 

into uniform and nonuniform components, such that the nonuniform component is as small as 

possible. It is clear that this assumption is hardly satisfied by the sources of archaeological 

anomalies. Perhaps the most limiting factor in the application of inverse techniques for the 

determination of the sources of archaeological magnetic anomalies is the instability of the resulting 

solutions. It can be proved (Bott & Hutton, 1970) that the resolving power of inverse methods has a 

definite limit in the ratio h/w between depth of the sources h and desired horizontal resolution w. 

For example, Bott & Hutton (1970) used a onedimensional example where the magnetic anomalies 

T are observed at locations x1, x2,… with spacing w = xi+1  xi. They showed that starting from a 

hypothetical field T(xi) = ij [nT], ij being the Kronecker delta (ij = 1 for i = j and zero 

otherwise), an inversion performed assuming a magnetic layer with thickness 2w at depth h 

produced an oscillating distribution of magnetization, with maximum magnitude increasing 

exponentially for increasing values of the ratio h/w. For example, the maximum magnetization 

exceeded 3 A/m for h/w = 3! In this instance, when the spatial resolution is w = 33 cm, a very small 

1 nT anomaly at a point would be generated by a strongly magnetized layer at h = 1 m depth and 

with thickness 2w = 67 cm. Bott and Hutton (1970) concluded that when the horizontal resolution is 

less than one or two times the depth to the layer, the inverse solution is unstable. These 

considerations indicate that the techniques based on forward modelling are the most reliable in the 

conversion of magnetic anomaly fields to distributions of magnetization that are representative of 

the pattern of buried archaeological structures. Consequently, this will be the approach followed in 

this thesis. 
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There are three broad categories of data integration methods in archaeological geophysics 

(Küçükdemirci et al, 2018; Kvamme, 2006a, and references therein): 1) Computer graphics 

methods; 2) Mathematical transformations; 3) Statistical overlays. All these techniques are based on 

grid or raster representations of the scalar fields associated with the investigated physical quantities. 

A major problem with the first two approaches is that features detected on maps generated by 

different methods are in most cases slightly displaced with respect to each other, so that they will 

provide low statistical correlation. Such a poor fit is due to error in the measurements, different 

instrument sensitivities, horizontal displacement of the magnetic anomalies with respect to their 

sources, and different classification of what is considered to be an archaeological anomaly. To 

overcome this problem, it is possible to apply statistical methods of data integration (Kvamme, 

2018). In any case, in the acceptation of Harris et al. (1999) the class of methods mentioned above 

is referred to as data combination (or data fusion, data merging), while the word “integration” 

should be used only when a modelling of the data is used to produce a thematic map. 

 

A different, heuristic, interpretation technique for combining radar and magnetic data has been 

proposed by Conyers (2018). This method consists of a correlation of individual GPR profiles from 

a selected portion of the study area with corresponding magnetic vertical gradient profiles,  with the 

objective of acquiring information about the materials through a comparison of the same anomalies 

on radar and gradient profiles. The example in Fig. 1.2 shows how the same floors and walls can be 

recorded on GPR and magnetic profiles. In general, the hyperbolic reflections on the radar profile 

are interpreted as produced by the top of walls, while the planar reflections between the walls are 

interpreted as floors. Therefore, in principle, the high amplitude reflection A (Fig. 1.2b) that 

produces the northernmost edge of the squared feature at the center of the GPR amplitude slice map 

(Fig. 1.2a) could be interpreted as a wall. However, this feature is not visible on the gradient map, 

thereby Conyers (2017) concludes that a more realistic interpretation is that the hyperbolic 

reflection A of Fig. 1.2b is produced by the edge of a hole (H) that was dug through the floor at a 

later time and has the appearance of a squared-wall structure. The corresponding magnetic map 

displays a much larger building (W1 and W2 in Fig. 1.2a), not evident on the GPR amplitude map, 

which is marked by negative gradients. Such a larger structure is not visible on the GPR amplitude 

map, due to the fact that most of the wall stones have been removed for a later reuse, although their 

foundations still retain enough low susceptibility limestone-derived material to show up in the 

magnetic map. Furtheremore, Fig. 1.2b shows some strong dipolar anomalies within the walls 

perimeter (F), which can be interpreted as burnt areas. Summarizing, the interpretative map in Fig. 
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1.2c shows that the integration of GPR and magnetic data can be an effective method for the 

removal of the ambiguities associated with the interpretation of the individual data sets. 

 

 

Figure 1.2: (a) Gradiometric and GPR amplitude maps of an archaeological site. (b) Comparison between GPR and 

magnetic profile 10. Features interpreted in the radar reflections show their magnetic signatures to determine their 

composition. (c) Interpreted map (modified from Conyers, 2018). 

 

In this research thesis, I propose a new approach to the integration of different geophysical datasets 

in archaeological context, based on the preliminary conversion of observed magnetic anomalies into 

a distribution of magnetization that potentially describes the correct shape, size, location, and 

possibly material of each buried archaeological feature. This conversion is accomplished through a 



6 

 

computer˗assisted forward modelling procedure, constrained by the analysis of radar and electric 

resistivity profiles. In fact, it is well known that the construction of a magnetization model starting 

from the observed magnetic anomalies is affected by intrinsic ambiguity (i.e., by non˗uniqueness of 

the magnetization distribution), due both to essential characteristics of potential fields and to the 

presence of uncertainty in the total field observations (Schettino et al, 2019; Ghezzi et al, 2019a). In 

this approach, the independent observation of archaeological features on radar and electric 

resistivity profiles, as well as on ortophotos or infrared termography images from aerial 

photogrammetry, allows one to constrain the magnetization model and eliminate alternative 

solutions that would generate equivalent anomalies. The final outcome is a more reliable 

magnetization model of the ground, which provides a physical representation of the buried 

structures. Unlike the observed magnetic anomalies, this magnetization distribution can be 

effectively combined with reflection amplitude slices to generate comprehensive thematic maps 

representative of all the buried archaeological features, which also include objects that are not 

detected by one of the two methods. 

 

 

1.2 Computer Graphics Methods 
 

 

The simplest integration technique consists into an overlay of contour lines obtained from a data set 

on a background raster image of a second data set. This operation can be easily performed using 

standard GIS software. Alternatively, more complex overlay techniques may be applied, based on 

computer graphics transformations. In a Red-Green-Blue (RGB) color composition, each of the two 

or three original data sets is normalized in the range [0-255] to be represented by a scale of an 

assigned primary color (R, G, or B). Then, the two or three resulting maps are combined to create a 

color image that spans the full RGB cube. An example of such RGB composite is illustrated in Fig. 

1.3. In this kind of representation, white and black colors indicate large and very low values in all 

the three data sets, respectively. Recent progress in computer graphics also allow color overlays 

through the use of translucency. In this approach, a different color is assigned to each of k data sets. 

At the next step, k  1 of them are made translucent and overlaid on the k
th

 image, which is left 

opaque as background image. The weakness of this technique is that for high values of k the lower 

layers are obscured (Kvamme, 2006b). 
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Figure 1.3. Digital images of the same survey area through different geophysical quantities. This case study examines 

the relationships between apparent electrical resistivity, GPR reflection amplitudes, and magnetic susceptibility 

acquired at Army City, a Great War troop support town in Kansas. Each map is displayed using one of the three primary 

colors: red, green, and blue (RGB). Each color component ranges from 0 to 255. (a) Electric Resistivity (ER) map; (b) 

GPR slice map 0.2–0.4 m below the surface; (c) Magnetic Susceptibility (MS) map; (d) color composite of ER and GPR 

; (e) color composite of ER and MS; (f) color composite of GPR and MS; (g) color composite of ER, GPR, and MS,  

(From Kvamme, 2018). 

 

 

1.3 Mathematical transformations 
 

 

A second class of data integration techniques includes all the methods based on grid mathematics, 

either logic or algebraic, for example Boolean unions or intersection, binary sum, linear 

combinations, etc. 
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They may be divided in two classes: those that operate on binary data (thereby each value is first 

reduced to 0 or 1 depending on a threshold 0): 

 

 
  01

0

if x, y
x, y

otherwise

  
  


   (1.1)  

 

where  and  are the original and the reduced variables, respectively. The other class includes 

methods that operate on values normalized in the range [0,1]: 

 

 
  min

max min

x, y
x, y

 
 

 
    (1.2) 

 

The maps in Figure 1.4 (a‒c) show the results of different geophysical data sets, in which all the 

data have been normalized in the range [0,1]. For each data set f(x,y), Piro et al. (2000) introduces 

the following normalization scheme in a spatial domain D: 

 

 
 

 
  

,

,
,

max ,
x y

f x y
F x y

f x y
  




 
D

    (1.3) 

 

where f is the anomaly of f with respect to a reference background value representative of an 

undisturbed underground. The points where F(x,y) is near or equal to 1 correspond to those point 

where the selected data set gives the maximum anomaly. Then, the different data sets can be 

combined taking the average at each point (x,y)  D, of the normalized anomalies F: 

 

   
1

, ,i

i

F x y F x y
N

      (1.4) 

 

where the index i ranges over the data sets and N is their number. The function  ,F x y  is an 

indicator of the spatial distribution of the anomaly sources detected by at least one of the methods 

(Piro et al, 2000). Piro et al. (2000) also introduces a function F*(x,y), which is an indicator of the 

spatial distribution of the anomalies detected by all the methods employed. 
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Figure 1.4. Comparison of normalized results of different methods. (a) GPR time-slice (time-window 24‒28 ns); (b) 

depth-slice of dipole‒dipole geoelectric resistivity data (1 m depth); (c) bidimensional cross-correlation of magnetic 

data; (d) map of the �̅�(x,y) function, which integrates different data sets; (e) map of the F*(x,y) function. Data from the 

Sabine Necropolis at Colle del Forno (Modified from Piro et al., 2000). 

 

It is defined as follows: 

   * , ,i

i

F x y F x y     (1.5) 
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Clearly, the point where F*(x,y) = 1 are points where all the methods give the maximum anomaly. 

Figure 1.4(d-e) shows maps of  ,F x y  and F*(x,y) for the data sets in Figure 1.4 (a‒c). 

 

 

1.4 Statistical Methods of Data Integration 
 

 

The statistical combination of geophysical data is based on the determination of correlation 

coefficients between the individual data sets rather than mathematical or graphical transformations. 

The Pearson coefficient r is a measure of the linear correlation between two variables X and Y.  Its 

value ranges between +1 and −1, where 1 represents a totally positive linear correlation, 0 means no 

linear correlation, and −1 represents a totally negative linear correlation. The application of local 

Pearson’s r to a small neighbour of each grid point allows to determine the local correlation 

between each pair of geophysical data sets (Kvamme, 2018; Lloyd, 2010). High positive 

correlations are often in association with robust anomalies at approximately the same location. 

 

 

Figure 1.5. Templates of local neighbourhoods, showing cells within radii of (a) 0.71 m, (b) 1.2 m, and (c) 1.6 m, and 

region-wide mappings of local Pearson's r between ER-GPR within neighbourhoods of (d) 0.71 m, (e) 1.2 m, and (f) 1.6 

m. The region is the same of Figure 1.3 (from Kvamme, 2018). 
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An example of local Pearson’s correlation between ER and GPR maps at Army City (Kansas) is 

shown in Figure 1.5 (Kvamme, 2018). Because the global correlation between the full regions is 

poor, due to misalignment of the features, the local Pearson's r is calculated within small 

neighborhoods of each grid cell, with radius 0.71 m, 1.2 m, and 1.6 m, respectively. 

 

Another statistical approach is based on the Principal Component Analysis (PCA), which allows a 

reduction of the original group of partially correlated geophysical data sets to a smaller number of 

statistically independent data sets (the principal components) having the maximum variance 

(Kvamme, 2018). The example in Fig. 1.6 illustrates the basic concept of PCA analysis. 

 

 

Figure 1.6. Three data sets (e.g., three geophysical data grids on the same area) can be represented by vectors (X1,X2,X3) 

in 
3
 (black dots). Each vector represents the values observed at a single grid cell. In this example, a strong linear 

correlation exists between sets X1 and X2 (red dots) and very low correlation with X3. A simple rotation of the system of 

basis vectors allows a “fusion” of X1 and X2 into a single principal component P1, so that two uncorrelated variables are 

sufficient to represent the observations. 

 

In remote sensing, PCA analysis was originally applied to the interpretation of multispectral 

images. In archaeological research this technique can be used to combine information included in 

adjacent (with respect to twowaytraveltime) GPR slices (Linford, 2004) or to integrate different 

data sets for the same area (Kvamme, 2006b). In the latter case, the grids built on principal 
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components provide the most complete (and synthetic) representation of the spatial distribution of 

archaeological features. Each of them is representative of an integrated (i.e., combined) group of 

techniques, which have provided high statistical correlation in the study area (Fig. 1.6). In the event 

that the resulting set of principal components consists of just one element, it will represent the 

fusion of all the starting data. 

 

PCA can be considered as an eigenvalue problem. In fact, it is possible to prove that computation of 

the first principal component reduces to computing the highest eigenvalue, 1, of the covariance 

matrix and the corresponding eigenvector. In general, the principal components are calculated as 

linear combinations of the original data sets, whose coefficients form a PCA loading matrix, which 

can be interpreted as a rotation matrix that projects the original vectors in such a way that the 

greatest variance goes along the first axis. Figure 1.7 shows an example of PCA applied to the 

combination of electric resistivity, GPR reflection amplitudes, and magnetic susceptibility acquired 

at Army City (Kvamme, 2018). 

 

 

Figure 1.7. PCA data integration between ER, GPR, and MS, showing (a) the first principal component 1, (b) λ1 > 

2.25 (75% of total variance) with red shaded areas showing Boolean intersection of highest 15% of measurements in the 

three data sets. The region is the same of Figure 1.3 and Figure 1.5 (Modified from Kvamme, 2018). 

 

 

1.5 Fundamental Concepts in Archaeological Geophysics 
 

 

Archaeological Geophysics involves investigation of ancient settlements through the acquisition of 

physical (electromagnetic) properties in the nearsurface layer of the Earth. The most common 

electromagnetic properties of the matter considered in this discipline are: 
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1) Magnetic susceptibility, , which is the capability of materials to acquire magnetization when 

placed in an external magnetic field. It can be either a dimensionless volume susceptibility or a 

mass susceptibility, with units [m
3
 kg

1
]; 

2) Magnetization, M, either induced or remnant, which is the density of magnetic moment of a 

material [A m
1

]; 

3) Electric resistivity, , which provides a measure of the resistance of a material to be crossed by 

an electric current [ m]; 

4) Electromagnetic impedance, Z, which depends in turn from: 

i. Electric conductivity, , which describes the ability of a material to be crossed by an 

electric current [S m
1

]. It depends in general from the content of fluids; 

ii. Dielectric permittivity, ε, which describes the capacity of a material to polarize and form 

an electric field that attenuates the propagation of electromagnetic waves [F m
1

]; 

iii. Magnetic permeability, , which measures the capacity of a material to magnetize in 

presence of an external magnetic field [H m
1

]. 

 

All geophysical methods generate maps based on contrasts of physical properties between 

archaeological features and their embedding background soil or rock: 

 

1) Magnetic prospections create images from distributions of magnetic susceptibility, 

magnetization, or magnetic anomalies; 

2) Resistivity prospections create images from distributions of electric resistivity; 

3) GPR surveys create images of reflection amplitudes; 

4) Aerial photogrammetry creates composite orthophotos and digital elevation models of the 

landscape, as well as near infrared, hyperspectral and thermal images. 

 

In general, the ability to detect subsurface features is limited by intrinsic properties of the involved 

mathematical methods (e.g., ill-posedness of the problem in data inversion) and by: a) the sampling 

density, b) the instrumental sensitivity or resolution with respect the size of target features, and c) 

the presence of different sources of noise (electromagnetic fields, telluric currents, or other physical 

signals that are recorded by the geophysical instrument). A variety of geophysical methods have 

been used in archaeological research since at least the 1950s (Gaffney, 2008). The choice of a 

method requires an evaluation of several factors, in addition to the practical limits in terms of 

availability of equipment, funding, time, and expertise. For example, it is necessary to evaluate the 

physical characteristics of the site in terms of vegetation, electromagnetic disturbance, presence of 
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metallic bodies, environmental effects, etc., which could prevent the acquisition or affect the quality 

of the data. To decide which methods can be used, one should also take into account the type of 

archaeological deposits that are expected to occur at the site. In general, the applicability of one or 

more geophysical techniques to the investigation of an archaeological site depends on the 

environmental conditions and the physical characteristics of the materials. 

 

1.5.1 Environmental conditions 
 

The environmental influence represents the key factor in the selection of a geophysical method, 

because different environmental conditions can degrade or enhance in different measure the probing 

of a physical quantity. In archaeology, geophysical surveys are largely affected by the electric and 

magnetic properties of the ground. The electric properties depend primarily from the amount of 

moisture, which in turn is related to the presence of particles having different size (clay, silt, or 

sand), drainage, salinity, and climate. The magnetic properties are related to a) the presence of 

magnetic minerals in the soil or in the bedrock, especially magnetite and maghemite; b) the 

magnetic enrichment of the topsoil, due to weathering and the presence of magnetotactic bacteria; 

c) the human occupation, which introduces in the topsoil organic and fired materials. Conversely, 

moisture, sediment size, and salinity do not affect significantly the magnetic properties of the 

ground. Table 1.1 lists the influence of the soil conditions on the most common geophysical 

techniques: 

Table 1.1.  Effects of environmental conditions on common geophysical 

methods (modified from Ernenwein and Hargrave, 2009) 

Condition1 ER GPR MS MAG 

extremely dry P C N N 

dry C B N N 

moderate moisture B B N N 

moist2 B C N N 

saturated P C N N 

high % clay mineral N P N N 

moderate to high salinity N P N N 

abundant non-magnetic rocks C C N N 

abundant magnetic rocks C C N P 

magnetic bedrock near surface N N N P 

metal (ferrous) debris on surface N N N P 

large metal objects (fences, etc.) N N N C 

poorly developed soils N N C C 

well developed soils N N B B 

B = beneficial, C = causes concern, N = no effect, P = problematic 
1assuming soil has adeguate magnetic contrast with the subsoil 
2assuming the ground is still stable to walk across without much damage 
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1.5.2 Nature of the archaeological features 

 

The possibility to observe electromagnetic anomalies at an archaeological site depends some 

processes that accompany human activity in a settlement. The following list includes most of the 

artifacts that can be detected by a geophysical survey at an archaeological site: 

 

1) People dig tunnels and cavities in the underground; 

2) People build stone or brick walls; 

3) People build house pavements; 

4) People create roads; 

5) People generate fires (cooking, heating, war, building, etc.); 

6) People make constructions and artifacts composed of fired materials (bricks, pottery, etc.); 

7) Human occupations magnetic enrichment of surface soils (for example, the introduction of 

organic material within the topsoil enhances the growth of magnetotactic bacteria, which 

accumulate magnetic minerals like magnetite); 

8) Human constructions accumulate topsoil for a variety of buildings (e.g. mounds); 

9) People make iron artifacts (weapons, shields, etc.) 

 

 

1.6 Outline of the Thesis 

 

 

Given that the application of geophysical methods in archaeology is based on the detection of 

electromagnetic properties of the underground, Chapters 2, 3, and 4 review the basic concepts of 

Electrical Resistivity, Magnetometry, and Ground Penetrating Radar, respectively. Chapter 5 

introduces a new forward modelling software tool for 3D reconstruction of the geometrical and 

physical properties of buried archaeological structures based on the preliminary conversion of 

observed magnetic anomalies into a distribution of magnetization, which also considers the 

uncertainty associated with the total field observations, it represents the core of this research. It 

describes a new approach to the integration of geophysical data in archaeological context based on 

the magnetic dataset. This method of integration can be considered as an “evolution” of Conyers’ 

method, since it tries to acquire information regarding the employed material as well as the pattern 

of the archaeological features by means of the forward modelling of the magnetic anomalies. It is 

not based on the overlapping of the normalized maps from different dataset. The new approach was 
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tested extensively at archaeological sites in central Italy and southern Albania. A significant 

application of the new technique of integration is illustrated in Chapter 6. 
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Chapter 2 
 

Electric Resistivity Methods 
 

 

 

 

 

 

 

2.1 Basic Principles 
 

 

The purpose of an electric resistivity survey is determining the subsurface resistivity distribution by 

making measurements at the Earth’s surface. The underground resistivity is related to various 

geological parameters, such as the mineral and fluid content, as well as the porosity and the degree 

of water saturation in the rock. The flows of electric current in Earth’s materials at shallow depths 

mainly occur by electronic and electrolytic conduction. In electronic conduction, the flow is due to 

the presence of free electrons, such as in metals, while in the electrolytic conduction it is due to the 

movement of ions in groundwater; this is probably the most common mechanism in environmental 

and engineering applications. Electronic conduction is important when conductive minerals are 

present, such as metal sulfides and graphite. In general, the resistivity of a rock or soil depends on a 

number of factors such as the porosity, the degree of water saturation, and the concentration of 

dissolved salts. Igneous and metamorphic rocks have a large range of resistivity, from about 1000 to 

10 million  m. Usually, they have high resistivity values, depending on the presence of fractures 

and from the percentage of water filling of these fractures. Sedimentary rocks, which are usually 

more porous and have higher water content, have usually lower resistivity values compared to 

igneous and metamorphic rocks. Their resistivity values range from 10 to about 10000  m, with 

the majority of values being below 1000  m. Finally, unconsolidated sediments generally have 

values ranging from about 10 to less than 1000  m, depending on their porosity. 

 

In the case of an archaeological site, the magnitude of the electric resistivity in the ground depends 

mostly from the moisture and soil texture. Cultural features are often associated with a contrast in 

moisture retention with respect the embedding soil, producing a contrast in electrical resistance. 
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Some examples of high and low resistivity contrasts between an object and the surrounding soil or 

bedrock are listen below: 

 

 The roots of large trees can extract moisture from the soil and create resistivity anomalies in 

their proximity; 

 Modern metallic trash in the soil can be almost invisible to a resistivity survey, and this is 

usually good; 

 Stone, sand, and gravel have about the same high resistivity, so it is hard to detect a stone 

structure in a sandy soil; 

 Silt, clay, and organic soil can have a low resistivity, so it is unlikely detection of a pit filled 

by organic soil in silty or clay soils; 

 Stone foundation may easily be detected in silty soil, and a debris-filled pit may be very 

visible in a sandy soil. 

 

Measurements of electric resistivity of the ground require injection of an electrical current by two 

steel electrodes. As the current flows through the soil and the sediments, it originates an electric 

potential that can be measured by a voltmeter. However, the observed electrical drop voltage may 

be affected by noise produced by induced polarization phenomena. Fig. 2.1 qualitatively shows 

equipotential lines in a homogeneous half-space. The spacing of the two current electrodes 

determines what is known as the effective depth at which most of the current will penetrate. Thus, 

the resistance that the current encounters between the electrodes is due primarily to the material 

having a depth less than the electrode spacing. 

 

Figure 2.1: Current flow (black arrows) and equipotential lines (black solid lines) between the two current electrodes A 

and B in a level field with homogeneous subsurface structure (from Herman, 2001). 
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Fig. 2.2 illustrates the current flow when the subsurface material includes an upper layer with 

higher resistivity than an underlying region with the same resistivity of the subsurface shown in Fig. 

2.1. In this instance, the current flux will modify its pattern and a larger part of it will flow through 

the lower region. If the distance between the current electrodes is the same of Fig. 2.1, then the total 

resistance that the current encounters in the situation in Fig. 2.2 will be less than that illustrated in 

Fig. 2.1. This change in the current flux between the electrodes is the basis for discerning both the 

presence of a boundary between the two layers and the resistivity of the material in the deeper layer. 

In general, the pattern of the current flux lines will be distorted by the presence of any buried 

feature having a resistivity contrast with respect to the surrounding soil. 

 

Figure 2.2: Current flow and equipotential surfaces between two electrodes in a twolayers subsurface. The boundary 

between the two materials in this example is at a depth of z = 5m (from Herman, 2001). 

 

When the electrode spacing in Fig. 2.2 is reduced to a value much less than the depth of the 

boundary between the two layers, most of the current will not penetrate the lowresistivity region. 

In this case, the total resistivity measured at the surface will be mostly due to the material in the 

upper layer. Conversely, when the current electrodes are separated by a large distance, the current 

will penetrate much more into the region of lower resistivity, and the total resistivity begins to 

decrease from its initial value. Now the overall resistivity measured at the surface will be mostly 

due to the material in the lower layer. However, it is important to note that the total resistivity 

measured at the Earth’s surface cannot be considered as the “true” resistivity of the underlying 

material or that of a particular layer. This quantity is called apparent resistivity and represents a sort 

of weighted average of the real distribution of resistivities in the ground.  
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Figure 2.3: Behavior of the apparent resistivity in a simple two-layer system (modified from Herman, 2001). 

 

Fig. 2.3 shows an example of the variations of observed apparent resistivity, ρa = ρa(z), when we 

change the effective penetration depth, z, by increasing the electrode distance. The penetration 

depths z are related in a complex way to the true depths of layer boundaries. Fig. 2.3 shows the 

gradual transition from the high apparent resistivity of the upper layer (> 200  m) to the low 

apparent resistivity of the deeper layer (< 50  m). The true resistivity values of the two layers and 

the actual depth of their boundary can be obtained from the data acquired at the Earth’s surface 

through an inversion procedure in which the observed data are used to calculate a model of the 

subsurface distribution of resistivity. 

 

In the simple case of a laterally homogeneous ground, the determination of the effective depth of 

the boundary between two layers can be obtained by a semi-quantitative method based on the 

cumulative resistivity. Assuming that we have acquired N apparent resistivity values by changing 

the electrodes distance, we can generate a cumulative plot of the apparent resistivities, a , as a 

function the penetration depths zi: 

 

           1 1 2 1 2 3 1 2 3 1, , , , , , ,.., , ...a N Nz z z z z            (2.1) 

 

Fig. 2.4 illustrates a graphic method for the determination of the effective depth of the boundary 

between two layers, based on the cumulative resistivities. In this approach, two linear regression 

lines are fitted against the opposite ends of the observed sequence (2.1). The intersection point of 

the two regression lines indicates that z = ~11.5 m is the approximate depth of the boundary 

between the two layers. 
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Figure 2.4. Finding the depth to the boundary between the layers in a simple two-layer system using the method of 

cumulative resistivities. The points plotted have been calculated by the Eq. 2.1 (modified from Herman, 2001) 

 

 

2.2 Physical Foundations of the Resistivity Method 
 

 

Let us consider the vector form of Ohm’s law: 

 

JE   (2.2) 

 

were J is the current density vector measured in A m
-2

, E is the electric field vector, with units of V 

m
-1

, and ρ is the resistivity (in Ω m). Due to the fact that E is a conservative field, we can write: 

 

VE  (2.3) 

 

where V is the electric potential, measured in V. Substituting in (2.2) we obtain: 

 

   1/ 1/ V     J E  (2.4) 

 

In the case of the configuration shown in Figs. 2.12.2, the current electrodes may be considered as 

point sources or sinks of a spherically symmetric current flowing through the half plane below the 

surface. In this instance, application of Ohm’s law to one electrode gives: 

 2

1

1
4

2

I dV
J

dr
r

  




 (2.5) 
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For constant ρ, the solution for the potential V at distance r from the electrodes is: 

 

 
2

I
V r

r





 (2.6) 

 

where I is the total current flowing from one current electrode to the other one through the ground. 

A typical configuration for the measurement of the underground resistivity is shown in Fig. 2.5. In 

this linear array, the electric potentials measured at M and N are given by the superposition of 

potentials obtained by Eq. (2.6). Thus: 
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Figure 2.5: General configuration of the four surface electrodes in linear resistivity survey. Current is delivered through 

the electrodes A and B, and drop voltage readings are made with electrodes M and N (modify from Herman, 2001). 

 

The total difference of potential between the electrodes M and N will be given by: 
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This solution may be rearranged as follows: 

K
I
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where: 

1

1111
2






























NBANMBAM
K  (2.11) 

 

is the geometric factor, whose value depends on the particular configuration of the electrode array 

adopted in the survey. If we consider a Wenner array, the electrodes are equally spaced by a 

constant distance a, and the Wenner geometric factor assumes the simple form: 

 

aK  2  (2.12) 

 

In this instance, the apparent resistivity measured by the surface electrodes will be given by: 

 

a
I

VMN
Wenner  2  (2.13) 

 

Let us consider again Eq. (2.4), which can be solved for the depth at which a current line penetrates 

the subsurface in the case of a Wenner array. The dependence of the measured resistivity from the 

depth needs to be evaluated to determine how much of the subsurface contributes to the effective 

resistivity measured by the Wenner array. The problem can be generalized considering the 

simplified geometry shown in Fig. 2.6. If we consider the potential (2.6) for a pair of electrodes, we 

can rewrite Eq. (2.5) as follows: 
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(2.14) 

 

where  
1

2 2 2 2

1r x y z   ,  
1

2 2
2 2

2r x AB y z     
, A is an electrode at potential VA, B is an 

electrode with lower potential VB < VA, and AB is the total separation between the two current 

electrodes. 
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Figure 2.6. Geometry for calculating the penetration depth of the current. The total electrode separation is AB. The x-

component, Jx, of the total current density J is the relevant quantity here. The vectors r1 and r2 go from the current 

electrodes A and B, respectively, to a field point in the plane perpendicular to the line between the electrodes (modified 

from Herman, 2001). 

 

In the case of a Wenner array, the four electrodes are equally spaced by a constant value a. With 

this configuration, the maximum penetration depth for any current line is at 
0 / 2x AB , where r1 = 

r2  r. At this offset Eq.  (2.14) can be simplified to: 

 

 0 32
x

I AB
J x

r

 
  

  
 (2.15) 

where 

1/2
2

2 2

2

AB
r y z

  
    
   

. Eq. (2.15) shows that most of the current travels near the surface 

rather than deeper underground. We can calculate the fraction of the current that flows in the x 

direction through the subsurface below a given depth z1. The current δIx flowing through an 

infinitesimal area dydz in the y–z plane is: 
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 (2.16) 
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Then, the total current flowing through this plane between arbitrary depths z1 and z2 is: 
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 (2.17) 

 

The quantity Ix represents the fraction of the total current I flowing in the x direction between the 

depths z1 and z2. If we take the derivative of the fraction II x  with respect to AB, it has a maximum 

at 212 zzAB  . This is the electrode spacing that maximizes the fraction of the total current that 

flows through the layer between the depths z1 and z2 in the x direction. Setting 2z in Eq. 

(2.17), it is also possible to calculate the total current I flowing through the ground below the depth 

z1:  

  1 1
0

22
1 tanx

z
I x I

AB

  
    

   
 (2.18) 

 

Eq. (2.18) indicates that an increase of the spacing between the current electrodes determines a 

deeper current penetration into the ground, thereby allowing probing of the subsurface composition 

to greater depths. 

 

 

2.3 Subsurface Models: One-, Two- and Three-Dimensional Surveys 
 

 

Electric resistivity surveys can be performed in three different modes (Fig. 2.7). In the simplest 

case, four electrodes are used to probe the electric resistivity along a vertical line at a fixed position. 

This technique is known as vertical electric sounding (VES), while in 2-D and 3-D models arrays 

with many electrodes are deployed to obtain the resistivity values along vertical crosssections (2D) 

or across a 3D region in the ground. In VES applications, the four electrodes A, B, M, N are moved 

progressively apart to increase the penetration depth. The current is always delivered through the 

electrodes labelled A and B, while the difference of potential can be measured at electrodes M and 

N (Fig. 2.5). At each step, the depth and volume of soil increases, and the instrument displays the 

variation of soil resistivity with depth assuming that no lateral variations of resistivity occur in the 

underground (Loke, 2001). This technique is also used in the laboratory for the calibration of 

instruments (Rhoades and van Schilfgaarde, 1976). In 2D and 3D applications, multielectrode 
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arrays are used, but at any step the current is anyway applied to a pair of electrodes, while the 

corresponding voltage is read at another pair of electrodes. The selection of the two pairs is 

performed automatically by the acquisition software on the basis of the selected configuration. 

 

Figure 2.7. The three different results of an electric resistivity survey. 

 

The procedure is very simple in the case of a Wenner array. At the first step, the four selected 

electrodes are equally spaced by the minimum distance a (Fig. 2.8). The current electrodes are 

alternatively (1,4), (2,5), etc. while the voltage is acquired at electrodes (2,3), (3,4), etc. At each 

step, the sounding is performed at locations 3a/2, 5a/2, etc. At the next step, the interelectrode 

spacing is increased by a and the new current pairs become (1,7), (2,8), etc. In this case, the 

potential difference is read at electrodes (3,5), (4,6), etc. and the sounding locations are 3a, 4a, etc. 

This process is repeated until the maximum spacing between electrodes is attained (Fig. 2.8). The 

data are then arranged in a 2D pseudo-section that shows both horizontal and vertical variations of 

apparent resistivity (Edwards, 1977). 

 

Figure 2.8: Establishment of a 2D electrical resistivity pseudo-section (from Samouëlian et al., 2005). 
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Depending on the relative positions of the potential electrodes with respect to the current electrodes, 

several array configurations can be defined: Wenner, Wenner–Schlumberger, dipole–dipole, pole–

pole, and pole–dipole arrays are the most commonly used (Table 2.1). Each of them has its own 

advantages and disadvantages, which can be evaluated taking into account of the purpose of the 

survey. The most complex of these array arrangements is probabily the pole-dipole configuration, 

which requires that one of the current electrodes is placed at “infinity” distance. If we substitute 

MB and NB in Eq. 2.9, the apparent resistivity for this configuration will be given by: 

 

 
I

V
nan 12   (2.19) 

 

This asymmetric arrangement of the electrodes will hinder the detection of symmetrical structures, 

which will appear as asymmetric features in apparent resistivity crosssections (known as 

pseudosections). One method for removing the effect of this asymmetry is to repeat the 

measurements with the electrodes arranged in a reverse manner. By combining the measurements of 

the “forward” and “reversed” pole-dipole arrays, any bias in the model due to the asymmetrical 

nature of this array can be removed, at least in principle. 

 

 

Table 2.1. Example of 2D in-line electrodes array configuration, and 3D electrode device. Distance x is virtually 

infinite (from Samouëlian et al., 2005). 
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The geometrical factor K depends on the array configuration. The latter has also a substantial 

influence on the resolution, sensitivity and depth of investigation (Seaton and Burbey, 2002). The 

spatial resolution of a configuration is the capability of an array to produce artefacts in the resulting 

model inversion images; these artefacts are deviations from the true resistivity values, as well as 

with respect to the maximum depth of investigation attained by the arrays. An approach to the 

estimation of this quantity can be found in Friedel (2003). The sensitivity measures the change in 

the potential associated with small variations of resistivity in the ground. Finally, the depth of 

investigation has been defined as the depth at which a thin horizontal layer makes the maximum 

contribution to the total observed signal at the surface (Evjen, 1938). Table 2.2 summarizes 

different 2D array configurations, and compares the following characteristics for all the array types: 

(i) the sensitivity of the array to horizontal and vertical heterogeneities, (ii) depth of investigation, 

(iii) horizontal data coverage and (iv) the signal strength (Loke, 2001; Griffiths and Barker, 1993). 

 

Table 2.2. Characteristics of different 2D arrays configurations types (from Samouëlian et al., 2005) 

 Wenner 
Wenner-

Schlumberger 
Dipole-dipole Pole-pole Pole-dipole 

Sensitivity of the array horizontal structures ++++ ++ + ++ ++ 

Sensitivity of the array vertical structures + ++ ++++ ++ + 

Depth of investigation + ++ +++ ++++ +++ 

Horizontal data coverage + ++ +++ ++++ +++ 

Signal Strength ++++ +++ + ++++ ++ 

The labels are classified from (+) to (++++), equivalent at poor to high capability for the different array configurations. 

 

Let us consider now 3D prospection. In this instance, two methods can be used to obtain a three-

dimensional distribution of electrical resistivity. The first method combines a set of two 

dimensional parallel pseudo-sections into a 3D map of resistivity by interpolation and 3D gridding 

(al Hagrey et al., 1999; Chambers et al., 1999,2002; Oglivy et al., 1999; Zhou et al., 2001). The 

second method requires an areal distribution of electrodes arranged into an N  N square grid. 

 

 

2.4 A Comparison of Different Array Configurations 
 

 

The choice of the “best” array for a field survey depends on the geometry and the location of the 

structures that must be investigated, as well as on the background noise level (Loke, 2004). Arrays 

that are most commonly used for 2-D imaging surveys are the (a) Wenner, (b) dipole-dipole (c) 
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Wenner-Schlumberger (d) pole-pole, and (e) pole-dipole. The characteristics of these arrays are 

listed in Tab. 2.2. The depth of investigation and the sensitivity of the arrays to vertical and 

horizontal changes in the subsurface resistivity are provided by the sensitivity function, which takes 

into account of the relationship between a variation of resistivity in the subsurface and the 

corresponding potential at the Earth’s surface. This function can have both positive and negative 

values, and for any type of electrodes array, the higher the value of the sensitivity function, the 

greater is the influence of the subsurface region on resistivity measurement. Mathematically, the 

sensitivity function can be calculated through the Frechet derivatives (McGillivray and Oldenburg, 

1990). Let us assume that a 3D region of the ground has been divided into N discrete blocks dvk and 

that the potential is measured at M grid nodes ni. Let us also assume that we inject a current I 

through an electrode at grid node ni. A variation of resistivity within the block dvk will produce a 

change in the potential measured at any other grid node nj, Vij, determined by the derivative ijk = 

Vij/k. The quantity ijk represents the sensitivity at node nj with respect to a change of resistivity 

within the block dvk when the current source is located at node ni. We can also define a sensitivity 

matrix, i, which defines the sensitivities at all grid nodes, associated with variations at any block: 

 

1 1 1 2 1

2 1 2 2 2

1 2

/ / ... /

/ / ... /

... ... ... ...

/ / ... /

N

N

i

M M M N

V V V

V V V

V V V

      
 
     

  
 
 
      

 (2.20) 

 

A row of the matrix contains the derivatives at one receiver position with respect to all the possible 

variations within resistivity blocks, whereas a column includes the derivatives at all grid nodes with 

respect to the variation at just one resistivity block. Therefore, a row contains information about the 

sensitivity throughout the underground for a particular configuration of the electrodes. Conversely, 

a column contains the sensitivities for all receivers with respect to a variation at a single block. The 

sensitivity for an assigned source and sink pair can be expressed as the inner product of the current 

densities Ji and Jj produced by a current source of strength I at the source and sink nodes, 

respectively, integrated over the perturbed region R (Spitzer, 1998 and references therein): 

 

1ij

ij i j k

k kk

V
d
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 J J v  (2.21) 
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The applied current I is usually chosen to have unit strength. In the limit case of very small blocks, 

the sensitivity (2.21) can be expressed as an integral: 

 

1ij

ij i j

V
d

I


   

  J J v
R

 (2.22) 

 

To evaluate analytically this expression, let us consider the simple case of the polepole array 

configuration shown in Figure 2.9, where the current and potential electrodes are located, 

respectively, at the origin (0,0,0) and at (a,0,0). 

 

 

Figure 2.9. Parameters for the sensitivity function calculation at a point (x,y,z) within a halfspace. The change in the 

resistivity ρ has a constant value in a small volume element d𝑣 and zero elsewhere. 

 

If the resistivity within the small volume dv, located at position (x,y,z), changes by ρ then the 

application of Eq. (2.6) gives the following 3-D Frechet derivative, or sensitivity function, at point 

(x,y,z): 
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 (2.23) 

 

To obtain the Frechet derivative for a general four electrodes array, we need to consider the 

contributions from all the four currentpotential pairs (AM, AN, BM, and BN). 

 

We consider now a situation where the changes in resistivity occur between thin homogeneous 

horizontal layers (x and y limits extend from  to ). In this instance, the sensitivity function is 
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obtained by integrating Eq. 2.23 in the x and y directions. The 1D Frechet derivative for the pole-

pole array is then given by: 
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 (2.24) 

 

This function, which is known as the depth of investigation characteristic function (DICF), has 

been used by many authors to determine the properties of various arrays in resistivity sounding 

surveys (Edward, 1977; Barker, 1989; Merrick, 1997). An example of DICF is shown in Fig. 2.10, 

in which the function starts from zero and increases to a maximum value at a depth of about 0.35a.  

Successively it decreases asymptotically to zero. 

 

 

Figure 2.10. Sensitivity function curve for the pole-pole array. It shows that the median depth of investigation (red 

arrow) is more than twice the depth of maximum sensitivity (blue arrow) (modified from Loke, 2004). 
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However, Edwards (1977) and Barker (1992) have shown that a more robust estimate of the DICF 

is the median depth of investigation, which is the depth above which the area under the curve is 

equal to half the total area under the curve (Fig. 2.10). In the case of 2D surveys, integration of the 

solution (2.23) for the polepole array with respect to the y direction gives: 
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where  kK  and  kE  are the complete elliptic integrals of the 1
st
 and 2

nd
 kind (Press et al., 1988), 

respectively,  
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2.5 Summary of array types 
 

 

An electric resistivity array of electrodes can be deployed according to various arrangements, 

depending on the desired sensitivity, depth of investigation, horizontal data coverage, and signal 

strength. Tables 2.1 and 2.2 describe different configuration of electrodes, but only a few among 

them are frequently used in archaeological geophysics. These configurations include the 

Schlumberger array, the Wenner array, and the dipole-dipole array. In this section, a comparison 

between different electrode configuration is presented, with the objective of addressing the problem 

of which acquisition approach is most suitable to our specific purpose. 
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In general, the Wenner array is a good choice when the survey must be carried out in a noisy area, 

because it shows a high signal strength, good signal/noise ratio, together with a good vertical 

resolution. Due to these features, this array is useful to detect the vertical extent of horizontal 

structures (e.g., stratigraphic layers). The dipole-dipole array can be a more suitable choice when 

good horizontal resolution and lateral data coverage is important (assuming that resistivity meter is 

sufficiently sensitive and there is good ground contact). This array is suitable for detecting vertical 

structures or cavities. Regarding the Wenner-Schlumberger array, this is a realistic alternative if 

both good signal strength and vertical resolutions are needed. Instead, in a system with a limited 

number of electrodes, the pole-dipole array with measurements in both the forward and reverse 

directions might be a feasible choice. Finally, in the case of surveys with small electrode spacing, 

which require a good horizontal coverage, the pole-pole array might be a suitable choice (Loke, 

2004). 

 

 

2.6 Inversion Methods 
 

 

All inversion methods are based on the automatic search of a representative model of the subsurface 

that fits the observed data. In the case of an electric resistivity survey, the goal of this procedure is 

the determination of a “true” resistivity distribution (x,y,z), which fits at best the observed apparent 

resistivities. The starting point of iterative methods consists into the selection of an initial model of 

the resistivity distribution, 
0 0 0

1 2, ,..., N    for the N blocks that form the underground region R. This 

distribution is used to calculate a set of M apparent resistivities, 1 2, ,...,a a aM
     which would be 

observed at the Earth’s surface if the initial model would represent the true distribution of resistivity 

in the ground. A corresponding set of residuals ,  1,2,...,aj aj aj j M     measures the 

discrepancy between the observed apparent resistivities aj and the theoretical values. An iterative 

procedure uses these residuals to reduce the discrepancy at the next step through a modification of 

the guess resistivities, which are changed now to 
1 1 1

1 2, ,..., N   . The procedure continues until the 

rms error of residuals falls below a selected threshold, depending from the desired accuracy. 

Additional constraints, for example a damping factor, can also help to stabilize the inversion 

procedure. It is necessary to stress the fact that the solution of the inverse problem is not unique, for 

any assigned data set there is a wide range of models whose calculated resistivity values agree with 

the observations at the desired level of accuracy. 
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Let us consider a data set containing M apparent resistivity observations, aj, for which we want to 

search a set of model parameters, representative of a distribution of resistivity, i, at N underground 

blocks. The solution to this problem requires an evaluation of the following set of M nonlinear 

equations: 

 1 2, ,...   ;  1,2,...,aj j NF j M          (2.27) 

 

In this equation, we are assuming that 1,2,…,N represents the true (unknown) distribution of 

resistivity, while a1,a2,…,aM are the observed apparent resistivities. When the functionals Fj are 

calculated with respect to an arbitrary distribution of resistivity, not necessarily the correct one, we 

will add a prime symbol to the corresponding apparent resistivities to indicate that this is a 

calculated value, not an observed one. For any arbitrary perturbation, i, of the real distribution of 

resistivity, the non-linear relationship between the data and the model parameters can be linearized 

using a Taylor series expansion. Neglecting the second and higher-order terms, we obtain: 
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    (2.28) 

 

We can rewrite Equation (2.28) in matrix form: 

 

a  A       (2.29) 

 

where aj aj aj
     are the discrepancy between the observed apparent resistivities aj and the 

theoretical values and Aji = Fj/i is the coefficient matrix. Equation (2.29) can be solved by least-

squares techniques (Menke, 1984) setting: 
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where the estimated data misfit is given by: 
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2.7 Inversion Software 
 

 

The observed apparent resistivity values are converted to distributions of resistivity in the subsoil by 

means of specialized computer programs. One of the most common tools is the RES2DINV 

software, designed to process resistivity data by least squares inversion. The input data consist of 

the apparent resistivity values and meta-data exported directly from the resistivity meter (array type, 

number of electrodes, spacing between the electrodes, etc.). The kind of partitioning of the 

subsurface into a number of blocks is chosen by an operator considering topography, sensitivity, 

distribution of the measurements, etc. The inversion of the resistivity data is conducted by least-

square method involving finite-element or finite-difference methods to determine the appropriate 

resistivity value for each block. Since the inversion process is affected by non-uniqueness of the 

solution, it is necessary to provide some additional constraints to reduce the range of possible 

models. These constraints usually consist into some assumptions regarding the nature of the 

subsurface, in particular the geology and the kind of boundaries (gradational or sharp) of the 

features that must be detected. A typical graphical representation of the data inversion procedure is 

shown in Fig. 2.11. 

 

 

Figure 2.11. Electrical resistivity profiles obtained using a 32 electrode-Wenner geometry and 1 m electrodes 

separation performed at Hadrian’s Villa (Tivoli). Top: apparent resistivity pseudosection, Middle: calculated resistivity 

pseudosection, Bottom: inverse model resistivity section obtained with a RMS error of 1.42% (from Ghezzi et al, 2019). 

 

In this figure, the horizontal axis shows the distance along a survey line, while the vertical axis 

shows the depth to features in the underground. The two apparent resistivity pseudosections provide 
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a visual tool to estimate the goodness of fit of the theoretical apparent resistivities (middle panel), 

calculated on the basis of the distribution of resistivity, with respect to the observed data (top 

panel). An rms error of the inversion is also shown to provide a quantitative measure of the misfit. 

The final inverse model of resistivity, which is shown in the bottom panel of Fig. 2.11, represents 

the final output that can be interpreted from an archaeological point of view. In Fig. 2.11 it is 

possible to observe a high resistivity region located between 6 and 12 m at ~2.5 m depth, 

compatible with the presence of a cavity, and a low resistivity region in the center of the image, 

located at shallow dephs, which can be interpreted as due to the presence of a moisture. In this 

interpretation, it is more important to observe the contrasts of resistivity between different bodies 

than the absolute values. 
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Chapter 3 
 

Magnetic surveys 

 

 

 

 

 

 

 

3.1 Magnetic Moments and Magnetization 
 

 

Magnetic fields are generated by electric currents, either at microscopic or macroscopic scale. 

Microscopic currents are associated with small current loops at subatomic length scales, whose 

intensity is usually negligible but with a macroscopic effect due to their alignment. Macroscopic 

currents are generated by the flow of electrons or ions within or around the Earth. The elementary 

source of a magnetic field at microscopic scale is the magnetic dipole. This is a current loop, for 

example through a coil, which covers a small area S, has an intensity I, and is characterized by an 

orientation n̂  orthogonal to the coil. These physical and geometrical properties can be described by 

a magnetic moment vector, m, given by m = IS n̂ = IS. It can be shown that a magnetic dipole 

generates a magnetic field B = B(r) with the force lines illustrated in Fig 3.1. At great distance r, 

this magnetic field has the following approximate expression (e.g., Panofsky & Phillips, 2005): 
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where 0 is the magnetic permeability in the vacuum: 0 = 410
7

 H/m. At atomic scale, magnetic 

dipoles are associated with either the spin of elementary particles, especially electrons, or the 

precession of the electron orbits around a specific direction (e.g., Schettino, 2014). For many 

substances, the net magnetic moment of the individual atoms is zero in normal conditions, whereas 

microscopic currents are induced when an external magnetic field is applied. These currents arise 

from the precession of electron orbits about the applied field direction. The corresponding magnetic 

moments oppose the external field, a kind of response of the matter that is called diamagnetism. 

Common diamagnetic substances are water, quartz, calcium carbonate, wood, many organic 

materials and most metals. Other materials have atoms with permanent magnetic moments, but 

these vectors average to zero in absence of external field. 
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Figure 3.1. Force lines of the magnetic dipole field B generated by a small current loop (from Schettino, 2014) 

 

However, when an external magnetic field is applied, the permanent magnetic moments have the 

tendency to align with the external field, so that the diamagnetic response is flanked by an 

additional form of magnetism, which enforces the applied field and has greater magnitude. This 

response, which is called paramagnetism, can be found in minerals such as the biotite and the 

pyrite. It is quite weak, because the aligning forces are small compared with the forces associated 

with thermal agitation, which tend to destroy the alignment. Therefore, this kind of magnetism 

strongly depends from temperature. The third kind of magnetism of matter is called ferromagnetism 

and has the greatest importance in Earth Sciences. In this instance, the magnetization induced by 

external fields has very strong magnitude and adds a significant contribution to the total magnetic 

field. Apart from metals such as iron, common ferromagnetic minerals considered in Geology are 

magnetite and hematite. 

 

All ordinary materials, when placed in a magnetic field, acquire a magnetization, which is a 

manifestation of the presence of a large number of aligned magnetic dipoles at atomic scale. The 

total magnetization of a body having volume V is defined as the average magnetic moment per unit 

volume: 


iV

imM
1

[A/m] (3.2) 
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where the vectors mi are magnetic moments at atomic scale (Fig. 3.2). 

 

 

Figure 3.2. Magnetic dipoles with different orientation of the magnetic moment m contribute to the total magnetization 

M of a body in a region R. 

 

The magnetization of a material generates a net microscopic current density jm, the magnetization 

current, which is related to the local intensity and direction of magnetization by the following 

formula: 

 

Mjm   (3.3) 

 

A comparison of this equation with Ampere’s law, jB 0 , shows that the magnetic field 

associated with microscopic currents is directed as M and has magnitude 0M. The equivalence 

between magnetized materials and currents was observed for the first time by Ampere. The 

expression (3.3) for jm implies that the current of magnetization goes to zero in regions of 

homogeneous magnetization, because in this case the spatial derivatives of Mx, My, and Mz in (3.3) 

are all zero. Therefore, the current jm is the result of a nonuniform magnetization at atomic scale. 

 

The magnetization acquired by a body in presence of an external magnetic field is called induced 

magnetization and is in general a function of the applied field F. The relation between M and F is 

nonlinear and different between the three classes of magnetic behavior (diamagnetic, 

paramagnetic, and ferromagnetic). However, for small values of the applied field it can be 

approximately described by the following linear expression for isotropic materials: 

 

   
0





M r F r  (3.4) 
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where it is intended that the relation holds within the material. The dimensionless quantity  is 

called magnetic susceptibility and its value depends on the material. When the magnetic properties 

of the material depend on the direction, we say that there is magnetic anisotropy. In these 

conditions, the directions of M and F are different,  becomes a tensor quantity, and Eq. (3.4) can 

be rewritten as follows: 

   
0

ij

i jM F





r r  (3.5) 

 

The magnetization current, jm, generates itself a magnetic field, 0M, which contributes to form the 

total field T. Therefore, Ampere’s law in Maxwell’s equations can be rewritten to show explicitly 

the contribution of both the microscopic currents and the macroscopic electric flow within the 

material: 

           0 0m      T r j r j r j r M r  (3.6) 

 

where j represents the macroscopic currents. This equation implies that: 

 

      0 0   T r M r j r  (3.7) 

 

Let us introduce now the magnetic field intensity H, which is representative of the macroscopic 

sources: 

      
 

 0

0 0

1
   
 

T r
H r T r M r M r  (3.8) 

 

Note that H has the same units of M, namely A/m. Substituting this field in (3.7) we obtain the 

following simple expression for the field associated with macroscopic currents circulating within a 

material: 

    H r j r  (3.9) 

 

Considering that the field H is representation of the external inducing field, and the corresponding 

macroscopic currents, we can write: 

 

    M r H r  (3.10) 



41 
 

Now, considering that the additional field F generated by the distribution of magnetization is 

locally proportional to M, F(r) = 0M(r), we have that the total magnetic field T assumes the 

following simple expression: 

 

                    0 0 0 1           T r F r F r F r M r H r M r H r H r

 (3.11) 

 

The quantity  is called absolute magnetic permeability. In presence of magnetic anisotropy, 

Equation (3.11), which establishes a simple relation of proportionality between magnetic field 

intensity and total field, is not valid. In this instance, a more complex tensor expression describes 

the relation between the two fields. For this class of substances, B and H are not parallel, and a field 

applied in the xdirection determines an induced magnetization also in the y and z directions. 

Therefore, in general the magnetic permeability (and the corresponding susceptibility) is described 

by a rank 2 tensor. 

 

The magnetic susceptibility of paramagnetic materials is on average from 50 to 150 times greater, in 

absolute value, than the susceptibility of diamagnetic materials. However, for diamagnetic and 

paramagnetic substances the removal of an external field determines the immediate removal of 

induced magnetization. In ferromagnetic materials, the permanent magnetic moments of neighbor 

atoms are not independent and produce a magnetization that can be several orders of magnitude 

greater than the paramagnetic response induced by the same external field. Such a large 

magnetization is a consequence of the tendency of unpaired electrons of neighbor atoms to reduce 

the electrostatic energy of interaction by not sharing of their orbits. In this instance, these electrons 

can align their intrinsic magnetic moments without violation of Pauli’s principle. This interaction 

exists independently from the application of an external field and determines a spontaneous 

alignment of the spins through distinct regions of each crystal called magnetic domains (Fig. 3.3A). 

Therefore, a single magnetic domain has a net nonzero spontaneous magnetization even in 

absence of external field, although at macroscopic scale these preferred directions are randomly 

distributed and provide a zero net magnetization. 
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Figure 3.3. A) Arrangement of mineral grains (in gray) and magnetic domains (regions separated by thin lines) in an 

unmagnetized polycrystalline solid. Arrows are spin directions. B) Arrangement of mineral grains and magnetic 

domains in a magnetized polycrystalline solid close to saturation (from Schettino, 2014). 

 

In presence of an external field H, the domain walls start moving to favor the growth of domains 

with a direction of magnetization close to that of the applied field and the simultaneous reduction of 

size for the other domains. For small values of H, this process is reversible, but if the applied field is 

sufficiently large the domain walls are definitely destroyed, until the total magnetization reaches a 

saturation value corresponding to a complete alignment of the spins (Fig. 3.3B). At this point, if we 

reduce progressively the external field, the domains start reforming, but the progression is not 

exactly the reverse of the previous one. 

 

 

Figure 3.4. Magnetization curve of a ferromagnetic mineral, showing the characteristic hysteresis 

loop of these materials. Ms is the saturation magnetization, Mr is the remanent magnetization, Hc is the 

coercive value of the external field (from Schettino, 2014). 
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In the case of a ferromagnetic mineral, the irreversibility of this process for large external fields 

determines the appearance of a hysteresis loop in the magnetization curve, as illustrated in Fig. 3.4. 

The presence of this loop implies that some residual magnetization persists even when we remove 

completely the external field. It is called remnant (or remanent) magnetization of the sample. Fig. 

3.4 shows that in order to remove completely this remnant magnetization we must apply an inverse 

field of magnitude Hc, which is called coercive field. In general, a ferromagnetic solid that has 

experienced one or more phases of strong magnetization has a total magnetization, MT, that is the 

sum of two components: an induced magnetization M, which is proportional to H for small values 

of the external field, and a remanent magnetization Mr. Therefore, 

 

r r    TM M M H M  (3.12) 

 

The magnetic susceptibility  is positive and depends upon temperature, just as in the case of 

paramagnetic substances, but in a more complicate way. Fig. 3.5 illustrates the result of 

measurements of susceptibility on a pure magnetite (Fe3O4) sample (Harrison & Putnis, 1996). The 

sample was first heated, so that the temperature raised from room conditions to 650°C, then cooled 

back to room temperature at a rate of 11°C/min. The temperature associated with the sharp drop of 

susceptibility at ~585°C is called Curie temperature, Tc, and depends from the material. For T > Tc 

any ferromagnetic solid is converted into a paramagnetic material. This is a consequence of the fact 

that at high temperatures the thermal energy exceeds the spin coupling energy, determining a 

random arrangement of the magnetic moments. 

 

 

Figure 3.5. Magnetic susceptibility per unit mass,  [m
3
/kg] vs. temperature (°C) for magnetite 

(Fe3O4). Arrows indicate the directions of heating and cooling (from Schettino, 2014). 
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The relative importance of the remanent magnetizazion with respect to the induced magnetization is 

measured by the Koenigsberger ratio: 

 

H

M

M

M
Q rr


  (3.13) 

 

Therefore, Q > 1 indicates that the remanent magnetization dominates. An important aspect of the 

process of formation of magnetic domains is the relation between the number of domains within a 

mineral grain and the grain size. In general, the magnetization of rocks arises from the presence of 

small grains of ferromagnetic minerals dispersed within a matrix of diamagnetic and paramagnetic 

minerals. The size of these grains strongly affects the magnetic behaviour of the rock, just because 

of its influence on the number of magnetic domains. In geology, two classes of solid solutions are 

particularly important: the titanomagnetite series and the titanohematites, which represent primary 

phases of crystallization of igneous rocks (1  5% vol). Both titanomagnetites and titanohematites 

crystallize early, at a temperature of ~1300°C. The distribution of grain sizes, hence the structure of 

the magnetic domains, depends strongly from the cooling rate. Titanomagnetites that form in 

rapidly cooling volcanic rocks (e.g., oceanic pillow lavas) are finegrained, because they generally 

contain a significant fraction of grains with size of 1 m or smaller. Conversely, the grain size is 

larger in the case of slowly cooled intrusive rocks, where it may exceed 100 m. The number of 

magnetic domains is an increasing function of the grain size. When the grains are sufficiently small, 

they will contain just one domain. These grains, which are referred to as singledomain (SD) 

grains, have magnetic properties that are dramatically different from those of multidomain (MD) 

grains. Interest into SD grains arises from their property of being very efficient carriers of remnant 

magnetization. In fact, while the magnetization of MD grains tends to decay with time, that of SD 

particles is stable and can carry paleomagnetic information over a long time interval. When the size 

of magnetite grains is between 1 and 10 m, the particles are called pseudosingledomain (PSD) 

grains. These grains contain a small number of domains and may carry a substantial and stable 

remnant magnetization. Grainsize distributions of many igneous and sedimentary rocks have a peak 

within the magnetite PSD field, although they have only a small percentage of particles within the 

true SD field. Therefore, PSD grains can be important carriers of paleomagnetic information. 
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The geometry of spin arrangement in ferromagnetic minerals can be classified as follows: 

 

a) Ferromagnetic minerals sensu stricto (e.g., iron), are solids with parallel coupling of 

adjacent atomic magnetic moments; 

b) Antiferromagnetic minerals (e.g., hematite), have crystal lattices that can be ideally 

divided in two disjoint subsystems (or sublattices), A and B, in such a way that 

neighboring spins are coupled only within each subsystem, where they have parallel 

alignment. The magnetic moments belonging to adjacent sublattices have antiparallel 

orientation, as shown in the example of Fig. 3.6. Therefore, if the two subsystems have 

equal magnetic moment, the resulting net magnetization will be zero; 

c) Ferrimagnetic minerals (e.g., magnetite), have layers with unequal magnetic moments 

that are antiparallel. The resulting magnetic moment points in the direction of the 

dominant layer. Many of the important ferromagnetic minerals are, in fact, 

ferrimagnetic. 

 

 

Figure 3.6. Antiferromagnetic arrangement of Nickel
II
 oxide (NiO), which has the fcc crystal 

structure of NaCl, with octahedral Ni
II
 (black and red circles) and O


 sites (not displayed). The A 

and B sublattices are shown in green and yellow. Arrows show the spin directions of Ni atoms 

(from Schettino, 2014). 

 

The two most important classes of ferromagnetic minerals in Earth Sciences, titanomagnetites and 

titanohematites, are characterized by an “unusual” alignment of the atomic spins. Hematite is an 

example of antiferromagnetic mineral. In general, antiferromagnetic minerals have no spontaneous 

magnetization and display a weak magnetism, with a susceptibility ranging from 10


 to 10


, and 

present an ordered structure. In some cases, the magnetic moments of the A and B layers are not 

perfectly antiparallel, so that a non-zero net magnetization results from the vector difference 

between the two spins. This kind of ferromagnetism, which is characteristic of the hematite, is 

referred to as canted antiferromagnetism. Fig. 3.7 shows the canted antiferromagnetic arrangement 

of hematite, in which the small net magnetization resulting from the imperfect alignment of Fe
3+
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spins is nearly perpendicular to the crystal sublattices. If we place an antiferromagnetic solid in an 

external magnetic field parallel to the spin axes, the torque exerted on the elementary current loops 

is nearly zero, so that the ordered spin arrangement is not disturbed. However, this ordered 

arrangement tends to be destroyed with the temperature increase, so that the resulting canted 

structure determines an increase of susceptibility. Above a critical value of temperature the spin 

ordering disappears completely and the solid behaves like a paramagnetic substance. This 

temperature, which is called Néel temperature, Tn, is more appropriate than the Curie temperature to 

describe the transition point from antiferromagnetic arrangement to paramagnetic disorder. The 

Néel temperature is associated with a maximum of magnetic susceptibility, as shown in Fig. 3.8. In 

the case of hematite, we have Tn  673°C. 

 

 

Figure 3.7. Canted antiferromagnetic arrangement of Fe
3+

 spins unit cells of hematite. Red and black circles are Fe
3+

 

ions with opposite magnetic moments. Note that the ions are displaced upward or downward along the c-axis of the 

crystal. Red and black arrows indicate spin directions. The resulting net magnetization is represented by the blue arrow 

(from Schettino, 2014). 

 

The other special class of ferromagnetic materials that are characterized by “unusual” alignment of 

the atomic spins is represented by the ferrimagnetic solids. Magnetite is an important example of 

this class of magnetic minerals. In ferrimagnetic substances, the A and B sublattices of an 

antiferromagnetic spin arrangement are occupied by different magnetic atoms and sometimes by a 

different number of atoms. The result is a net spontaneous magnetization, which may be of relevant 

magnitude. In the case of magnetite, the spinel crystal structure of this mineral yields a preferred 

direction of magnetization along the cube diagonal [111]. Other examples of ferrimagnetic minerals 

are titanohematites, Fe2xTixO3, when x > 0.45, whereas for 0 < x < 0.45 these substances conserve 

the canted antiferromagnetic arrangement of hematite. 
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Figure 3.8. Magnetic susceptibility per unit mass, , vs. temperature (°C) for a sample of hematite 

(Fe2O3). (Modified from de Boer et al., 2001). 

 

The natural remnant magnetization (NRM) of a rock is the remanent magnetization, Mr, that can be 

measured on a rock specimen through a laboratory magnetometer after removal of the induced 

component. The magnitude and direction of this vector depends on the geographic location of the 

rock at the time of its formation and eventually from subsequent geological processes. The original 

NRM acquired during the process of formation of the rock is referred to as the primary NRM. Any 

successive component that contributes to the observed remnant magnetization is called a secondary 

component. Thus, 

secondaryprimary MMMr   (3.14) 

 

There are three basic kinds of primary NRM. They are: 

 

 Thermoremanent magnetization (TRM), which is acquired during cooling from temperatures 

above the Curie temperature, which is the temperature associated with the sharp drop of 

susceptibility at ~585°C. This is the typical form of remanent magnetization of igneous 

rocks; 

 Chemical remanent magnetization (CRM), which forms by growth of ferromagnetic grains 

below the Curie temperature and is the typical kind of remanent magnetization in 

sedimentary rocks. It results from chemical reactions that form new ferromagnetic minerals 

by alteration of existing minerals or precipitation; 

 Detrital remanent magnetization (DRM), which forms during the process of accumulation 

and lithification of sediments containing detrital ferromagnetic minerals. 
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The secondary NRM results from chemical changes affecting ferromagnetic minerals, exposure to 

nearby lightning strikes, or long-term exposure to the geomagnetic field subsequent to rock 

formation. Viscous remanent magnetism (VRM) is a remanent magnetization that is gradually 

acquired during exposure to weak magnetic fields. Natural VRM is a secondary magnetization 

resulting from action of the geomagnetic field long time after formation of the rock. From the 

paleomagnetic viewpoint, this VRM usually is a noise to remove and a cleaning of the sample is 

necessary for separate the primary from the secondary NRM (Butler, 1998). 

 

 

3.2 The Geomagnetic Field 

 

 

Three sources contribute to the Earth’s geomagnetic field: a) the external core represents the main 

source, with an average magnitude of ~45,000 nT;  b) the crustal rocks, whose contribution is two 

orders of magnitude lower than the main field, with an average magnitude of  ~500 nT; c) a smaller 

external component, whose source is in the Earth’s ionosphere (between 85 and 600 km altitude) 

and in the magnetosphere, with a magnitude that is generally negligible with respect to the previous 

ones. The Earth’s mantle does not contribute to the geomagnetic field: owing to its temperature and 

viscosity, it is essentially an electric insulator having a conductivity ranging between 10
-4

 and 1 S 

m
-1

. The magnitude of the observed geomagnetic field varies considerably along the Earth’s surface 

and through time. The field vectors are nearly horizontal close to the Equator, where F ~30000 nT, 

whereas they tend to be vertical in proximity of the geomagnetic poles, with magnitudes of the 

order of ~60000 nT. 

 

The external liquid core is composed mainly by iron and lighter elements. As the Earth cools, iron 

freezes at the base of the outer core and is accreted to the inner core, thereby enriching in light 

elements the residual liquid. Consequently, this process triggers a convective process, which brings 

light material towards the surface of the outer core. Due to the Coriolis forces associated with the 

Earth’s rotation, the resulting flow assumes a helical shape. This flow of liquid iron, which is a 

conductor, occurs in a selfsustainded magnetic field, so that a helical electric current is generated 

by Faraday’s effect. This current in turn maintains the Earth’s magnetic field in a stable feedback. 

Such selfsustained mechanism is known as the geodynamo. The convective currents flowing in the 

external core have an estimated velocity of the order of 10 km/yr (e.g., Buffet 2000, and references 

therein) and the resulting field is subject to time variations that are significant at the scale of 

months. This variability of the main field is called secular variation and is of the order of 80 nT/yr. 
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Crustal magnetic sources are located in regions where the temperature field is below the Curie point 

of the magnetic minerals and represents an important source for the Earth’s internal field, 

originating nearsurface anomalies between 3600 nT and +8500 nT. Therefore, the lower 

boundary of the magnetic basement, which is the region of crustal rocks having relatively large 

magnetic susceptibilities, approximately coincides with the Curie isotherm for magnetite. This 

isotherm is typically more than 20 km depth in stable continental regions, but may be as shallow as 

2 km in young oceanic regions. In most places, the crustal field is less than 1 per cent of the total 

magnetic field, but locally may represent up to 20% of the observed field. In recent years, the World 

Digital Magnetic Anomaly Map (WDMAM) has been compiled under the auspices of the 

International Association for Geomagnetism and Aeronomy (IAGA). This map, which is shown in 

Fig. 3.9 combines ground, airborne, and marine magnetic data and includes all the wavelengths that 

could be useful for the geological and tectonic mapping of the Earth’s crust. 

 

 

Figure 3.9. The World Digital Magnetic Anomaly Map 2007 (Korhonen et al., 2007). 

 

The third contribution to the Earth’s geomagnetic field is given by the magnetosphere, a large 

region around the Earth occupied by highenergy charged particles (plasma), which is of Solar 

wind provenance or terrestrial origin. The Solar wind is a highly conductive plasma flow ejected by 

the Sun, which travels at a velocity of ~500 km/s as a result of the supersonic expansion of the Solar 

corona. In the region where the charged particles strike the Earth’s magnetic field, the particles slow 

down and to a large extent are deflected without penetrating the magnetic shield. At the same time, 
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the flow lines of the Earth’s magnetic field are compressed. As a consequence, the Earth’s 

magnetosphere is a magnetic cavity shaped like a comet head and tail, and only at distances less 

than 5Re, Re being the Earth’s radius, it can be considered approximately dipolar. A small portion of 

Solar wind plasma enters the magnetosphere near the polar cusps, and the particles follow the 

magnetic field lines towards the Earth’s atmosphere (Fig. 3.10). 

 

 

Figure 3.10. Earth’s magnetosphere and interplanetary magnetic field (IMF). Solar wind streamlines are shown in red. 

Points P are polar cusps. Field lines of the Earth’s magnetic field and the IMF are shown respectively by solid black and 

blue lines. The magnetopause is the inner boundary that separates the magnetosphere from the outer region. The bow 

shock is the shock surface where the Solar wind is suddenly slowed from supersonic to sonic velocities (modified from 

Schettino, 2014). 

 

The strongest source of geomagnetic field disturbance is represented by geomagnetic storms. These 

events are associated with large sudden variations of Solar wind dynamic pressure at the 

magnetopause, which follow the impact of coronal mass ejections (CME) and Solar flare particles 

(Fig. 3.11). A CME is a form of extensive and explosive Solar mass release that produces strong 

perturbations of the Solar wind, which reaches speeds as high as 2800 km s
−1

 during these events. A 

Solar flare is a more local event than CMEs, which produces flashes of light for short time intervals 

ranging from a few minutes to a few hours (Schunk & Nagy, 2009). These explosions can send 

eruptions of energetic particles into the Solar wind, determining magnetic storms in the Earth’s 

magnetosphere. The resulting geomagnetic field disturbance can have serious consequences for the 

human electric infrastructures and networks and prevents the acquisition of magnetic data. At 

midlatitudes, about one storm per year produces an external field whose horizontal component H > 

250 nT, and about ten storms per year have H > 50 nT (Campbell, 2003). Some events can produce 

extremely strong variations of geomagnetic field strength. Regarding the recurrence interval of 
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geomagnetic storms, it is strictly related to the Solar cycle, which consists into a periodic change of 

Solar activity with average duration of ~11 years. To measure the Solar activity and the 

corresponding geomagnetic disturbance, several indices have been designed. The most useful 

measure of magnetic activity is the global 3hourrange Kp index. This index is determined as the 

arithmetic mean of K index values from 13 different geomagnetic observatories. The K index is a 

quasilogaritmic scale that quantifies the disturbance in the H component of the geomagnetic field 

in a single observatory, its value ranges between 0 and 9. Usually, Kp  2 indicates quietness, 

whereas Kp  5 is indicative of a geomagnetic storm. 

 

 

Figure 3.11. Solar flares recorded on September 10, 2017 (Credit: NASA Solar Dynamics Observatory). 

 

A less intense but still significant contribution to the external sources of the geomagnetic field 

comes from currents driven by tidal forces and winds circulating in the Earth’s ionosphere, a 

conducting region of the terrestrial atmosphere where a large density of free lowenergy electrons 

and ions is present. This region extends upwards from 7080 km elevation to considerable altitudes, 



52 
 

where it merges with the magnetosphere. The free electrons and ions that form the ionosphere 

plasma are produced by ionization of neutral atoms, as a consequence of both extreme ultraviolet 

radiation from the Sun and collisions with highenergy particles that penetrate the atmosphere. The 

ionosphere currents are revealed by a recurrent pattern on observatory magnetograms during quiet 

days, with characteristic 24/k hour period spectral components, where k =1,2,3,4 (Campbell, 2003). 

Therefore, the typical magnetogram pattern associated with these currents is referred to as quiet 

daily variations. When the small but persistent component arising from tidal forces is removed, the 

changes are called Sq variations (Solar quiet variations). 

 

The present day geomagnetic field approximately coincides with the field that would be generated 

by a magnetic dipole placed at the Earth’s centre and inclined by ~9.4° with respect to the Earth’s 

spin axis. Such a dipole has no fixed direction and contributes to the secular variation of the core 

field by precessing irregularly about the geographic North Pole. Its magnetic moment, m, currently 

(December 31
st
 2019) points to a location in Antarctica at about (80.6°S,106.8°E). This location is 

called the geomagnetic South Pole, and its antipodal point at (80.6°N,73.2°W) is known as the 

geomagnetic North Pole (Fig. 3.12). The axis passing through these two points defines the zaxis of 

the geomagnetic reference frame. The xaxis of this coordinate system is chosen in such a way that 

the prime meridian passes through the geographic South Pole. Finally, the yaxis will be also 

placed in the geomagnetic dipole equator, 90° from the xaxis. 

 

The secular variation of the geomagnetic field is responsible for the irregular migration of the 

geomagnetic poles around the Earth’s spin axis with a periodicity of thousands of years. However, 

the observation supports the important fact that the timeaveraged position of the geomagnetic 

North pole coincides with the geographic North pole (McElhinny et al., 1996). Another effect of the 

secular variations is represented by a change in the magnetic moment magnitude and by a westward 

drift of some non‒dipolar features of the field at a rate of ~0.4° longitude per year. 
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Figure 3.12. Geomagnetic dipolar field in the geocentric reference frame. Red and blue points represent respectively 

the geographic and geomagnetic North Pole (modified from Schettino, 2014). 

 

On a time scale larger than that associated with secular variation we observe another phenomenon, 

consisting into the reversal of the geocentric axial dipole (GAD) field polarity, with a periodicity 

between 10
4
 and 10

8
 yr. A GAD magnetic moment having the same direction as the present day 

field is said to be of normal polarity, while the opposite direction of m defines a reversed polarity 

time interval. The recognition of the existence of recurrent events of field inversion led to the 

development of geomagnetic polarity time scales since the 1960s. In these time scales, a time 

interval with constant magnetic polarity (normal or inverted) is defined as a chron and the time 

boundaries of each chron are established on the basis of radiometric dating. 

 

The Earth’s magnetic field is a potential field in the region outside the Earth. Therefore, there exists 

a scalar geomagnetic potential V that satisfies Laplace’s equation: 

 

02  V  (3.15) 
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It is convenient to express Eq. (3.15) in spherical coordinates (r,,), r,, and  being the distance 

from the Earth’s centre,  the colatitude, and  the longitude associated with the Cartesian 

coordinates (x,y,z) (Fig. 3.13). The spherical form of Laplace’s equation can be written as follows: 
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This equation may be solved by separation of variables, leading to the spherical harmonic 

expansion of the geopotential: 
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where m

ng and m

nh are the Gauss coefficients, a is the minimum radius of a reference sphere that 

encloses all the sources, and m

nP  are the Legendre polynomials, n and m being respectively degree 

and order of the solution (Schettino, 2014). This solution is valid outside the Earth’s surface and 

includes only internal sources. The reference sphere is conventionally chosen to have a radius equal 

to the Earth’s mean radius, Re  6371 km. 

 

 

Figure 3.13. Cartesian (x,y,z) and spherical (r,) coordinates of a point P in the geographic reference frame. 
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Setting m = 0 in (3.17) provides an axially symmetric potential that depends only from the 

colatitude, so that for r = a (at the Earth’s surface) we have: 

 







1

0 )(cos)(
n

nn PgaV  (3.18) 

 

These axiallysymmetric surface harmonics are called zonal harmonics and are very important in 

geomagnetism and gravitation. For n = m the potential depends only from the longitude and the 

corresponding surface harmonics are called sectoral harmonics. In the general case, a spherical 

surface of radius r can be divided into a series of tesserae where the values of the potential have 

alternate signs (Fig. 3.14). 

 

 

Figure 3.14. Positive (gray) and negative (white) patches for some surface harmonics (modified from Schettino, 

2014). 

 

The solution (3.17) represents the total potential due to Earth’s core macroscopic currents and 

crustal rocks sources. The following Jeans relation links the wavelength λ of individual spherical 

harmonics to the corresponding polynomial degree n, independently from the order: 
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Figure 3.15 shows a plot of λ as a function of n. We note that a component with wavelength λ = 

~1000 km requires n = 40. 
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Figure 3.15.Wavelength of spherical harmonics λ as a function of degree n (from Schettino, 2014). 

 

The power spectrum of the geopotential describes the distribution of spatial frequency components. 

In the field model of Cain et al. (1989), the power spectrum assumes the characteristic shape shown 

in Fig. (3.16).  

 

 

Figure 3.16. Power spectrum of geomagnetic field according to the field model of Cain et al. (1989) where Rn is the 

main square value over the surface of the field produced by harmonic of a given n (from Schettino, 2014). 

 

This figure shows that the power spectrum can be divided into two segments linked by a transitional 

region between n = 13 and n = 16. These segments are interpreted as representative of two distinct 

sources. The terms from n = 1 to n = 13 are thought to be representative of the core field, whereas 

the crustal contribution would be limited to the terms with n > 13. Nevertheless, this separation of 
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core and crustal contributions is not 

perfect, because largescale features of 

the crustal field are also contained in 

the terms from n = 1 to n = 13, just as 

short wavelength features of the core 

field are included in the n > 13 series. 

 

The International Geomagnetic 

Reference Field (IGRF) is a 

geomagnetic field model, 

representative of core sources, 

produced and maintained by a team of 

workers under the auspices of the 

International Association of Geo-

magnetism and Aeronomy (IAGA). It 

is based on a least squares parametric 

regression of the observed magnetic 

field by a truncated version of the 

spherical harmonic expansion (3.17) to 

degree and order 13. The model can be 

used to predict the large scale features 

of the internal field. It is updated at 

intervals of 5 years (epochs) to 

incorporate new data and is available 

for the time interval since 1900 A.D. 

To take into account the secular 

variation, the model also specifies a 

rate of variation of Gauss coefficients 

 

 

Figure 3.17. Maps of the magnetic declination D (top, units are 

degrees), inclination I (middle, units are degrees), and total 

intensity F (bottom, units are nT) at the Earth’s mean radius r = a 

in 2015; the red dot indicates the minimum intensity. Projection is 

Mercator (from Thébault et al, 2015). 
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within each epoch. The latest IGRF model for the epoch 20152020 is shown in Fig. 3.17 (total 

field intensity, inclination, and declination). A representation of the total field generated by both the 

core and crustal sources is provided by the British Geological Survey (BGS). This Global 

Geomagnetic Model (GGM) describes the Earth's magnetic field by a spherical harmonic expansion 

up to degree 1440. It can be accessed at the following link: 

 

http://www.geomag.bgs.ac.uk/data_service/directionaldrilling/bggm.html) 

 

 

3.3 Magnetic Measurements 
 

 

Magnetic measurements consider three fundamental aspects of the Earth’s magnetism: 1) Magnetic 

surveys create maps of the variations of the geomagnetic field intensity at the Earth’s surface; 2) 

Susceptibility surveys can be performed either to create maps of the magnetic susceptibility 

distribution at the surface of archaeological sites or to collect soil cores whose vertical distribution 

of susceptibility will be measured through laboratory procedures;  3) Archaeomagnetic methods 

allow to study changes of the Earth's magnetic field through time by the analysis of NRM recorded 

in archaeological materials. 

 

3.3.1 Total field surveys 

 

The acquisition of geomagnetic field intensity data represents one of the few passive geophysical 

prospecting methods, because it involves direct observations of the Earth’s magnetic field, rather 

than the detection of return signals generated by the injection of energy in the ground. It is one of 

the most productive among the prospecting methods employed in Archaeology, because there exists 

a variety of natural and cultural processes that generate a magnetic signal, which can be observed at 

the Earth’s surface. The development of caesium–vapor magnetometers since the 1960s has found a 

fruitful application in archaeological research, due to their high acquisition frequency and 

sensitivity. In fact, it is thanks to these devices that the detection of the tiny anomalies generated by 

buried archaeological artifacts has become possible. Crucial characteristics of a magnetometer are 

the sensitivity and the heading error, which represent respectively the smallest variation of 

magnetization that the instrument is capable to detect and the alteration in a measurement due to a 

change in orientation of the instrument with respect the Earth magnetic field. For example, the 

http://www.geomag.bgs.ac.uk/data_service/directionaldrilling/bggm.html
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Geometrics G-858GAP caesium vapor magnetometer has a sensitivity of 0.03 nT at 0.2 sec cycle 

rate and a heading error less than 0.5 nT. 

 

A typical magnetic survey consists of the acquisition of total field intensity data through a scalar 

magnetometer. There are three kinds of scalar magnetometers: proton precession, Overhauser 

effect, and caesium vapor magnetometers. Proton precession magnetometers are commonly used in 

landbased magnetic surveys. The operation of these measuring devices is based on the Larmor 

precession of magnetic moments in an external field. Basically, a proton precession magnetometer 

is formed by a cylindrical container (bottle) filled with a liquid rich in hydrogen atoms. The bottle is 

surrounded by a coil, as shown in Fig. 3.18. 

 

 

Figure 3.18. Operation of proton precession magnetometers. During phase 1, the current flowing through the coil 

generates a strong magnetic field B in the bottle, which determines the alignment of atomic spins. When the circuit is 

open (phase 2), the magnetic moments start precessing about the ambient geomagnetic field T. This precession induces 

a small alternating current in the coil, with frequency equal to the Larmor frequency of precession, which is measured 

through the frequency counter. Finally, the field intensity T is calculated scaling the observed Larmor frequency (from 

Schettino, 2014). 

 

The liquid in the bottle can be distilled water, kerosene, alcohol, or any other hydrocarbon fluid rich 

in hydrogen atoms. The measurement proceeds in two steps. During phase 1, a DC current is 

delivered by a battery through the circuit, generating a relatively strong magnetic field B in the 

solenoid. This field causes the dipole moments to align with the solenoid axis in the direction of B. 

The objective of this polarization is to start a coherent precession of the protons about the external 

field T and generate a measurable alternating current at the Larmor frequency. Therefore, after a 

small time interval (~1 sec), in phase 2 the DC power supply is switched off. The torque exerted by 
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the external field determines now a precession of the magnetic moments about the field direction, 

with a Lamor frequency that is proportional to the strength of the total field (~2kHz). This produces 

a weak rotating magnetic field that induces a small alternate current through the circuit. This current 

decays exponentially with a time constant of a few seconds. Therefore, it is promptly amplified and 

sent to a digital counter, which furnishes a signal frequency proportional to the geomagnetic field 

intensity. The main disadvantage of proton precession magnetometers is represented by their 

sensitivity to the orientation of the external field. For example, if the polarizing field B has the same 

direction as T, then no precession will occur and the induced current will be zero. In general, the 

induced signal strength is proportional to the sine of the angle between the Earth’s magnetic field 

and the axis of the solenoid. An improvement with respect to the basic design illustrated in Fig. 3.18 

can be obtained using toroidal cores instead of linear solenoids. The accuracy of this kind of 

magnetometers can reach 0.5 nT. 

 

Overhauser effect magnetometers are an improved class of proton precession magnetometers. The 

bottle liquid of these sensors contains a chemical additive formed by free radicals, which allows a 

different method of polarization. In this approach, the spins of unbound electron of the free radicals 

are polarized through a lowpower radiofrequency electromagnetic field. Then, the polarization of 

electrons is spontaneously transferred to the protons in the liquid via a nuclear magnetic resonance 

phenomenon known as Overhauser effect. This method allows a reduction of the required power 

supply by one order of magnitude and increases the sensitivity by two orders of magnitude. An 

Overhauser magnetometer is capable to perform readings with a 0.01 – 0.02 nT standard deviation 

while sampling once per second. This kind of magnetometer is widely used in marine geophysics 

and is installed at several magnetic observatories. It was also used on the Ørsted and CHAMP 

satellites. 

 

The stateofart technology in scalar magnetometers is undoubtedly represented by alkali atoms 

(e.g., helium, caesium) vapor sensors. In these devices, polarized light is transmitted through a glass 

cell containing a vapor of the alkaline substance. Again, the idea is to create an initial alignment of 

spins, which then precess about the external field axis. The sensitivity of these devices can be as 

high as 0.002 nT at 1 s sample rate. 

 

In archaeological geophysics, a fourth class of sensors is also frequently employed: fluxgate 

magnetometers. These are highly precise magnetic field sensors, which can resolve Earth’s 

magnetic field strengths with less than 0.01% sensitivity. However, differently from the previous 
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classes of scalar magnetometers, fluxgate sensors can measure the component of the Earth’s 

magnetic field along each of the three axes, x , y, and z, depending on the orientaton of the sensor. 

The technology of fluxgate magnetometers was developed in 1936, with the primary objective of 

detecting submarines; in the 1960s and 1970s, it was widely employed in marine geophysics 

surveys during the rise of the theory of plate tectonics. The performance these magnetometers has 

improved markedly in recent years. A fluxgate sensor typically includes a ring core of a high 

magnetic permeability alloy around which two coil windings are wrapped: the drive winding and 

the sense winding. When an AC input current flows through the drive winding, the ferromagnetic 

core is saturated in opposite directions with the same frequency of the input current and generates 

an induced field having alternate directions. By Faraday’s law, such a variable field induces an 

output electric current in the sense coil, which is measured by an ammeter. The instrument is 

calibrated in such a way that in absense of external fields the input and output currents match. 

However, in presence of an external field vector in the plane of the ring, half of the ferromagnetic 

core will have a field reinforcement while in the other half the field is depressed, with a symmetry 

axis coinciding with the external field direction. In these conditions, the applied input current and 

the induced output current will have different intensities depending on the strength of the external 

magnetic field. Although the fluxgate technology can be used to build triaxial magnetometers, 

which provide all the three components of the Earth’s magnetic field, the typical configuration used 

in archaeologic applications consists of two sensors that measure the vertical component of the total 

field at differents heights with respect to the ground. Therefore, the combined readings of the two 

sensors provide a measure of the gradient of the vertical component of magnetic field. This 

instrument is not indicated for the detection of deep structures. In general, fluxgate magnetometry is 

the ideal instrument for near surface structures with a high magnetization contrasts (Mathé et al, 

2009; Becker et al, 2007). 

 

In most cases, a magnetic survey consists of the acquisition of total field intensity data using a 

single sensor scalar magnetometer (Fig. 3.19a), or vertical gradient data using two sensors in a 

gradiometer configuration (Fig. 3.19b). In the latter case, the vertical gradient of the total field 

intensity, T/z, is obtained by subtraction of two simultaneous measurements of the total field 

intensity along the vertical direction and dividing the resulting differential value by the distance 

between the two sensors. It should be noted that this measurement is different from that achieved 

using a twosensors fluxgate magnetometer, which provides the gradient of the vertical component 

of the vector T, Tz/z. In archaeology, magnetometers can be carried by an operator or by an 

unmanned aerial vehicle (UAV), or they can be mounted as sensor arrays on moving carts. 
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Figure 3.19. Magnetic survey equipment: A) Total field configuration; B) Vertical gradient configuration. 

 

Although magnetometry is considered as one of the most important non–destructive techniques in 

archaeological geophysics, in most cases its application is currently limited to the acquisition of 

vertical gradient data and the direct interpretation of magnetic pathways in terms of walls or other 

archaeological features, often without the support of an accurate geophysical analysis. An obvious 

advantage of this approach is represented by the rapidity and ease with which archaeologists can 

obtain useful information in view of future excavations. Another advantage is represented by the 

fact that gradiometers are relatively insensitive to time variations of external disturbing components 

of the total field, associated with magnetosphere and ionosphere currents, so that the resulting data 

sets do not require additional corrections for the removal of external noise. In general, the vertical 

gradient of the total field intensity decreases with the fourth power of the distance, while total field 

data depend from the inverse third power of the distance. Consequently, gradiometer surveys 

accentuate the signal associated with shallow features and show greater spatial resolution at low 

depths, while they show decreased sensitivity to deep objects. However, Tabbagh (2003) has 

showed that the reduction of anthropogenic disturbances and time variations of the geomagnetic 

field intensity using appropriate filters gives better results compared to gradiometer measurements 

(Schettino et al., 2019). Disadvantages in the direct archaeological interpretation of both gradient 

and total field data include the following issues: 1. In most cases the location and geometry of a 
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buried artifact are not easily related to size, shape, and position of the corresponding vertical 

gradient or total field anomalies; 2. Important information about the physical properties of an 

object, which could have archaeological meaning, is ignored; 3. Information about the burial depth 

cannot be obtained without a quantitative analysis of the magnetic data; 4. Nearby objects generate 

complex anomalies (by the superposition principle) that cannot be interpreted by the simple visual 

inspection of magnetic maps. However, it is important to stress that vertical gradient anomalies 

have relatively higher power in the high wavenumbers, so that the corresponding anomalies appear 

sharper and located closer to their causative sources than total field data. Consequently, they are 

subject to superposition effects to a lesser extent. 

 

A new approach to the magnetic survey of an area has been described in recent articles (Schettino et 

al., 2019; Ghezzi et al., 2019a; Schettino & Ghezzi, 2020) and meetings. In typical environmental 

conditions and with a minimum equipment, the survey area is divided in several regions having 

maximum size of ~3050 m and overlapped edges (0.5 m). The typical highresolution magnetic 

survey layout is illustrated in Fig. (3.20). In this instance, a global positioning system (GPS) 

receiver is used to determine corner location coordinates (and associated confidence regions) of the 

survey areas, whereas the magnetic data are acquired at 10 Hz sampling frequency along bi‐

directional survey lines, Li, equally spaced 0.5 m. At a typical operator velocity of 4 km/h, this 

sampling frequency translates into an average of 11 cm distance between readings. For each region, 

the survey starts with the rapid acquisition of a transversal tie line, which will be used later to build 

a diurnal drift curve R(t). Taking into account that this tie line line is walked in less than 1 min, we 

can consider the corresponding magnetic field readings T(x,y,t) as simultaneous values of the 

magnetic intensity at the initial time t = t0. A subset of points ci = (xi,yi) along the tie line (one for 

each subsequent survey line) will be travelled again at later times t1 < t2 <…< tn during the survey 

along Li lines. These locations ci are referred to as the crossover points. The set of all crossover 

errors i = T(ci,ti)  T(ci,t0) could be considered as a sample of the external field variations with 

respect to the initial time t0. In general, a survey should be performed only when the value of the 

Solar activity index, Kp, does not indicate magnetic storm conditions (Kp < 5). However, even in 

the case of moderately disturbed (Kp = 4) or nondisturbed (Kp < 4) days, it is good practice to 

correct the data for the daily variations of the geomagnetic field through a levelling procedure 

(Luyendyk, 1997). 
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Figure 3.20. Typical mapped survey layout at sites with planar relief.  Li (i = 0,1,…) and T are respectively the survey 

lines and the tie line (in red). Ci (i = 0,1,…) are crossover points (yellow dots) collected with the purpose to accomplish 

a levelling procedure (from Ghezzi et al, 2019a). 

 

3.3.2 Magnetic susceptibility measurements 

 

The formation of a soil by weathering of a rock substratum involves the conversion of weakly 

magnetic oxides and hydroxides to more strongly magnetic forms. In general, the origin of the soil 

magnetism depends from the enhancement of its magnetic properties as a result of the presence of 

ferrimagnetic minerals, usually iron oxides. The sources of these minerals can have different 

provenance, including a) The weathering of basic and ultrabasic bedrock, with accumulation of 

coarse grained (~ 10 μm) titanomagnetites. These minerals of primary lithogenic origin are 

relatively unaltered by soil processes. b) A ‘fermentation’ mechanism that involves the weathering 

of iron from magnetic and nonmagnetic soil parent material under oxidizing-reducing conditions. 

This process tends to form finegrained (<0.1 μm) secondary magnetite/maghemite minerals with 

stable SD and superparamagnetic (SP) properties. This is known as magnetic enhancement, 

indicating that the topsoil has increased its magnetic susceptibility in comparison to the subsoil and 

soil parental material. c) Fire transforms non-magnetic iron oxides to magnetic minerals of 

predominantly fine grained SD and SP grains. d) Allochtonous sources from atmospheric pollution 

and soil erosion/deposition. Furthermore, human activity enhances the pedogenic processes 
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increasing the amount of organic matter and altering the porosity of the soil across the settlements. 

Consequently, the soil of an archaeological site is much more magnetic with respect to the 

sorrounding area. In addition, humans tipically introduce burned or high susceptibility materials 

into the ground, thereby enhancing the possibility to detect human-created features (Clark 1996; 

Dalan 2006). Susceptibility is sensitive to temperature and grain-size, which are influenced in turn 

by the magnetic domain state of the samples. 

 

Magnetic susceptibility measures the ability of a material to acquire a magnetization in presence of 

an external magnetic field. Table 3.1 lists the magnetic susceptibility of some materials of 

archaeological interest. This quantity can be expressed either as volume susceptibility or mass 

susceptibility. Volume susceptibility, , is dimensionless in SI units and is defined by (3.4). Mass 

susceptibility, m, can be obtained dividing  by the density of the sample and is expressed in units 

of m
3
 kg

-1
. There are several methods for the measurement of the magnetic susceptibility of a 

material. The oldest techniques provide a DC susceptibility and are based on the measurement of 

the force exerted on a specimen when it is placed in a nonhomogeneous magnetic field. This force 

can be expressed as follows (Kapitza & Webster, 1931): 

 

H HdV  F
R

 (3.20) 

 

where R is the region occupied by the specimen. More modern methods provide a measurement of 

AC susceptibility and are based on the electromagnetic induction. An oscillator circuit within the 

sensor generates a low intensity alternating magnetic field. When the material is brought into this 

magnetic field, it causes a change in the oscillator frequency. This information is returned to the 

meter and converted into a value of magnetic susceptibility depending from the oscillator 

frequency. 

 

When the objective of a magnetic susceptibility survey is to map the distribution of susceptibility 

across an archaeological site, the density of measurement locations is established taking into 

account of the instrument properties. For example, with fast dual-coil sensors the typical data 

density can be 0.25  0.5 m, which provides four readings per linear meter along survey lines 

spaced 0.5 m. 
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Table 3.1. Volume susceptibility mean values for common archaeological materials 

Material [10
-6 

SI] Reference 

   Sedimentary Rocks  

clay 170- 250 Hunt et al. (1995) 

coal 25 Hunt et al. (1995) 

limestone 2 – 25,000 Hunt et al. (1995) 

red sediments 10 - 100 Hunt et al. (1995) 

sandstone 0 – 20,900 Hunt et al. (1995) 

shale 63 – 18,600 Hunt et al. (1995) 

averages sedimentary rocks 0 – 50,000 Hunt et al. (1995) 

 Soils  

Beach sand with garnet and magnetite 30,000  Bevan (2002) 

Beach sand containing magnetite 3,500 Bevan (2002) 

Subsoil 50 Bevan (2002) 

Silty soil  7,500 Bevan (2002) 

Limestone  <10 Bevan (2002) 

Red Clays 500 Quesnel et al. (2011) 

‘Glacis’ of limestone pebbles 10 Quesnel et al. (2011) 

 Materials  

Ancient topsoil 150  Bevan (2002) 

Black fired earth 500 Bevan (2002) 

Gray ash 500 Bevan (2002) 

Roman brick 6000 Bevan (2016) 

Modern brick 5,000 Bevan (2002) 

Wall in limestone 10.00 Quesnel et al. (2011) 

Fired Clay 5,500  Bevan (2002) 

Sepulchres with tegulae 2,000 Quesnel et al. (2011) 

Burnt layers (cremations)  20,000 Quesnel et al. (2011) 

Pit filling 7,500  Bevan (2002) 

Burial urns 8,000 Bevan (2002) 

Pot sherds 15,000 Bevan (2002) 

 

A susceptibility meter can operate in two modes: continuous scan mode or single reading step 

mode. The scan mode updates the readings continuously by locating peak readings, approximately 

once per second. The step mode takes readings only when the device is activated and essentially 

takes a “snap‐shot” of the magnetic susceptibility at that point. It is important to note that surface 

susceptibility data provide an average of the first few tens cm of soil, with a very limited 

penetration depth. Down-hole sensors offer the opportunity to investigate the magnetic properties of 

the soil at much greater depth, allowing vertical changes in volume magnetic susceptibility to be 
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explored. In my approach to magnetic field modelling, magnetic susceptibility data are acquired 

with the objective of obtaining a representative value for the whole survey area, which will be used 

in the context of a forward modelling procedure. In this instance, a soil sampler having known 

volume is used to take few cores that will be analyzed through a laboratory meter. This procedure 

also requires a measurement of the weight of the soil samples, with the objective of determining 

their density ρs. In fact, the laboratory measurement of the volume susceptibility of the samples is 

performed on small pots filled with material extracted from the samples, but with a density ρl that 

will be in general very different with respect to the original density ρs of the soil. Consequently, the 

measured susceptibilities l must be scaled by a factor s/ρl:  = (s/ρl)l. 

 

3.3.3 NRM Measurements 

 

In most cases, a measurement of the average magnetic susceptibility of the soil is sufficient to set up 

a magnetization model of the buried structures of an archaeological site, but in special conditions it 

is also necessary to know the NRM and susceptibility of the bedrock formation just below the soil 

layer, in particular when its origin is volcanic. Although a mean paleomagnetic direction of primary 

NRM might be already available for the geologic formation underlying the soil, the creation of a 

model for the magnetic anomalies observed at an archaeological area requires a knowledge of the 

total NRM (i.e., including the VRM and secondary components). Thus, it is generally necessary to 

obtain an independent laboratory measurement of the total remnant magnetization of fresh, 

unweathered, oriented bedrock samples from the site. The laboratory measurement is performed by 

a cryogenic magnetometer, which provides the three magnetization components (Mx, My, Mz) of the 

specimen in sample coordinates. The magnitude of magnetization can be calculated by the 

following expression: 

222

zyx MMMM        (3.21) 

 

while the inclination, Is, and declination, Ds, in sample coordinates are given by: 
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These expressions give the NRM direction in sample coordinates. To obtain the absolute direction 

(I,D) in a local geomagnetic reference frame (with the xy plane tangent to the survey area and the z 

axis pointing downwards) a mathematical transformation is then applied. An NRM vector is 

generally displayed through an equal-area projection, in which the declination is measured around 

the perimeter of the projection (clockwise from North) and the inclination is measured from 0° at 

the perimeter of the projection to ±90° at the center of the projection (Fig. 3.21). 

 

 

Figure 3.21. Plotting a NRM direction on the equalarea projection. Declination is measured around the perimeter of the 

projection (clockwise from north); inclination is measured from 0° at the perimeter of the projection to ±90° at the 

center of the projection (from Butler, 1998). 

 

In these plots, the common convention adopted to discriminate upwardpointing directions from 

downwardpointing directions is to use solid circles for downward directions and open circles for 

upward directions (Fig. 3.21). 

 

To determine the magnetic minerals that are responsible for the total magnetization of a specimen, it 

is possible to apply a Mössbauer spectroscopy technique. This is a powerful method that can be 

used for the identification of iron-bearing minerals when the magnetic properties of the material are 

due to a mixture of ferromagnetic minerals. In particular, this technique is very useful when the 

sample contains minerals with similar magnetic properties, not easily distinguishable using 

traditional rock magnetic methods. For example, this situation occurs when weakly magnetic 

minerals like hematite are mixed with minerals characterized by stronger magnetization (e.g., 

magnetite), or in presence of ultrafine superparamagnetic (SP) grains (Solheid, 1998). This 

technique was introduced after the discovery of recoilless gamma ray emission and absorption, 
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known as the Mössbauer Effect. In its most common form, the Mössbauer absorption spectroscopy 

requires that a solid sample be exposed to a beam of gamma radiation, and a detector measures the 

intensity of the beam transmitted through the sample. Although the energy shifts are tiny (often less 

than a micro-electronvolt), the extremely narrow spectral linewidths of gamma rays for some 

radionuclides determine large changes in absorbance. During a Mössbauer absorption spectroscopy 

experiment, the source is accelerated through a range of velocities using a linear motor to produce a 

Doppler effect. 

 

 

Figure 3.22. A) Spectra of synthetic magnetite/maghemite mixtures (top to bottom: 100/0, 75/25, 25/75, 0/100). B) 

Spectrum of Alaskan loess sample, resolved into magnetite A and B site, hematite, and other mineral components 

(modified from Solheid, 1998). 

 

A typical range of velocities for Fe
57

, for example, may be ±11 mm/s (1 mm/s = 48.075 neV). In the 

resulting spectra, the gamma ray intensity is plotted as a function of the source velocity. At 

velocities corresponding to the resonant energy levels of the sample, a fraction of the gamma rays is 

absorbed, resulting in a drop in the measured intensity and a corresponding dip in the spectrum. The 

number, positions, and intensities of the dips (also called peaks; dips in transmitted intensity are 
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peaks in absorbance) provide information about the chemical environment of the absorbing nuclei 

and can be used to characterize the sample. Useful applications of this technique have been found in 

iron, tin, gold, antimony, tellurium, iodine, xenon, europium, and neptunium. Figure 3.22A shows 

spectra of mixtures of magnetite and maghemite (1000, 7525, 2575, and 0100 percentage). In 

this figure, pure magnetite is revealed by a doublet (A and B sites). The ratio of the inner to outer 

peak areas should be 2:1 for pure magnetite, because the Bsite (inner peak) contains two Fe atoms, 

(Fe
+2

, Fe
+3

) while the Asite contains only 1 (Fe
+3

). Adding maghemite causes a change in the area 

of the peaks, because the outer peak (Asite) overlaps with the maghemite peak while the Bsite  

does not. Therefore, maghemitization is revealed by a shift in area from the inner to the outer peak. 

Figure 3.22B shows fits to the spectrum from a magnetic extract of Alaskan loess, showing the 

presence of magnetite/maghemite, hematite, and other minerals containing ferrous and ferric iron. 

The bottom line is the best fitting envelope of the eight spectral components. 

 

 

3.4 Preprocessing of Magnetic Data 
 

 

The preprocessing of total field magnetic data consists into the removal of anomalous values from 

the data collected in each area, consisting of spikes and drop outs. Spikes are outliers of the 

magnetic field intensity distribution, associated with the presence of metals or other cultural noise at 

shallow depth in the soil. Drop outs are readings such that T = 0 or close to zero. They may occur 

when the sensor is in a “dead zone”, due to its orientation with respect to the geomagnetic field 

direction, or after an instrumental fault. Two methods are commonly used to remove spikes from 

the recorded data, the first consisting into a replacement of each outlier by the median of the field 

values within a small interval around that reading, while the second one requires a sorting of all the 

measurements with respect to their amplitude and a deletion of the extremely high or low readings 

(Bevan, 2016). In the case of drop outs, their removal simply consists into the deletion of these 

zeroes from the data set. 

 

In addition to despiking and drop out removal, a preprocessing procedure generally requires the 

levelling and decorrugation of each data set. The objective of a levelling procedure is to remove the 

effect of the external sources (magnetosphere and ionosphere) from the acquired data set. This is 

done determining a diurnal drift curve R(t) for the geomagnetic field intensity and subtracting these 

data from the original data set. The diurnal drift curve is built from the set of crossover errors 

mentioned in §3.3.1 and is determined exclusively from the variations of the geomagnetic field 
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during the survey relative to the initial time. The diurnal variations curve R(t) can be estimated 

statistically as a regression curve of the crossover errors i with respect to time t. An example of 

cubic polynomial regression of the crossover errors is illustrated in Fig. 3.23. We note the relevant 

dispersion, of the order of few tens nT, of the residuals about the estimated regression curve R(t). 

Alternatively, the removal of the diurnal variations can be performed using a second sensor 

positioned at a fixed location and subtracting the corresponding readings from the original data set. 

In general, a time–independent magnetic field intensity function, T(x,y), will be obtained subtracting 

the curve R(t) from the observed data T(x,y,t): 

 

     , , ,T x y T x y t R t      (3.24) 

 

 

Figure 3.23. Example of diurnal drift curve R(t) (brown line), obtained by cubic polynomial fitting of crossover errors 

i = T(ci,ti)  T(ci,t0) (red dots). In this survey, positions of magnetic data were measured using a GPS receiver 

configured to use corrections transmitted by a satellite–based augmentation system (SBAS) (modified from Ghezzi et 

al, 2019a). 

 

This data set represents the total field intensity at survey time, associated with magnetic sources of 

any depth, including core and crustal contributions. It has a bandwidth whose upper limit max is 

given by the size L of the survey area, max = L, and a lower limit that depends from the data 

sampling density and their subsequent resampling on a regular grid. The latter is the reciprocal of 
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Nyquist frequency fn, which is the highest spatial frequency associated with the gridded total field 

data. This quantity, in turn, is obtained by the reciprocal of the grid cell size s:  fN = 1/(2s), 

thereby the smallest observable wavelength will be given by: min
 
 = 1/fN = 2s. 

 

The removal of the diurnal drift from the raw magnetic data is followed by the elimination of short–

wavelength artifacts (zig–zags) associated with small errors in the positioning of magnetic readings 

along the survey lines (Fig. 3.24A). To eliminate these artifacts, people generally apply the 

following basic procedure, although more sophisticated algorithms exist (Fedi & Florio, 2003 and 

references therein): 1. High–pass filtering of the raw total field data using a high–order Butterworth 

filter (e.g., with n = 8) and a cutoff frequency depending from the corrugation wavelenght; 2. 

Filtering of the residual grid by a n–degree directional cosine in the profile direction (Fig. 3.24B); 

and 3. Subtraction of the resulting grid from the original raw total field data (Fig. 3.24C). After this 

step, a set of clean total field grids covering the whole survey area is available and can be used to 

generate a composite map that is representative of all the internal contributions to the Earth’s 

magnetic field. 

 

 

Figure 3.24. A) shows a raw magnetic grid, in which directional short–wavelengths of 2m are visible; in B) the 

wavelenght up to 2m have been isolated by a directional cosine filter; C) shows the grid obtained by subtracting the 

short wavelenght from raw data. 

 

Sometimes, the raw data sets also show a second set of short-wavelenght stripes in perpendicular 

direction with respect those shown in Fig. (3.24). These stripes, which are due to oscillations of the 

sensor about the survey line, can be removed by a similar method substituting the n–degree 

directional cosine by a directional filter in the direction orthogonal to the survey lines. 
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3.5 Processing of Total Field Data 
 

 

The first processing step after despiking, dropout removal, and levelling consists of the 

representation of the total magnetic intensity values on a regular grid arrangement. It should be 

noted that at the time scale of archaeological prospections (few hours), the cleaned field T(x,y) does 

not depend anymore on time, because the secular variation of the geomagnetic field (~80 nT/yr) 

gives a negligible contribution even at the scale of few days. In most cases, the procedure that 

yields the best results is based on a bi–directional gridding algorithm (Ghezzi et al, 2019a), which 

enhances transverse (radial) features that extend from line to line perpendicularly to the lines 

direction. 

 

3.5.1 Equalization and knitting 

 

The assembly of several magnetic data sets covering an archaeological site into a single composite 

grid is not a simple procedure and requires some caution (Ghezzi et al., 2019a). In fact, even after 

the elimination of the diurnal drift from each data set, differences in the acquisition time (and date) 

determine the formation of discontinuities along the borders of adjacent areas up to few tens nT. 

The solution adopted here is to allow small (0.5 m) overlaps at survey time along the edges of each 

pair of adjacent grids (Schettino & Ghezzi, 2020). The equalization procedure begins choosing a 

reference grid and a neighboring grid, both in local coordinates, having an overlapped border. The 

average misftit <T> along the overlapped region is then used to shift the total field intensity T(x,y) 

of the added grid in order to minimize the border discontinuities: 

 

     , , ,T x y T x y T x y T       (3.25) 

 

where <T> can be either positive or negative. The transformation (3.25) does not change the short 

wavelength field associated with archaeological features. After this transformation, the mean value 

over the overlapped area will be zero, and the two grids are joined together using the procedure that 

will be described in a next section, obtaining a new largest reference grid. Then, the equalization 

procedure is repeated until the final mosaic is built, which represents the total field intensity over 

the whole surveyed area. 
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3.5.2 Reduction to Magnetic Anomalies 

 

A total field magnetic anomaly T(x,y) is calculated from scalar field measurements T(x,y), 

obtained after the preprocessing procedure, by simple subtraction of a reference field intensity 

F(x,y), so that T(x,y) = T(x,y) – F(x,y). We shall refer to these data to as the observed anomalies. In 

archaeological geophysics, the reference field F(x,y) should include both the core and crustal (or 

geological) contributions, so that archaeological anomalies can be considered as a small 

perturbation to the main reference field. It can be shown that the magnetic anomalies T calculated 

by this expression  approximately coincide with the projection of the anomalous field F generated 

by the burial sources onto the reference field axis F̂  (Blakely, 1995). In other words, T 

approximates the component of the field generated by the archaeological sources in the direction of 

the regional field. 

 

Alternatively, magnetic anomalies can be obtained by application of an HP filter to the grid T(x,y). 

These anomalies will be called residual anomalies. In principle, the reference field F(x,y) includes 

only long–wavelength contributions from the Earth’s core and crust, thereby in absence of cultural 

noise the observed anomalies are the expression of a short–wavelength anomalous field that 

originates from magnetized archaeological features. In this instance, granted that the bandwidth 

associated with the crustal field does not overlap with the “archaeological” wavelength, it should be 

possible to reproduce the grid of observed anomalies by HP filtering of the total field grid T(x,y). 

However, there is some subjectivity in the choice of the cutoff wavelength for such HP filter. At the 

same time, there is an infinite number of well–behaved functions that potentially can be used to 

represent the reference field intensity F(x,y). 

 

Classic representations of the reference field magnitude, F(x,y), are based on low–degree 

polynomial functions (Agocs, 1951 ; Haines, 1968 ; Coles & Haines, 1979 ; Ardizone & Herraiz, 

2000). In fact, the Earth’s magnetic field is a harmonic function in the region outside the Earth’s 

surface, thereby it has continuous derivatives. Consequently, in any sufficiently small survey area it 

can be represented by a Taylor’s polynomial series with constant coefficients. With this 

representation, the observed anomalies can be calculated by the following expression: 

 

    



Nmn

mn
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where the polynomial coefficients an and bm are determined by least–squares fitting of the total field 

values T(x,y). This expression implicitly assumes that the magnetic anomaly field has the same 

statistical properties of a zero–mean random variable. It also requires a preliminary choice of the 

polynomial degree N at the right–hand side of (3.26). For example, we could select a high value of 

this parameter when the regional field is thought to have short–wavelength components at the scale 

of the survey area, associated with shallow geological features. Conversely, a low value of N would 

be used in the case of a regional field dominated by deep sources. However, such a heuristic 

approach does not provide correct results in some cases. It is possible to show that the error that 

arises from an incorrect choice of the polynomial degree may locally reach several tens of nT, 

although the rms error over an entire grid will generally keep below 10 nT (Ghezzi et al, 2019a). 

 

When the reference field is a zero degree polynomial surface, the magnetic anomalies are calculated 

by subtraction of the core field and a constant crustal contribution. For example, the IGRF spherical 

harmonic representation of the main field includes Legendre polynomials up to degree n = 13. 

Therefore, by the Jeans relation (e.g., Schettino, 2014) the minimum wavelength of these 

polynomials is ~3000 km. Given that the greatest observable wavelength for a squared survey area 

of size L is max = L, the core contribution is simply a constant F(x,y,z) = F0 at the scale of 

archaeological survey areas (up to 100 m). In this instance, a zero degree polynomial fit of F would 

practically coincide with the IGRF field intensity up an additive constant that represents the crustal 

contribution. Therefore, the minimum degree N that can remove a variable crustal field across an 

archaeological site is one. 

 

A method for the determination of N such that the core and crustal contributions are correctly 

represented is based on repeated comparisons between anomalies calculated through Eq. (3.26), 

T(x,y;N), and the residual anomalies, Tres(x,y;), obtained by HP filtering (Schettino et al, 2019). 

The principle at the base of this techinque is very simple and starts from the consideration that for 

any choice of the polynomial degree N, there exists a “best–fitting” cutoff wavelength, c, such that 

T(x,y;N)  Tres(x,y;c). This is the wavelength that minimizes the rms error, N(), of the 

difference grid T(x,y;N) – Tres(x,y;). It tells us which wavelengths are removed from the 

observed total field data T when we subtract the reference field F, because a small value of N() 

implies that T(x,y;N) can be approximated by the application of an HP filter with cutoff 

wavelength c. If the crustal field wavelengths have no intersection with the range of wavelengths 

associated with archaeological features, then there exist two possible trends of the curve N() for  
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in an interval of values that encompasses the archaeological range and the adjacent gap. They are 

illustrated in Fig. 3.25. 

 

 

Figure 3.25. Two different kinds of rms error curves  = () for the difference grids T(x,y;N) – Tres(x,y;) as 

functions of the cutoff wavelength . When the best–fitting cutoff wavelength c is within the range of the 

archaeological anomalies, the curve has a minimum for  = c, followed by an approximately flat trend in 

correspondence of the gap that separates the crustal anomalies (Left). When the best–fitting cutoff wavelength c is 

within the range of the crustal anomalies (Right), there is no minimum at the scale of observation of 200 m, but the 

curve () has anyway a flat trend in correspondence of the gap (from Schettino et al, 2019). 

 

If c falls in the range of the archaeological anomalies, then the curve will show a minimum for  = 

c followed by a flat trend when  reaches the gap between crustal and archaeological anomalies. In 

the case that c falls in the crustal range, then the curve will not present a minimum at the scale of 

few hundreds meters, but the fast decay at short wavelengths will be followed anyway by a flat 

trend across the gap. Clearly, a value of N that generates the latter kind of curve cannot be used to 

reduce the total field data to anomalies through Eq. (3.26). It is reasonable to expect that in most 

cases this situation will occurr for N = 0. Higher values of N are generally associated with cutoff 

values c that fall within the range of the archaeological wavelengths, thereby it is quite reasonable 

to select the polynomial degree associated with the maximum value of c, independently from the 

value of the misfit N(c) (Fig. 3.26). 
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Figure 3.26. Rms error curves (,N) of the difference between observed anomalies obtained by Eq. (3.26) using 

different polynomial degrees N and residual anomalies calculated applying HP filters with cutoff  to the field T(x,y). 

Data from Hadrian’s Villa, near Rome (Ghezzi et al., 2019a). 

 

The selection of the reference polynomial surface that is equivalent to the HP filter having the 

highest cutoff wavelength in the range [λmin, λmax] will prevent the removal of wavelengths in the 

archaeological range, although it will not necessarily eliminate all the crustal components. Figure 

3.27 shows an example of reduction to magnetic anomalies obtained with a thirddegree 

polinomial. 

 

 

Figure 3.27. A) Magnetic anomaly field obtained applying the new approach to reduction to magnetic anomalies 

proposed in this paragraph; B) Total field intensity. Data collected in a Roman fortress in southern Albania. 
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3.5.3 Spectral Analysis of the Anomaly Field 

 

To test whether T is effectively representative of the archaeological features and does not include 

deeper components of geological origin, we can analyze the radially averaged power spectrum of 

the anomaly grid (Spector & Grant, 1970) and check that the ensemble with the highest slope has a 

depth compatible with the maximum depth of the archaeological features (Schettino et al., 2019; 

Ghezzi et al., 2019a). This kind of analysis also provides a quantitative estimate of the average 

depths associated with the various sources, which will be used in the subsequent procedure of 

forward modelling. In fact, a magnetization model of a buried archaeological settlement relies on 

the modelling of the observed magnetic anomalies. In the forward modelling approach, the first step 

in the analysis of a single anomaly requires a guess about the geometry of the magnetic source on 

the basis of the anomaly shape. The burial depth can be assigned either through archaeological 

considerations or by quantitative methods. The latter include Euler deconvolution techniques (Reid 

et al., 1990; Desvignes et al., 1999) and radially averaged power spectrum analysis (Spector & 

Grant, 1970). The plot in Fig. 3.28 shows an example of power spectrum with four ensembles. 

 

 

Figure 3.28. Radially averaged power spectrum of a magnetic anomaly field, normalized by subtraction of the log of 

the average spectrum density. Regression lines associated with each source are represented by dashed lines.  
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The average depths to the top of the four source distributions can be calculated by the following 

equation (Spector & Grant, 1970): 




4

s
ztop      (3.27) 

 

where s is the slope of a linear tract of the power spectrum function. 

 

 

3.6 Error Assessment and Uncertainty of the Magnetic Data 
 

 

The final magnetic anomaly map obtained through application of Eq. (3.26) can be used directly for 

a qualitative archaeological interpretation. Alternatively, it is possible to build a magnetization 

model that reproduces the observed anomalies at any desired level of accuracy by a forward 

modelling procedure. In this instance, a preliminary analysis of the data uncertainty is necessary to 

avoid the search of solutions that locally fit the observations at a level of accuracy exceeding the 

values of uncertainty. 

 

The survey method and processing procedure described above are affected by a variety of errors 

that come into play both during the data acquisition and the subsequent basic processing. These 

errors are due to: 

 

 Sensor positioning errors during the data acquisition; 

 The variance of the observed total field values T(x,y,z,t) about the estimated diurnal drift 

curve; 

 Errors arising from gridding algorithms; 

 Errors associated with a wrong choice of the polynomial degree N; 

 Errors resulting from the application of the filter f; 

 Errors associated with knitting of different grids from the same area. 

 

Table 3.2 (from Schettino et al, 2019) lists the expected magnitudes of uncertainty for some 

common acquisition and processing errors, based on an examination of several archaeological 

surveys. 
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Table 3.2. Expected magnitude of uncertainty for some acquisition and processing errors [nT] 

Source of Uncertainty Grid Average Standard Deviation 

Positioning <5 < 10 

Gridding <1 <15 

Diurnal Drift 0 <6 

Polynomial degree N 0 <10 

Decorrugation 0 <5 

Knitting    <5 locally 

 

Fig. 3.29 shows the three independent components of the positioning error in the case of a regular 

mapped survey (see Fig. 3.20), not assisted by position control hardware (e.g., Bruniaux et al., 

2018). The component x results from a curved shape of the rope (e.g., during windy days) and/or 

small oscillations of the sensor about the rope. It is generally of the order of 10 cm. The y 

component mainly results from variations of velocity during the operator walks along a survey line. 

Its magnitude can be estimated taking the half–amplitude of zig–zag artifacts in the total field grid. 

Finally, a small vertical z component is generally associated with irregularities of the terrain and 

does not exceed 5 cm in most cases. A vector  = (x,y), having random orientation and magnitude 

 =   3/12/1222 2/zyx   , will be referred to as a positioning error vector. Its magnitude tells us the 

average deviation of the position attributed to a total field value T(x,y,z) from its true location. In the 

case of GPS–assisted surveys, for example in rugged terrain conditions, the magnitude of a 

positioning error vector is determined by the GPS accuracy during the data acquisition. We can 

estimate the local uncertainty associated with positioning errors by the following expression: 

 

     y,xGΤy,xP  max     (3.28) 

where 
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is the analytic signal grid of the total field T (Schettino et al, 2019). 
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Figure 3.29. Components of the maximum positioning error vector during data acquisition (from Schettino et al, 2019). 

 

 

The resulting uncertainty map specifies the maximum allowed deviation of theoretical anomalies 

from the observed values in the context of a forward modelling procedure. The positioning errors 

are also responsible for the variance about the diurnal drift curve R(t) (Fig. 3.23). In fact, the 

crossover errors cannot arise from short–period geomagnetic field fluctuations (micropulsations), 

because variations in the period range between 0.1 s and 10 min have amplitudes that rarely exceed 

1 nT (e.g., Jacobs, 1970). The variance about the diurnal drift curve cannot even be associated with 

heading errors, as the maximum Geometrics G–858 magnetometer heading error is  0.5 nT.  

 

When dealing with scalar fields over geographic domains, it is common to represent the data by 

two–dimensional grids, formed by equally spaced nodes. The procedure of evaluating a scalar field 

at grid nodes is called gridding. Data in grid format are suitable for a number of two–dimensional 

procedures, such as image processing and two–dimensional spatial filtering. When data are 

collected along lines that are roughly parallel, as in Fig. 3.20, bi–directional gridding and kriging 

are appropriate choices, especially if there is a high sampling density along the survey lines relative 

to the transverse direction. In particular, the bi–directional gridding algorithm (Smith & O’Connell, 

2005) tends to emphasize trends perpendicular to the direction of the survey lines, in the attempt to 

fill the space between them. Alternatively, sparse data can be gridded using algorithms such as the 
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Inverse Distance Weighted (IDW) interpolation and the Minimum Curvature algorithms. In general, 

only the kriging algorithm provides a built–in statistical estimation of the uncertainty associated 

with gridding. All the other algorithms require the application of independent validation procedures 

to obtain confidence bounds for the resulting grids. Different choices of the gridding algorithm may 

led to changes up to few nT on average, but the discrepancy may locally reach several hundreds nT 

(Fig 3.30). 

 

 

Figure 3.30. Errors associated with the choice of the gridding algorithm. The three maps show residual grids obtained 

subtracting from a bi-directional grid grids obtained by IDW (A), Kriging (B), and Minimum curvature (C) (from 

Ghezzi et al, 2019a). 

 

The example in Fig. 3.30 shows the variability of the results of gridding for four common 

algorithms through difference maps relative to the bi–directional procedure. These residual maps 

have means/standard deviations of 0.61 nT/14.62 nT (Fig. 3.30A), 0.12 nT/4.22 nT (Fig. 3.30B), 

and 0.31 nT/7.96 nT (Fig. 3.30C) respectively. Although the absolute magnitude of the average 

residuals is small, the standard deviation is comparable with the magnitude of many archaeological 

anomalies. In addition, the maps show a small circular zone where the residual reaches several 

hundreds nT. This could be a consequence of the Akima spline algorithm employed in the bi–

directional gridding, which is less affected by sharp gradients. Gridding algorithms can be 

considered as interpolation methods that introduce pseudo–random errors in the estimated field 

values at each grid location. Therefore, they represent an additional source of uncertainty. Such an 

uncertainty can be estimated directly in the case of the kriging algorithm (e.g., Bourges et al., 2012), 

because this is a geostatistical procedure that optimally predicts the field value at each grid node 

(Cressie, 1990). However, my experience suggests that this gridding method provides results very 

similar to those obtained using the bi–directional algorithm. For a typical survey, the kriging 

uncertainty is around ~1 nT, thereby we expect that an uncertainty of the same order of magnitude 

may affect bi–directional grids. More generally, the accuracy of a gridding algorithm can be 

assessed by cross–validation (Davis, 1987) and the confidence intervals can be estimated assuming 
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that the residual between the original dataset and the pseudo–values follow Student’s t distribution 

(e.g. Adisoma & Hester, 1996 ; Tomczak, 1998). 

 

Regarding the errors resulting from the representation of F by a polynomial surface (Eq. 3.26), it 

can be estimated as follows. It is assumed that the observed total field, T, includes three components 

with distinct wavelength bandwidths, respectively from archaeological, crustal, and core sources. 

More specifically, it is assumed that there is no or little intersection between the wavelength ranges 

of these three components of the total field. We have seen that the separation between crustal and 

core fields can be performed by removal of the IGRF spherical harmonic representation of the main 

field for the survey epoch (e.g., Schettino, 2014), which includes wavelengths above ~3000 km. 

Given that the greatest observable wavelength for a squared survey area of size L is max = L, the 

core contribution is simply a constant F(x,y,z) = F0 at the scale of archaeological survey areas (up to 

100–200 m). Regarding the separation between crustal and archaeological anomalies, Schettino et 

al. (2019) have shown that the maximum wavelength of archaeological features is between 80 and 

100 m and that there are no wavelengths in the observed magnetic field between this threshold and 

the maximum observable wavelength for a survey area of size L, which is generally of the order of 

few hundreds m. Consequently, the reduction of total field data to archaeological anomalies by 

subtraction of a reference field F coincides with a HP filtering, where the cutoff wavelength c 

depends from the polynomial degree N. This observation implies that the choice of N in Eq. (3.26) 

is critical for obtaining an accurate representation of the archaeological anomalies. Schettino et al. 

(2019) noted that in many situations a value N = 1 is the correct choice for the polynomial 

representation of the reference field in areas not exceeding 50 m. Larger areas, up to 200 m width, 

could require a value of N between 4 and 5. Fig. 3.31 shows that the error arising from an incorrect 

choice of the polynomial degree may locally reach tens nT, although the standard deviation over the 

entire grid will generally keep below 10 nT. Again, this value is comparable with the amplitude of 

most archaeological anomalies. 

 

The assembly of magnetic data sets from individual surveys often involves merging of two or more 

adjacent gridded data sets into a single composite grid. Although grid pre–processing procedures 

imply the removal of possible systematic noise, adjacent magnetic anomaly grids will not generally 

match along their common edges, so that a simple mosaic of the gridded data is often not 

recommended to draw an interpretable anomaly map (Cheesman et al., 1998). Therefore, a 

correction is necessary along the grid edges to minimize the misfit between border data. In general, 

there are two possible, very different, situations. 
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Figure 3.31. Residual grids obtained subtracting anomaly fields that have been calculated using different degrees N for 

the polynomial representation of the reference field. Tk indicates that the magnetic anomalies have been calculated 

setting N = k (from Ghezzi et al, 2019a). 

 

First, we may have a set of non–overlapping grids that must be simply joined in a composite map. 

Unfortunately, commercial computer programs for the treatment of potential field data (e.g., Oasis 

Montaj
TM

) do not provide an algorithm that performs smoothed stitching of two or more non–

overlapping grids. Therefore, to date this situation will generally lead to the production of maps 

characterized by discontinuities along the former borders of the individual component grids (Fig. 

3.32). 

 

In the case of overlapping edges, the misfit involves both long and short wavelength components of 

the signal. The primary goal of this kind of knitting is to perform corrections at different 

wavelengths with a minimum of distortion of the original data. Methods for merging two grids 

depend on the definition of a suture path in the overlap region R, and the construction of two 

subsets, R1 and R2, that include R and possibly part of the non–overlapping areas of the two grids, 

where data will be modified to produce a smooth continuous function along the suture line. 
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Figure 3.32. Knitting of two grids without overlapping edges. The two profiles reveal an important discontinuity across 

the two areas. 

 

This method uses Fourier analysis to decompose the error function along the suture path into a sum 

of sine–type functions with different spatial wavelengths. Corrections to data in R1 and R2 are 

applied independently to each wavelength and then summed, in order to obtain a smooth transition 

to the area outside R. More specifically, the size of these regions is not fixed, but determined 

dynamically for each wavelength, so that corrections are never applied beyond one quarter of the 

current wavelength from the suture line. 

 

 

Figure 3.33.  Residual map obtained subtracting a grid created using the suture method from one created with the 

blending method. Two profiles are drawn, which show only small (< 2 nT) differences in the area of overlap. 
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The result will be a nearly seamless grid that eliminates the discontinuities along the suture line. An 

alternative blending method distributes the corrections over the area of overlap on the basis of a 

weighted average of the two data values, taking into account of the minimum distance of each point 

in R from the two grid borders. The difference between the two methods is illustrated in the 

example of Fig. 3.33, which shows the residual between two composite anomaly grids, obtained 

using the suture and blending methods. We note that the two techniques give similar results, the 

difference between them being of the order of few nT. Note that the transition zone in Fig. 3.33 

extends beyond the overlap area because its width is related to the presence of components of 

relatively long wavelength in the error curve along the suture path of the two adjacent grids. 

 

 



87 

 

 

 

Chapter 4 
 

Ground Penetrating Radar 

 

 

 

 

 

 

 

Ground Penetrating Radar (GPR) is an active geophysical method for mapping buried structures in 

the shallow subsurface. It is successfully used in different fields, such as glaciology, sedimentology, 

structural geology, landmine detection, forensic investigations, and archaeology. The application of 

this technique to archaeological research allows a three-dimensional reconstruction of ancient 

settlements. It was originally developed for the U.S. space program to map the depth and variation 

of deposits on the Moon (Simmons et al. 1971). The technique was later modified and adapted for 

many geotechnical applications and, in more recent times, for Archaeology. 

 

GPR is based on the generation of electromagnetic waves by a transmitting antenna. These signals 

travel through the underground and may be reflected to the surface when a discontinuity exists in 

the electrical properties of two layers or materials, for example when the electromagnetic waves 

meet a feature embedded in the soil. The reflected waves are captured at the surface by a second 

antenna. As the antennas are moved along a line, individual reflections are combined to form a 

reflection profile. The interpretation of a reflection profile allows a reconstruction of the geometry 

and other characteristics of artifacts and buried structures. The time interval between the emitted 

and reflected waves can estimate the depth of objects and surfaces, which is especially useful in 

archaeological research. The propagating electromagnetic energy is dissipated across the subsurface 

according to the conductivity and dielectric permittivity of the material, determining a decrease of 

the signal strength with respect the depth. Furthermore, the higher the dielectric permittivity, the 

lower the speed of the waves in the medium and the shorter their effective wavelength. 

 

The principal variables whose discontinuities are detectable by a GPR are: a) dielectric permittivity, 

, which describes the capacity of a material to polarize; b) magnetic permeability, which 

measures the capacity of a material to become magnetic in the presence of a magnetic field; and c) 

electric conductivity, which describes the ability of a material to conduct an electric current. In 

general, the parameters  and  depend from the content of fluids in the soil, in particular water. 
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4.1 Electromagnetic Waves 
 

 

The propagation of electromagnetic waves in matter can be formulated in terms of Maxwell's 

equations of classical electrodynamics: 

 

0 B   (4.1) 

0 0
t t

  
      

  

P E
B j M   (4.2) 

t


  



B
E  (4.3) 
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1
  


E P  (4.4) 

 

where B = B(r,t) is the magnetic field vector at position r and time t; E = E(r,t) is the electric field; j 

= j(r,t) is the local current density; M = M(r) is the magnetization distribution; P = P(r,t) is the 

electric polarization density;  is the charge density, 0 and 0 are the magnetic permeability (0 = 

410
7

 H m
1

)and the permittivity (0 = 8.85410
12

 F m
1

) of free space, respectively. In most 

cases, the polarization of the materials is simply proportional to the electric field: 

 

   0 e,t ,t  P r E r  (4.5) 

 

where e is the electric susceptibility. Let us introduce now the electrostatic induction vector: 

 

PED  0  (4.6) 

 

Combining this definition with the previous equation gives: 

 

 0 01 e r       D E E E  (4.7) 

 

where r0is the relative dielectric permittivity and the relative magnetic permeability r is 

defined as r = 0. Both quantities are dimensionless. Introducing the magnetic field intensity: 

 

0/  H B M  (4.8) 

 

and taking into account of Ohm’s law: 

 

 j E  (4.9) 
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we have Maxwell’s equations in a homogeneous isotropic medium rewritten in the following 

canonical form: 

0 B  (4.10) 

t
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These four first-order equations can be reduced to the following pair of second-order wave 

equations: 
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2

2t t
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E E
E  (4.15) 

 

Usually, in a dielectric material the second term at the righthand side of these equations is zero, 

while in a conductor it is the first term to vanish. To understand the physical meaning of these 

equations, let us consider the simple one-dimensional case of a plane wave propagating through a 

dielectric material in the x direction. In this instance, Equation (4.15) has the following form: 

 
2 2 2

2 2 2 2

1E E E

x t v t

  
  

  
 (4.16) 

 

where E = E(x,t) is independent of y and z and v has the dimensions of velocity. This equation can 

be solved analytically, and the solutions have the form: 

 

1 2

x x
E E t E t

v v

   
      

   
 (4.17) 

 

where E1 and E2 are arbitrary functions having the form: E1 = E1(t –x/v) and E2 = E2 (t +x/v). 

Consequently, the solutions (4.17) describe waves propagating in the positive and negative x 

directions, respectively, with velocity v: 

 

1
v 


 (4.18) 
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In a region where  = 0, by the Eq. (4.4) we have: 

 

0
yx z

EE E

x y z

 
    

  
E  (4.19) 

 

Therefore, for a plane wave travelling in x direction, in which E is independent of y and z, we have: 

 

0xE

x





 (4.20) 

Substituting in Equation (4.14) gives: 

 

2

2
0xE

t





 (4.21) 

 

Consequently, Ex = 0 and a plane electromagnetic wave that propagates in the x direction has no x 

component for E. The same reasoning can be applied to the magnetic field intensity.  

 

Figure 4.1. Propagation of an electromagnetic wave in the x direction. Blue and red arrows represent magnetic and 

electric field vectors, respectively. In this example, the two fields are in phase (linear polarization).  

 

Therefore, the fields E and H have nonzero components only in the plane transversal to the 

direction of propagation (Fig. 4.1). It can also be proved that E·H = 0, i.e. the magnetic field vector 

is always perpendicular to the electric field. An important class of solutions of Equation (4.16) can 

be obtained assuming that the time variations of the electric field E have a sinusoidal trend, 

described by a factor e
it

. 
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In this instance we have: 

 

   
0,

i t kx
x t e

  
E E  (4.22) 

 

where  is the angular frequency and the wavenumber is k = /v = 2/. This solution is illustrated 

in Fig. 4.1. 

 

The polarization of an electromagnetic wave is determined by the fixed or changing direction of the 

electric field vector through time at a fixed point. Let us consider a plane wave travelling in the x 

direction, so that E and H lie in the yz plane. If at any time Ey = 0 and Ez  0, we say that the wave 

is polarized in the z direction. A similar definition can be applied to the y direction and we then say 

that the wave is polarized in the y direction. If both Ey  0 and Ez  0 at any time and the two 

components are in phase, the direction of E (and then of H) is fixed and depends from their relative 

magnitude. In this instance, we say that the wave is linearly polarized (Fig. 4.2). 

 

 

Figure 4.2. Linear polarization. E = (Ez ,Ey) is the electric field travelling in x direction, where T is the period, and t0 is 

the initial time. 

 

If Ey and Ez are not in phase, that is, if they attain their maximum values at different times, then the 

direction of E will change in time. In this instance, it is possible to prove that E describes an ellipse, 

so that we say that the wave is elliptically polarized. In the particular case that Ey and Ez have equal 

magnitude at every time t and at 90° phase difference, E describes a circle, so we say that the wave 

is circularly polarized (Fig. 4.3). 
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Figure 4.3. Elliptical and circular polarization. E = (Ez ,Ey) is the electric field travelling in the x direction, where T is 

the period, and t0 is the initial time. 

 

 

4.2 Electromagnetic Properties of Materials 
 

 

In GPR applications, materials are characterized by their capacity to transmit electromagnetic 

waves. This is quantified by the characteristic impedance Z.  This quantity is defined as the ratio of 

the electric field magnitude to the magnetic field intensity: Z = E/H. In general, if is the angular 

frequency of a monochromatic electromagnetic wave, 

 

Z

i





 



 (4.23)  

 

This expression shows that Z depends on the wave frequency  and three parameters of the 

material: a) the conductivity, , b) the dielectric permittivity, , and c) the magnetic permeability, . 

When the conductivity is zero or at high frequencies, so that we can set then: 

 

Z





 (4.24) 
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The velocity of propagation of electromagnetic waves in a dielectric material, v, can be expressed in 

terms of only the relative dielectric permittivity r when the magnetic permeability  is close to 

vacuum permeability 0. In this instance we have: 

 

0 0

1 1

r r

c
v   

    
 

 

where c = 30 cm ns
1

 is the velocity of propagation in the vacuum. Another important parameter is 

the attenuation, , which represents the decay in amplitude in the direction of propagation. It is 

given by: 

1

2
    (4.26) 

 

The attenuation increases with increase in the magnetic permeability and the electrical conductivity. 

Table 1 shows representative values of dielectric permittivity, conductivity, wave velocity, and 

attenuation for different geological materials. 

 

Table 4.1. Typical values of dielectric permittivity, conductivity, velocity, and 

attenuation. 

Materials   [mS m-1] v [cm ns-1]  [db m-1] 

Air 1 0 30 0 

Fresh water 80 0.5 3.3 0.1 

Sea water 80 3000 – 4000 1 64 – 103 

Dry Sand 3 – 5 0.01 15 0.01 

Saturated sand 20 – 30 0.1 1.0 6 0.03 - 0.30 

Limestone 4 – 8 0.5 - 2.0 12 0.4 - 1.0 

Clay 5 – 15 1 - 100 9 1 - 100 

Granite 4 – 6 0.01–1 13 0.01 1 

Dry Soil 2.4 – 2.5 0.1 – 0.3 19 0.01 – 0.04 

Wet Soil 15 – 25 7 – 200 6.0 – 7.7 0.26 – 2.43 

Concrete 7 0.1 11.3 0.01 

Iron 1 109 0.01 39738 
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4.3 Reflection of Electromagnetic Waves 
 

 

The electromagnetic properties of materials fall in two broad classes: conductors and dielectrics (or 

insulators). In reality, this subdivision is not sharp because some media are conductors in a radio 

frequency range and dielectrics in another range. Substituting Eq. (4.7) in Eq. (4.11) gives: 

 

t t

 
       

 

D E
H E E  (4.27)  

 

The first term at right hand side is the conduction current density, while the second term is the 

displacement current density. If we assume a monochromatic solution for Eq. (4.27), having the 

form E = E0(r)e
it

, we obtain: 

 

 i i       H E E E  (4.28) 

 

Hence, the ratio measures the relative importance of the two contributions. A ratio is 

generally considered as the dividing line between conductors and dielectrics. Good conductors have 

over the entire radio frequency spectrum, while good dielectrics should have 

in the radio frequency range

 

The propagation of electromagnetic radiation is usually represented in terms of rays, which can be 

constructed starting from wavefronts. In a heterogeneous medium, at any time t a wavefront is an 

isochronal surface that separates the points not yet reached by the electromagnetic perturbation in 

the region where the electric and magnetic fields generated by a specific source are nonzero. 

Considering a discrete sequence of times, t0, t1, ..., tn, we can build a sequence of surfaces Tk(x,y,z) = 

0 that represent the wavefront at each time tk. Assuming a point source, we can also generate an 

arbitrary number of lines that start at this point and cross each wavefront perpendicurlarly. These 

lines are known as rays and they provide a simple representation of the direction of electromagnetic 

wave propagation. Fig. 4.4 shows an example of geometrical construction of raypaths. The rays are 

represented by straight lines only when the material is homogeneous, and then the wavefronts are 

spherical surfaces. 
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Fig 4.4. Propagation of an electromagnetic wave through a heterogeneous material. The red circle represents the point 

source of the signal. The dotted lines show four distinct rays. 

 

When an electromagnetic wave hits the interface between media having different dielectric 

constants, magnetic permeability, or conductivity, it will be partially transmitted and partially 

reflected. In the case of a plane wave in air, incident normally on the surface of a perfect conductor, 

the wave is totally reflected. In this instance, the amplitudes of H and E of the reflected waves are 

the same as the incident wave. However, the phase will be inverted. In fact, if ER and EI are the 

amplitudes of the reflected and incident electric fields, respectively, then it results: 

 

R IE E   (4.29) 

 

The ratio ER/EI is known as the reflection coefficient R. Whenever a wave is incident obliquely on 

the interface between two media, it is necessary to consider the polarization of the electric field. 

When the electric field vector E is perpendicular to the plane of incidence and parallel to the 

reflecting surface we say that it is polarized horizontally. Conversely, in the case of vertical 

polarization E is parallel to the plane of incidence, and H is parallel to the reflecting surface. When 

a plane electromagnetic wave hits obliquely the surface of a conductor, the electric field will be 

reflected with a 180° phase reversal in the case of horizontal polarization. The incident and 

reflected waves have equal wavelengths and opposite directions along the z axis (Fig. 4.5). 

Therefore, we have a stationary distribution along this axis. In the y direction, the two waves 

propagate rightwards with the same velocity and wavelength, so that a wave travelling in the 
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positive y direction results (Fig 4.5 left). In the case of vertical polarization, the magnetic field will 

be reflected without phase reversal (Fig 4.5 right). 

 

 

Figure 4.5. Rays in the reflection by a perfect conductor: oblique incidence. Reflection and refraction of waves having 

perpendicular (horizontal) polarization, and parallel (vertical) polarization. EI, ER, and ET are incident, reflected and 

refracted electric fields, respectively. HI, HR, and HT are incident, reflected and refracted magnetic fields, respectively. 

 

When a plane electromagnetic wave hits normal to the surface of a perfect dielectric, part of the 

energy is transmitted, and part is reflected. In this instance,  = 0, thereby there is no attenuation 

during the propagation. It results: 
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where Z1 and Z2 are the electromagnetic impedance of the two media. The magnetic permeability of 

all known insulators does not differ appreciably from that of the free space. Therefore, 1  2 0. 
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Consequently, we have: 

 

1 2 1

1 2 1 2

2
 ; R T

I I

E E

E E

   
 

     
 (4.32) 

2 1 2

1 2 1 2

2
 ; R T

I I

H H

H H

   
 

     
 (4.33) 

 

Whenever a wave hits obliquely the surface of a perfect dielectric, assuming again 1  2 0, we 

have for the horizontal and vertical polarization: 

 

2

1 1 2 2 1 1 2 1 1

2
1 1 2 2 1 1 2 1 1

cos cos cos sin

cos cos cos sin

R

I

E

E

          
 

          
 (4.34)  

 

 

2

2 1 1 2 1 12 1 1 2

2
2 1 1 2 2 1 1 2 1 1

cos sincos cos

cos cos cos sin

R

I

E

E

           
 

            
 (4.35) 

 

When the numerator of Eq. (4.35) goes to zero, we have simply: 

 

2
1

1

tan


 


 (4.36) 

 

This implies that in the case of vertical polarization there is an angle with no reflected waves, 

known as the Brewster angle.  This angle doesn’t exist in the case of horizontal polarization, as seen 

by solving Eq. (4.34). 

 

In the archaeological applications of GPR the incidence angle 1 in (4.344.35) is very small, 

because the distance between the transmitting and receiving antennae does not generally exceed few 

tens cm. In these nearvertical conditions of incidence, the refraction of a downgoing ray at 

successive discontinuities does not change significantly the values of 1 with respect to the takeoff 

angle 0: 1  0, and the distance x between transmitting and receiving points along each reflector 

approximately coincides with the distance d between the transmitting and receiving antennae (Fig. 

4.6). 
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Fig. 4.6. Reflection by successive discontinuities. 

 

Consequently, it is possible to express the incidence angle 1 as a function of the reflector depth z 

and the distance d: 

1

1 tan
2

d

z

   (4.37) 

 

Figs. 4.7 and 4.8 show the range of values assumed by the reflection coefficient R for a perfect 

dielectric as a function of the depth, z, of the reflector (Eqs. 4.34 and 4.35). Both the case 1 > 2 

(hence of a velocity increase through the interface) and 1 < 2 (a velocity decrease) are considered. 

In this example, an offset of 0.32 m and 0.16 m between transmitter and receiver was assumed (red 

and blue lines, respectively). 

 

 

Fig. 4.7. Trend of the reflection coefficient in the case of a dielectric contrast r1 / r2 = 20/7. 
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Fig. 4.8. Trend of the reflection coefficient in the case of a dielectric contrast r1 / r2 = 7/20. 

 

All the plots in Figs. 4.7 and 4.8 show the presence of a horizontal asymptote, such that R attains a 

stable value at shallow depth. The reflection coefficient R assumes negative values in the case of 

vertical polarization and a decrease in the relative dielectric permittivity r (Fig. 4.7) or when the 

polarization is horizontal and the relative dielectric permittivity r increases (Fig. 4.8). 

 

 

4.4 GPR Acquisition Techniques 
 

 

In most archaeological applications, GPR data are acquired using a bistatic system equipped with 

one or more transmitting and receiving antennae placed in the same case. If the estimated depth of 

archaeological features is known, one can select the best value for the predominant frequency of the 

antenna. Dipolar antenna having a predominant frequency of 900, 400, 270, and 200 MHz are 

commonly employed for archaeology (Figs. 4.9 and 4.10). To get the greatest profiling depth, the 

antenna box must be placed in direct contact with the ground surface, as an air gap would cause 

most of the radar energy to be reflected back from the surface, rather than to penetrate into the 

ground. As general rule, the higher the frequency, the greater is the depth resolution, and the 

shallower the maximum penetration depth. The electromagnetic rays always penetrate the ground 

perpendicularly to the ground surface, independently from its slope. In archaeological applications, 

a study region is usually divided in areas of rectangular shape or having at least three straight edges 

(see Fig. 1.1), and in both cases the survey lines are travelled in zig–zag mode along one or two 

perpendicular directions. The acquisition of precise GPS coordinates of selected reference points 

across the survey region allows georeferencing of the final maps and a local reference frame will 

also be established in order to combine GPR data coming from the different areas. 
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Figure 4.9. GPR system equipped with a 400MHz antenna. 

 

 

Figure 4.10. GPR system equipped with a 200MHz antenna. To improve the coupling with the ground, two operators 

drive the large 5106 antenna along the track line. 

 

A GPR survey requires the preliminary setting of some acquisition parameters, such as the time 

window, the number of samples per scan, the number of scans per meter, and also the selection of a 

survey geometry (spacing between the survey lines, one or two acquisition directions, etc.). The 

time window, expressed in nanosecond, is the time interval (twoways travel time, TWTT) during 

which the receiver antenna records radar pulses reflected from underground discontinuities. 

Considering an antenna that generates electromagnetic pulses at a rate of 120 kHz, with a period 
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just below ~10
4
 ns, there is no interference between the reflections associated with two different 

pulses in a typical time window of 100 ns. Due to the limited speed of analog to digital converters, 

it is not possible to sample all the reflected waves from a single pulse, so radar controllers apply an 

incremental sampling method, which produces a single trace on a radar profile generated from 

hundreds or thousands of pulses. In general, a preliminary estimate of the average velocity of 

propagation through the ground is necessary to establish the best width for the time window. Table 

4.2 shows the TWTT of reflections with respect to the permittivity of materials that an 

electromagnetic wave may go through. 

 

 

 

A second important survey parameter is the number of samples required to form a reflection trace. 

The number of samples per scan and the time window control the vertical sampling density. 

Consequently, for a longer time window, a larger number of samples is required to reproduce 

accurately a scan and the larger is the number of electromagnetic pulses necessary to form a trace 

according to the incremental sampling method. In archaeological applications, typical numbers of 

samples per scan are 512 with a 400 MHz antenna and 1024 with a 200 MHz antenna. 

 

A third field parameter is the number of scans (or traces) per meter. A large value may allow 

averaging of adjacent traces, with the objective of obtaining a cleaner reflection profile, but this 

requires a very large amount of storage. Usually, 50 traces per meter (or one trace each 2 cm) are 
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sufficient for most applications. Depending on the velocity of the GPR antenna along a survey line, 

it is possible to calculate the number of traces, p, that are combined to generate a single scan 

between two consecutive sampling locations. For example, let us assume that x = 2 cm is the 

selected offset between two adjacent scans, n = 512 is the required number of samples per scan, Ta 

= 8.3310
3
 ns is the time interval between two successive pulses (Ta = 1/120 kHz), and the antenna 

moves at u = 50 cm s
1

. Then, each trace requires the emission of 512 pulses and a time interval nTa 

= 5.1210
6
 ns. In this example, the antenna moves from the present sampling location to the next 

one in x/u = 410
7
 ns. Therefore, p = x/(nuTa) = 9, so that nine traces are combined to form 

each single scan. 

 

4.4.1 Resolution 

 

The resolution of a GPR system measures the accuracy with which it is possible to determine 

location and depth of a buried feature. This parameter is mostly a function of the predominant 

frequency of the antenna. The electromagnetic signal generated by a GPR antenna can be modelled 

as a pulse train of Ricker wavelets (Fig. 4.11), having a typical frequency of 120 kHz. Ricker’s 

resolution criterion (1953) is based on the possibility to distinguish the top and bottom reflections 

associated with the boundaries of a layer. It states that a bed, with a relative dielectric permittivity 

r, reaches the limit of resolvability when its thickness falls below a threshold value such that the 

composite waveform resulting from the combination of the top and bottom wavelets has a zero 

curvature (a flat spot) at its central maximum. In these conditions, the two central peaks of the 

wavelets are separated by a time interval t equal to the separation TR between the inflection points 

of the central maximum (Fig. 4.11) (Kallweit and Wood, 1982). As an alternative, Rayleigh’s 

criterion states that the vertical resolution is given by the peaktotrough separation TD (Fig. 4.11). 

 

A Ricker wavelet in the time domain can be generated by taking the second or the third derivative 

of the Gaussian function: 

 

 
2 2 22 2 2( ) 1 2 Mf t

MR t f t e    (4.38) 
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Figure 4.11. 90°phase Ricker wavelets generated by a GSSI GPR 200 MHz antenna 5106. TD is the width of the pulse, 

and TR is the time interval between two inflection point. 

 

The frequency domain representation of this wavelet (Fig. 4.12) is: 
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 (4.39) 

 

where fM is the peak frequency of its Fourier transform (Fig. 4.12). This is an important parameter in 

the determination of the vertical resolution of a GPR antenna. 

 

 

Figure 4.12. Amplitude of a Ricker wavelet in the frequency domain, where fM is the frequency of peak amplitude. 
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Two characteristic parameters of a wavelet are its halfwidth, TD, and the time separation, TR, 

between the inflection points of the central peak (Fig. 4.11), which can be calculated by taking the 

first and the second time derivative, respectively, of the Eq. (4.38): 
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 (4.40) 

These expressions show that both parameters depend solely on the peak frequency fM. Introducing 

now the dominant frequency, fp = 1/2TD, the time separation TR can also be expressed as follows: 
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  (4.41) 

 

Let p = v/fp be the dominant wavelength through a layer with velocity v. The minimum layer 

thickness that can be resolved according to Ricker’s criterion is then given by: 
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Alternatively, using Rayleigh’s criterion the minimum resolvable thickness is calculated as follows: 
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     (4.43) 

 

Therefore, in this case the bed thickness must be greater than one quarter of a wavelength to have 

distinct reflections from its upper and lower surfaces. 

 

Usually, zerophase, 90°phase, and 270°phase Ricker wavelets are used to model antenna pulses 

and generate synthetic radar profiles. Figure 4.13 shows the dependency of the wavelet width on the 

antenna frequency. In this example, a thick layer can be resolved by two very different GPR 

antennae, because both the composite traces C and F show well–separated top and bottom 

reflections. Conversely, in the example of Fig. 4.14 the combined pulse I is affected by constructive 

and destructive interference of the two electromagnetic waves, G and H, which allows the detection 

of only the top, but not the bottom, of the bed. 
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Figure 4.13. The reflected waves vary depending on the frequency of the energy transmitted into the ground. A-B and 

D-E are, respectively, top and bottom interface reflections; C and F are the composite traces, respectively (modified 

from Conyers, 2013). 

 

 

Figure 4.14. The separation between the inflection points on the central maximum (lobe) of two spikes in G and H 

doesn’t allow the resolution of the top and base of the reflector in the composite trace I (modified from Conyers, 2013). 

 

In addition to the vertical resolution, a GPR antenna has a lateral (or angular) resolution component. 

The concept is illustrated in Figure 4.15, where the red reflections have the same TWTT, thus 

making the two points indistinguishable. While the depth resolution does not depend on the distance 

between target and antenna, the lateral resolution depends on both the velocity of the medium and 

the depth z. 
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Figure 4.15. Range or depth resolution (r) and lateral resolution () of a GPR antenna (modified from Jol, 

2009). 

 

The lateral resolution can be expressed as: 

2

pz
   (4.44) 

 

Tables 4.3 and 4.4 list dominant wavelengths for antennas with different central frequency (from 

Conyers, 2013). These data show that it is difficult to estimate the best antenna frequency that 

provides the radial and lateral resolutions required for the detection of a buried object, as the 

electromagnetic waves change their wavelength when they go through materials having different 

dielectric permittivity. 
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The lateral resolution can be also estimated considering the set of rays that reach simultaneously a 

receiver antenna Rx at an arbitrary time t after the ejection of an electromagnetic pulse by the 

transmitting antenna Tx. The Fresnel zone (or footprint) at time t is the area that causes an echo 

from the transmitting to the receiving antenna at that time. None of the targets within this area can 

be distinguished. On a flat interface this region can be approximated by an ellipse having the major 

axis a perpendicular to the axis of the antenna dipole. In most cases, this axis is parallel to the 

direction of movement of the antenna (Fig. 4.16). The major and minor axes, a and b, of the Fresnel 

zone are given by: 

 ; 
4 21

p

r

z a
a b


  

 
 (4.45) 

 

where pis the dominant wavelength of antenna in air, and <r> is the average relative dielectric 

permittivity of the ground from the surface to depth z. An estimate of the Fresnel zone is very 

important in the survey geometry design, because the dimension of the elliptical axis orthogonal to 

the direction of motion of the antenna corresponds to the minimum separation between survey lines. 
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Figure 4.16. Schematic diagram of Fresnel zone, or “footprint”, at a distance z from the ground surface; a and b are, 

respectively, the major and minor axes of the ellipse (modified from Conyers, 2013). 

 

4.4.2 Antenna fundamentals 

 

The antenna is the fundamental component of a radar system, because it determines data quality, 

range resolution, and maximum penetration depth. There are both monostatic and bistatic antennas. 

A monostatic antenna uses the same antenna element to transmit and receive the signal, while in a 

bistatic antenna the transmitting and receiver are two separate antenna elements, although they may 

be placed within the same case (Fig. 4.17). 

 

 

Figure 4.17. GSSI 400 MHz antenna configuration. Side view (upper) and plain view (lower). With this orientation, the 

antenna is more sensitive to target A than to target B (modified from GSSI Utility Locating Handbook, 2016). 
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All antennas are designed to transmit electromagnetic waves having one of the following three 

types of polarization, linear, elliptical, or circular, and there exists a directional dependence in the 

GPR response, because different antenna orientations with respect to the targets yield different 

responses. The two basic modes for deploying the transmitting and receiving antennas are the 

broadside and end-fire modes, but mixed deployments are also possible. The former mode places 

the Tx and Rx dipoles parallel to each other, but perpendicular to their offset. In the endfire mode, 

the antennas are oriented parallel to each other and parallel to their offset (Kruk, 2001). Fig. 4.18 

shows a variety of antenna orientations for a GPR system, relatively to the direction of movement. 

 

Figure 4.18. Common antenna orientations for recording EH (A), EV (B) and (D), or mixed polarized waves (C). A) 

Perpendicular broadside orientation. B) Parallel broadside orientation. C) Crossed dipoles orientation. D) Parallel end-

fire orientation. x is the survey line direction and the target is shown in grey. 

 

In archaeological applications, linearly polarized electromagnetic waves are usually employed. In 

this instance, the only way to change the orientation of the electric field vector E in an isotropic 

material is to change the orientation of the antennas. The EH and EV polarizations are obtained by 

the configurations shown in Fig. 4.19. 

 

 

Figure 4.19. Transmitter and receiver oriented perpendicular broadside and parallel end-fire antennas, in the left and 

right image, respectively. E and H are, respectively, the field electric vector and the magnetic vector (modified from 

Baker, 2007). 

 

In the left panel, the broadside configuration generates a signal where E is oriented parallel to the 

long axis of the antennas (horizontal polarization, EH) and perpendicularly to the incidence plane. 

GPR data are often collected using such a broadside antenna orientation, because horizontally 

polarized data generally have a higher signal-to-noise ratio (S/N) (Baker et al., 2007). The right 
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panel shows an endfire configuration, such that E is oriented within the vertical plane of incidence 

and perpendicularly to the direction of propagation (vertical polarization, EV). 

 

GPR antennas are dipolar antennas, such that the dipole length L is small with respect to the 

dominant wavelength pof the radiated waves. In general, L is chosen to be less than the minimum 

resolvable thickness of an air bed according to Rayleigh’s criterion (Kallweit and Wood, 1982): 

 

0
4 p

c
L z

f
    (4.46) 

 

where c is the speed of light. The solution of Maxwell’s equations for a short oscillating dipole 

shows that the area surrounding the antenna can be split in two regions. The nearfield region is the 

region close to the antenna where E decreases with the third or the second power of the distance. 

However, in the farfield region E varies with the reciprocal of distance (Millard et al, 2002). In 

this region the electromagnetic waves can be approximated by plane waves. 

 

 

Fig. 4.20. (A) E and H planes of a dipole oriented along the x-axis (modified from Diamanti and Annan, 2013).  (B) 3-D 

radiation pattern of a small electric dipole in a uniform material (from Annan, 2003). (C) and (D) Cross sections 

through the radiation pattern in the zy (H) and zx (E) planes, respectively (modified from Annan, 2003). 
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Figure 4.20 shows the far field directionality for a short dipolar antenna surrounded by a 

homogeneous medium, for example air. We note that there is no radiation along the dipole axis. If 

the dipole is placed on the ground surface, the far field radiation directivity changes considerably 

and is a function of the ground permittivity, as illustrated in Fig. 4.21. In most cases, GPR antennas 

are used this way, with strong coupling with the ground to reduce the attenuation, and they are 

shielded to minimize the spread of energy into the air, which is a source of electromagnetic noise. 

 

 

Fig. 4.21. Radiation patterns for a typical ground permittivity when the dipole is at contact with the ground surface. (A): 

Generalized dipolar radiation in the zy plane (broadside mode); (B): Radiation pattern in the zx plane (end-fire mode) 

(modified from Annan, 2003). 

 

 

4.5 Processing GPR Data 
 

 

As described in the previous section, the basic components of a GPR data set are traces (or 

Ascans) formed by sequences of reflected wavelets. The set of all the traces collected along a 

survey line is a reflection profile (or Bscan), which approximates the geometry of buried features. 

To be used in the construction of reflection profiles, the traces must be processed in order to remove 

the effect of attenuation with depth and to eliminate the amplitude drift caused by temperature 

changes in the radar's electronic components. These procedures are known as range gain 

adjustment and the dewow, respectively. In particular, the gain procedure has a depthdependent 

gain function which compensates for the exponential decrease of the signal amplitude with 

increasing reflection time. The amplitude drift of the traces is due to the fact that the near field 

radiation pattern is affected by lowfrequency noise associated with electrostatic and inductive 

fields, which decays rapidly with distance. The dewow procedure reduces the mean of each trace to 

a nearzero value by applying a highpass filter. 
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A survey line includes a number of traces given by the length in meters of the transect multiplied by 

the number of traces per meter. The result is a reflection profile like the one illustrated in Fig. 4.22. 

 

 

Figure 4.22. Reflection profile produced by combining many traces. 

 

Usually, the reflection amplitudes in a radar profile are converted to a color scale, which may 

emphasize the most important interfaces detected in the underground (Fig. 4.23). 

 

 

Figure 4.23. Standard representation of reflection profile: amplitudes are coded through colors. 

 

Differently from the preprocessing phase described above, the processing of GPR data operates 

directly on reflection profiles and has the following goals: a) Reconstruct the geometry and location 

of buried structures; b) Extract weak targets from the raw data; and c) Improve the image quality. 

GPR applications require extensive data processing with specialized software. This is a batch 

activity, with the same processing applied to a group of profiles. It is important to avoid the removal 
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of important information from the raw data or the introduction of artifacts not associated with real 

structures. 

 

4.5.1 Time Zero Setting 

 

For a shielded bistatic groundcoupled antenna, the first arrivals at the receiver are always a 

combination of two fundamental air raypaths coming directly from the transmitter (Fig. 4.24). They 

are, respectively, the ground reflection and a critically refracted wave, which can hardly be 

distinguished on a GPR trace. The former arises because: 1) a small separation h is always present 

between the antenna box and the ground, and 2) the Fresnel zones of the two dipoles are wide with 

respect to the thickness of such a thin air layer. Consequently, an intersection exists between the 

Fresnel zones of the two dipoles, which allows a reflection from the ground at high incidence angle 

(Hong et al., 2018). This ground reflection, which is illustrated in Figure 4.24 by the red raypath, is 

preceded by a critically refracted pulse caused by the increase of velocity at the boxair interface. 

These two strongamplitude arrivals are followed by the reflections associated with subsurface 

discontinuities. 

 

Figure 4.24. Air raypaths for a shielded bistatic groundcoupled antenna. In most cases, the antenna is dragged in such 

a way that its distance from the ground is within 1/10 of the dominant wavelength. The shielded box is shown in blue, 

while the radiation patterns (Fig. 4.21) of the two dipoles are shown in green. The blue arrow represents the critically 

refracted signal, while the red arrow shows the ground reflection. 

 

To determine the depth of an object that causes a reflection, it is important to establish the time of 

the first arrival of radar pulses, known as the time zero T0, as shown in Fig. 4.25A. As mentioned 

above, this initial pulse results from a combination of the ground reflection and a critically refracted 

wave (Fig. 4.24). 
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Fig. 4.25. Panel (A) shows an example of the first arrival, which is a combination of the direct air and ground waves. 

Panel (B) shows the corresponding white and black bands at the top of a reflection profile.  

 

By convention, T0 is assigned the time of the halfpeak of the first ramp (Fig. 4.26 A). The 

time variations that may be seen within the negative peak of the pulse usually indicate 

changes in subsurface properties in the first 23 cm. 

 

 

Fig. 4.26. Panel (A) shows an example of time zero setting to the half of the first ramp pulse. Panel (B) shows the 

corresponding white and black bands at the top of the reflection profile. The reflection profile is the same as that in Fig. 

4.25. 

 

4.5.2 Band-pass filtering 

 

The goal of bandpass filtering is to clean high and low frequency noise in the power spectrum of a 

trace. The low noise is associated with a drift in the amplitude of the wavelets that compose a trace, 

while high frequency noise determines flickering of the wavelets (Fig. 4.27C). Fig. 4.27A shows the 

power spectrum of a trace belonging to the reflection profile in Fig. 4.27B and the selected low and 

high cutoff frequencies. The low cutoff can be established considering that the wavelets composing 
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the trace should have zero mean. The high cutoff should be chosen in such a way the flickering that 

affects the deep wavelets is removed, still preserving the characteristic patterns associated with 

polarity inversions, which are very useful in data interpretation (Fig. 4.27D). A comparison between 

the filtered and unfiltered traces in Fig. 4.27 shows that bandpass filtering can be effective in 

improving the signal to noise ratio. An interesting application of bandpass filtering is the extraction 

of a small high or lowfrequency band from the spectrum, with the objective of isolating specific 

features that are not easily visible in a radar profile. For example, lowfrequency signals are often 

associated with thick or deep beds, while signals in the highfrequency spectrum are usually 

associated with small and shallow features. Therefore, profiles that have been filtered with 

carefully–selected cutoff frequencies can allow the identification of buried features not easily 

detected in normal profiles (Conyers, 2013). 

 

 

Figure 4.27. A: Frequency response (top) and power spectrum (bottom) of the scan shown in panel (C); green lines 

indicate the low and high cutoff frequencies. B: Reflection profile from which trace (C) has been extracted. C: 

Unprocessed scan. Dashed red ellipses indicate parts of the trace affected by noise. D: Bandpass filtered scan, where 

the noise in trace (C) has been removed; light blue circles indicate several wavelets that have polarity inversions. Profile 

collected with a GSSI 400MHz antenna. 
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Figure 4.28. Background removal from a reflection profile. Panel (B) and (D) show a raw profile and the same profile 

after the application of a background removal procedure, respectively. A) and C) show the distribution of amplitudes 

A(t) at a specific sample position before and after the average value removal.  

 

4.5.3 Background removal 

 

One of the most common operations that are applied to raw GPR data is the background removal 

procedure. This class of filters can be effective in removing horizontal bands that affect a reflection 

profile. This kind of noise is apparent as a series of horizontal bands across the whole length of a 

radar profile, due to the fact that for any time horizon (associated with a given sample number), the 

average amplitude is not generally equal to zero. Such a phenomenon is typically caused by ringing 

in the cables or in the electronic components. When this average is far from zero for a series of 

consecutive samples, the graphic result is a horizontal black or white band. Considering the 

horizontal band shown Fig. 4.28A, sampled from the raw reflection profile in Fig. 4.28B at time t = 

t0, we can observe that it arises from the presence of a positive offset in the amplitude plot A(x,t0) 

with respect of the x axis. Figs. 4.28CD show that this artifact can be removed by subtracting the 

mean value <A(x,t0)> from all the samples along the time horizon t = t0. This procedure should not 

be applied if there are horizontal underground strata or buried horizontal structures spanning the 

whole length of the profile, which could be eliminated with the application of these filters. 
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4.5.4 Migration 

 

The transmitted radar beam propagates downwards in a conical volume. Therefore, the 

electromagnetic waves are reflected from buried targets even when they are not located exactly 

below the antenna. In this instance, the reflected raypath from a point source will give a TWTT 

longer than the vertical incidence TWTT associated with its true burial depth, because of its 

horizontal offset relative to the antenna (Fig. 4.29). 

 

 

Fig. 4.29. A buried point source produces a hyperbola-shaped reflection. 

 

Therefore, when the antenna is moved horizontally along a survey line, the same source will be 

detected by consecutive traces with different TWTTs, resulting in a hyperbolashaped pattern in the 

reflection profile, with its apex just above the object's location (Fig. 4.29). Most reflection 

hyperbolae are associated with small or thin objects, for example pipes that cross the transect, but 

broader structures may also generate hyperbolic echoes. For example, the end points of a planar 

reflector (e.g., the top of a wall) also produce half hyperbolae, as well as the corners of a ditch. The 

effect of a horizontal offset between a point reflector and the receiving antenna can also be observed 

in the case of an inclined surface. In this instance, the tilt angle of the surface in the profile will 

appear shallower than the actual surface, as shown in Fig. 4.30. 
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Fig. 4.30. Apparent position of reflectors along a sloping surface; s1, s2, s3, s4 are antenna positions.  s1 and s4 properly 

record the r1 and r4 positions, while s2 and s3 record the apparent position of r2 and r3, respectively, in r'2 and r'3 (void 

circles). The dashed line shows the location of the apparent surface. 

 

The shape of a reflection hyperbola is determined by the wave velocity in the ground. Slower 

velocities will cause a hyperbola to be narrow, while faster velocities will produce broader 

hyperbolae. Migration is a process used to remove the effect of the horizontal offset between point 

reflectors (but also the ends of horizontal reflectors) and the receiving antenna through a collapse of 

the hyperbolae in a reflection profile to their corresponding apexes. Before launching this 

procedure, the operator determines how the velocity changes with depth for the current data set by 

fitting calculated hyperbolae to arcshaped echoes that are in the radar profiles (Fig. 4.31). In most 

cases, we assume a laterally homogeneous ground, such that the velocity changes abruptly at 

horizontal interfaces. A hyperbola is calculated by the following equation: 

 

 
2 22 H X

T X
v


  (4.47) 

 

where T is the TWTT (in ns), H is the real depth (in cm) to the point reflector, X is the horizontal 

offset (in cm) with respect to the vertical to the point reflector (Fig. 4.29), and v is the velocity (in 

cm ns
1

). It is clear from Equation (4.47) that a larger velocity will decrease the TWTT T(x) for any 

assigned depth H, producing a wider hyperbola. Conversely, narrow hyperbolae reveal a reduction 

in the velocity. Therefore, a correct fit of the calculated hyperbola to an observed echo arc is 

essential for a determination of the average velocity for any depth z < H. 
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Fig. 4.31. A step in the construction of the velocity profile before launching the migration procedure. The left panel 

shows the current velocity profile. The window is used to bound the collapse of hyperbolae arms during the migration. 

The operator tries to fit the hyperbola to an observed feature by a trialanderror approach. The fit will determine the 

average velocity just above the object. 

 

The simplest migration procedure assumes that each point (X0,T0) in a reflection profile, with 

amplitude A(X0,T0) is the apex of a hypothetical diffraction hyperbola at depth H = vT0/2, where v is 

the average velocity for z  H according to the velocity profile generated by the operator. The 

amplitude A at this point is is replaced by the average of the amplitudes A(X,T) along the path: 

    2 2,  : 2 /X T T X h X v       within the window selected by the operator (Fig. 4.30). Fig. 

4.32 shows the differences between a raw reflection profile and its migrated couterpart, where three 

different hyperbolae have been collapsed to their corresponding apexes. Migration is mandatory 

when a set of radar profiles must be used to build 3D reconstructions of the underground. It is not 

generally necessary when buried structures must be detected and identified directly on profiles. In 

this instance, the data need bandpass filtering and background removal only, because changes in 

the amplitude of the echo along a hyperbolic arc indicate important contrasts in the angular 

reflectivity of the object that caused the echo. 

 

4.5.5 Time slices and amplitude maps 

 

Amplitude slices are horizontal maps that show the spatial distribution of reflection amplitudes at 

specific depth or time intervals, which allow the identification of patterns caused by buried 

structures. Fig. 4.33 shows two amplitude slices from the same area (32 m  22 m) at 7080 and 

8090 cm depth. 
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Fig. 4.32. Upper panel: a raw reflection profile showing hyperbolic-shaped reflections. Lower panel: migrated profile, 

where the hyperbolae have been collapsed to their apexes. Positive amplitudes are shown in white.  

 

 

Fig. 4.33. Example of amplitude maps of the same area at two different depth intervals. Red and blue colours show high 

and low amplitude values, respectively. Data have been collected by a 400 MHz GSSI antenna at Paleokaster, Albania, 

inside a Roman castrum. 

 

Amplitude slices are generated from all the traces covering a twodimensional area. For each trace, 

the horizontal coordinate (x,y) of its location are determined and the echo amplitudes are partitioned 

into a series of depth bins. Each bin has n samples, where n is the number of samples per scan 

divided by the number of bins. At the next step, the average amplitude within a range of depth bins 

is calculated. This average is usually taken over the absolute values or the square of the signal 

amplitudes, but it is also possible to use the pulse envelope, a smooth and positiveonly curve that 

outlines the cyclical pulses. The average values are then gridded and used to build a time slice at the 

depth of each bin. The greater the amplitude of a reflected wave, the greater the difference in 

physical and chemical properties of an archaeological structure with respect to the background soil. 

The thickness of the slices, which determines the number of samples per bin, should be selected 
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taking in account of the minimum range resolution resulting from a velocity analysis. Therefore, by 

(4.43) the thickness z should satisfy the following inequality: 

max

4 p

v
z

f
   (4.48) 

 

where fp is the central frequency. Fig. 4.34 illustrates the procedure of construction of amplitude 

slices. 

 

Fig. 4.34. Construction of an amplitude slice. In this example, the slice has a thickness of 1.78 ns and the absolute value 

of the amplitudes is used to generate the representative value <|A|> at each (x, y, t) location. 

 

The amplitude slices are always built using time intervals of constant width, determined by the 

number of samples per bin. When these time slices are converted to depth slices, the resulting 

thickness (in cm) will change vertically according to the velocity profile built during the migration 

procedure. The problem associated with the conversion of time slices into depth slices also arises 

when several grids from different survey areas must be combined into a mosaic for the entire study 

area. For example, lateral variations in the average dielectric permittivity, due to the different 

environmental conditions (in particular rainfall), may cause large variations in the maximum 

velocity, thereby the minimum acceptable thickness z could change significantly between adjacent 

areas according to Equation (4.48). 

 

The construction of composite amplitude maps from individual grids requires some caution and 

further processing. For example, the different grids are generally normalized to reduce differences 

in the mean amplitude, associated with different conditions of the ground, applied gain, raw data 

processing, etc. In most cases, the direct knitting of a set of amplitude maps to form a mosaic will 
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produce poor results, because colours in the final map are assigned on the basis of a statistical 

classification performed on the whole mosaic (histogram equalization). A solution to this problem 

could be an independent georeferencing and display of each grid, so that the final image would be 

assembled only at the end with GIS software. Alternatively, the individual grids of each area can be 

joined to create a unique mosaic for the whole survey region. In this instance, a unique grid of 

reflection amplitudes for the study area would be available for further processing, data integration, 

etc., but this process requires a normalization of all the component grids before their knitting. The 

quality of the final mosaic can be still improved, ensuring continuity at the edges of each 

component grid and eliminating small reflections that are not generally associated with 

archaeological features. To this purpose, it is possible to apply an equalization procedure that 

isolates the relevant information from each grid and, at the same time, allows a coherent 

representation of structures that cross boundaries. In this procedure, the final composite grid is built 

iteratively by the addition of successive component grids. At each iteration step, before its inclusion 

in the mosaic, each normalized grid G undergoes to the following transformation: 

 

 
   ,  if ,

,
0 otherwise

G x y G x y M
G x y

 
  


 (4.49) 

 

where  is a scaling factor and M < 1 is a threshold that is selected after visual inspection to 

eliminate or reduce background noise not related to real archaeological structures. The choice of the 

scaling factor  is performed in such a way that structures which cross the boundary between the 

actual mosaic and the new grid have approximately the same amplitude. In fact, while the knitting 

of magnetic anomaly maps is based on physical grounds (Ghezzi et al., 2019a), the combination of 

GPR amplitude slices is a somewhat arbitrary procedure, which requires some caution. First, the 

different components of the mosaic could include data acquired at different times and with different 

parameters of the soil, especially humidity, so that the procedure of velocity analysis and data 

migration provides velocity profiles that are often very different between the various sectors of a 

study area. Furthermore, the gain that is applied to the raw data during the preprocessing phase but 

also during the procedure of migration is different for each area. Finally, the amplitude contrasts 

within each part of the mosaic could be very different. A general criterion for the knitting of 

amplitude maps should be the continuity of the anomalies that are representative of archaeological 

structures across the boundaries of survey areas. The transformation (4.49) has been designed to 

reduce or eliminate discontinuities across the edges of the component grids that are combined in a 

mosaic for the whole study area. 
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4.6 Interpretation of GPR data 
 

 

The real nature of a feature cannot be established by only a visual inspection of a depth slice. 

However, it can often be determined after an analysis of individual reflection profiles. The 

interpretation of amplitude slices is complicated by the fact that structures (and associated 

reflectors) that are inclined with respect to the Earth’s surface may be shifted among different slices 

and slightly displaced with respect to each other. In archaeological applications, strong localized 

reflections that can be detected by a GPR system are caused by: a) walls and floors; b) cavities and 

graves; c) columns; d) ditches; e) ancient roads; f) mounds; and g) iron artifacts. 

 

The interpretation of individual radar profiles should take into account the fact that in addition to 

reflections associated with real structures, significant reflections are generated by multiples, partial 

decoupling of the antenna, and reflections due to objects above the Earth’s surface. Multiples are 

artifacts that appear as equally spaced reflections, which are generated by reflected waves travelling 

back and forth between a buried object and the ground surface between separate objects, or between 

subsurface layers. The upper panel in Fig. 4.35 shows several hyperbolashaped multiples. The 

dotted red line indicates the real first reflection at ~8 ns. The lower panel shows a profile containing 

several probable planar multiples generated by a shallow interface in the soil. In this intance, the 

third group of multiples, on the right, appears to be superimposed on other reflections due to real 

underground features. Multiples may have a stronger amplitude than their first reflection, due to the 

range gain applied to the raw data. 

 

The polarity, or phase, of a GPR signal can aid the interpretation of reflection profiles. To this 

purpose, it is important to know the kind of wavelet emitted by the antenna. All the examples 

presented in this chapter have been produced using GSSI antennas, which generate positive polarity 

Ricker wavelets (90° phase) having the shape shown in Fig. 4.36 (pulse T). Figure 4.36 shows the 

minimum number of raypaths detected by a GPR receiving antenna: a) the raypath of a critically 

refracted air wave travelling just below the antenna box (see also Fig. 4.24); b) an air wave raypath 

reflected at the airground interface; and c) a signal reflected by a buried discontinuity. The polarity 

of the signal reflected by a buried structure depends on the contrast of dielectric permittivity of the 

reflector and the surrounding soil (Eq. 4.32). In any case, we consider the polarity of a radar echo as 

positive when it coincides with that of the signal emitted by the transmitting dipole. 
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Fig. 4.35. Upper panel: hyperbolashaped multiples. Lower panel: planar multiples. The image in the lower panel 

shows a problem of interpretation, due to the superposition of multiples with real reflections due to the presence of 

other buried objects. 

 

 

Fig. 4.36. Polarity of arrivals at a GPR receiving antenna. T is a positivepolarity pulse associated with the critically 

refracted ray just below the antenna, G is a negativepolarity wavelet associated with the ground reflection, R is a 

normal reflected signal from the top of a buried wall. The latter wavelet has also positive polarity, because the dielectric 

permittivity of wall is generally less that of the soil. 
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A correct interpretation of reflection profiles always requires an identification of the polarity of the 

echoes caused by the features, because this analysis provides valuable information about the 

materials causing the anomaly. In general, wavelets with inverted polarity are associated with an 

increase in the relative dielectric permittivity, but they may also be indicative of the presence of 

metallic artifacts, in which case they have a strong amplitude. In most cases, an inversion of 

polarity is related to a sharp increase in the amount of water in the soil (i.e., a transition to moister 

conditions). In archaeological applications, positive polarity reflections are generally associated 

with cultural structures, for example walls, floors, roads, and artificial cavities. However, the 

bottom of these structures almost always has an inverted polarity wavelet, because the transition 

from stone to soil generates a reflection having inverted polarity. The exception is found with 

human structures built directly on bedrock. In the case of floors or other flat structures, the top and 

bottom reflections are closely spaced and may form a doublet consisting of the superposition of a 

positive polarity Ricker wavelet (top reflection) followed by a wavelet with negative polarity 

(bottom reflection). This situation is shown in Fig. 4.37 at the left. Doublets formed by 

negativepositive polarity pulse pairs are also possible (Fig. 4.37 right) and are often indicative of 

the presence of a paleosoil. 

 

 

Fig. 4.37. Characteristic pulse pairs (doublets) (C and F), formed by the superposition of 90°phase (A and E) and 

270°phase (B and D) Ricker wavelets: C = A + B, F = D + E. 

 

In some cases, the signal polarity can be established directly on a profile. In the reflection profiles 

below, strong positive and negative amplitudes are displayed in white and in black, respectively, 
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while weak reflections are shown in gray. Fig. 4.38 shows part of an unmigrated reflection profile, 

which includes two hyperbolae with opposite polarity. The left hyperbola is presumably due to an 

empty PVC pipe, which generates a positive polarity wavelet, while the strong negativepolarity 

hyperbola to the right can be interpreted as due to a metal pipe. 

 

 

Fig. 4.38. An unmigrated reflection profile, showing several positive and negative polarity hyperbolae and the 

corresponding traces through the anomalies. 

 

Below I present some significant examples of common archaeological structures that may be 

detected on reflection profiles. The profile in Fig. 4.39 includes both a ditch and a large pit filled by 

jumbled stones. The ditch is revealed by the interrupted reflector close to the left border, while the 

chaotic assembly of hyperbolae to the right is indicative of the presence of many stones within a 

structure that could have originally been a well or a large storage pit. The profile in Figure 4.40 

shows a broad arc at about 27 ns depth. This feature is associated with positive polarity signals and 

can be interpreted as the ceiling of a tunnel in the bedrock. However, the bottom of the cavity, 

which should be revealed by a negative polarity reflection, is not easily detected on the reflection 

profile. Conversely, this inversion is evident along the trace at ~ 43 ns and is revealed by the 

presence of a doublet (which always includes a phase inversion, see Fig. 4.37). 
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Fig. 4.39. Unmigrated profile showing a ditch (yellow box) and a well filled by stones (red box). Data collected by a 

200MHz GSSI shielded antenna. 

 

 

Fig. 4.40. A tunnel in the bedrock. This is a migrated reflection profile. Data collected by a 200MHz GSSI shielded 

antenna. 

 

The profile in Fig. 4.41 shows other examples of arcuate echoes that can also be interpreted as 

tunnels dug in the bedrock, but this time the cavities are filled by wet soil. The corresponding 

ceiling anomalies can be observed at ~28 ns and are associated with negative polarity 

wavelets. In this area, the bedrock is a tuff formation and the soiltuff interface is 

characterized by an inverted polarity reflection, because the dielectric permittivity of the tuff 

is higher than that of the topsoil. However, the permittivity of tuff is lower than that of moist 

soil, thereby the ceiling of a wet soilfilled cavity will show an inverted polarity signal. In the 
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case of the right tunnel, it is also possible to observe the base of the cavity at 55 ns, 

corresponding to ~1.5 m. Given that the ceiling is found at ~80 cm, the cavity is most likely 

an ancient water conduit. Figure 4.41 also shows another example of scattering reflections, 

which are representative of a large pit filled by a mixture of materials. 

 

 

Fig. 4.41. A negative polarity around sample 204 and a positive polarity around sample 300 along the trace number 414 

are interpreted as the ceiling and bottom of a tunnel. Unmigrated reflection profile. Data collected by a 200MHz GSSI 

shielded antenna. 

 

The reflection profile in Figure 4.42 shows a structure having an slightly arcuate top surface and a 

flat bottom. A trace through the anomaly indicates that the top and bottom reflections have normal 

and inverted polarities, respectively, thereby this is a lowdielectric permittivity anomaly in the 

topsoil. On an amplitude map, the anomaly appears as a long narrow highamplitude stripe. The 

archaeological context suggests that this structure can be interpreted as a Roman road through the 

gardens of Hadrian’s villa (Ghezzi et al., 2019b). 

 

 

Fig. 4.42. Reflection profile collected by a 200MHz GSSI shielded antenna. 
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The reflection profile in Fig. 4.43 shows another example of Roman road, this time within a 

military camp. A comparison with the amplitude map in Fig. 4.44 suggests that the planar reflector 

highlighted in blue can be interpreted as a road. This is a good example of the fact that even the 

absence of reflectors in an amplitude slice may provide useful information, when this lack of echoes 

shows a regular geometry. In this example, the road is visible on the amplitude map as a linear 

region with very low amplitudes (Fig. 4.44), bounded by strong reflections due to the walls of 

structures that are most likely soldier barracks (Figs. 4.434.44). The trace in Fig. 4.43, across one 

of these walls, shows a negative polarity from the top at about 5 ns. This polarity inversion is due to 

the fact that the topsoil was very dry at the survey time, with the soil having dielectric permittivity 

less than the building material of the walls (limestone, see Table 4.1).  

 

 

Fig. 4.43. Data are collected by a 400 MHz GSSI antenna at Paleokaster (Albania) inside a Roman castrum in July 

2018. 

 

Figure 4.44 shows three unmigrated reflection profiles, which indicate the presence of structures 

that can be interpreted as walls (shown in light blue), along with a “bow–tie” feature produced by 

the edges of a canal (in green) and scattering reflections due to stones that have filled the channel 

after its burial (shown in red). A small part of this site (CF in Fig. 4.44) is occupied by the 

foundations of a Byzantine church that was built after the abandonment of the site by the Roman 

army. Therefore, this part was only partially investigated by GPR methods, but the collected data 

revealed the existence of a previous Roman structure underneath the church (Fig. 4.44). 
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Fig. 4.44. Amplitude map at 5060 cm depth in a Roman castrum (Paleokaster, Albania). Strong reflections are 

depicted in brown, while the absence of reflections is shown in blue. Reflection profiles (A), (B), and (C) show 

characteristic archaeological structures of this site. The arrows indicate the direction of the survey lines. CF and the 

black lines indicate the outcropping foundations of a Byzantine church. Profile (D) is shown in Fig. 4.43. Data collected 

by a 400 MHz GSSI antenna.  

 

The reflection profile in Fig. 4.45 shows a feature that can be interpreted as a wall (in the red box). 

The two black arrows indicate two sets of hyperbolae caused by reflections from the two edges. The 

wall was not perpendicular to the survey direction, thereby the anomaly appears wider than the real 

thickness of the wall. This profile also shows the presence of severe electromagnetic noise, 

probably due to the presence of a nearby mobile phone. 

 

 

Fig. 4.45. Anomaly associated with a wall that was crossed obliquely by the survey line (in the red box). This profile 

also shows noise from a nearby cellular phone or electric lines (e.g., in the yellow box). Data collected by a 400MHz 

GSSI antenna in the nave of the San Firmano Church (near Macerata, central Italy). 
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Although most of the antennas used in archaeological geophysics are shielded, a fraction of the 

emitted radiation can travel through the upper halfspace, or sides of the antenna box, hit neighbour 

obstacles (e.g., trees, cars, walls, etc), and be reflected back to the receiving antenna. In particular, 

when the survey is performed inside a building, it is easy to note in the reflection profiles air waves 

due to the neighboor walls, in particular the inside corners of walls. They are easily distinguished by 

the wide arms of half hyperbolae. Figure 4.46 shows an example of such air wave reflections; they 

can be confirmed by checking their indicated velocity with the fitting of an hyperbolic arc. In this 

profile, the large hyperbola arms are generated by the presence of columns in the nave of a church. 

 

 

Fig. 4.46. An example of air waves. Data collected by a 400MHz GSSI antenna in the nave of the San Firmano Church 

(Macerata, Italy). 
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Chapter 5 
 

A new approach to the integration of geophysical data 

in archaeological applications 

 

 

 

 

 

 

 

Magnetometry and GPR methods represent the most common geophysical techniques in 

archaeological applications. This is due to the ease of deployment and the possibility of exploring a 

large area quickly, as well as the availability of advanced software for data processing. 

Magnetometry and GPR methods produce, respectively, maps of magnetization of the underground 

and maps showing anomalous reflection amplitudes at some depth, associated with dielectric 

permittivity contrasts. An important benefit in the combined use of these two techniques is that 

often they give complementary information about the nature of the buried features. Magnetometry 

not only provides information about the materials that generated a particular magnetic feature but 

may also say something about the physical processes that generated NRM. For instance, firing is an 

important source of magnetic minerals and remanent magnetization (Kvamme, 2006), while the 

presence of enriched topsoils allows a detection of thin features associated with human activities. 

However, it does not generally allow detection of nonmagnetic structures, for example limestone 

walls, unless the soil itself is highly magnetic. On the other hand, GPR methods can produce two- 

and three-dimensional images of buried structures, including limestone and sandstone walls, but are 

hardly applicable in presence of wet soils or clay soils; in any case, GPR cannot detect thin features 

such as burnt soils, vineyard footprints, etc. It is rare that the anomalies produced by the two 

techniques overlap each other. In a broader context, geophysical data integration may involve other 

techniques in addition to magnetometry and GPR methods; these may include: electric resistivity, 

magnetic susceptibility surveys, and infrared photogrammetry by unmanned aerial vehicles (UAV). 

 

It is important to note that the integration of magnetic data with other geophysical data sets cannot 

be performed if the magnetic data consist of magnetic anomalies or vertical gradients of the total 

magnetic field. The reason is that magnetic anomalies and vertical gradients observed at any 

location close to the Earth’s surface do not represent distributions of physical properties in the 
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underground but are related in a very complex way to all the buried sources, at any depth, and with 

a lateral extent of several tens of meters, not only to sources just below the observation point. 

 

As mentioned in the Introduction, the main constituent of the approach proposed here to the 

integration of archaeo-geophysical data is represented by a new approach to the forward modelling 

of magnetic data, which allows to generate magnetization models of the underground. Fig. 5.1 

shows a graph with the different components required in this new approach. They are divided in 

two categories: parameters and constraints. The former category includes the input information to 

the modelling procedure, while the latter represents the constraints that are necessary for a correct 

interpretation of the resulting magnetization model. These constraints are also useful for eliminating 

alternative solutions that would generate equivalent anomalies. The aerial photogrammetry data, 

which are used to produce a digital elevation model (DEM) of the ground surface, belong to both 

categories. 

 

 

Fig. 5.1. Parameters and constraints of the forward modelling procedure. They are represented by green and blue 

ellipses, respectively. The green ellipses represent input data that are used to assign and set parameters of the forward 

modelling procedure, while the constraints include additional data sets that are useful for eliminating alternative 

solutions that would generate the same magnetic anomalies. The radially averaged power spectrum can be used as a 

constraint for assigning depths to the buried features but also to check the correctness of the procedure of reduction of 

the total field data to magnetic anomalies. The aerial photogrammetry data belong to both the categories, as discussed in 

the text. The red ellipses indicate the procedure principal flux. 
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In this chapter, I will illustrate a new procedure for the analysis and interpretation of archaeological 

magnetic anomalies, based on classical algorithms of forward modelling and the technique of error 

assessment discussed in the Chapter 3. The proposed methodology allows one to determine 

geometry, physical properties, and location of buried archaeological features, as well as the 

occurrence of fires or other historical events that may have affected the observed magnetic signal. 

The acquisition of total field data and their reduction to archaeological magnetic anomalies have 

been examined in Chapter 3. It is important to note that in this approach the calculation of magnetic 

anomalies from magnetic field intensity of the Earth's field data is accomplished according to a 

workflow that conserves the physical meaning of the magnetic anomalies and excluding any kind of 

data processing that may change the nature of the anomaly field. In particular, the magnetic 

anomalies are calculated subtracting a polynomial representation of the regional field on the basis of 

a rigorous criterion that separates archaeological anomalies from geological (crustal) contributions 

(see Chapter 3). The possibility of using magnetic data to obtain a physical characterization of the 

buried materials relies on the construction of magnetization models that separate the induced and 

remnant components from the observed total field intensities. To this purpose, it is important to 

reduce the magnetic intensity readings to anomalies that are a direct expression of the magnetic 

signal generated by the buried sources. Consequently, it is necessary to avoid any kind of 

processing (e.g., line levelling) that enhances visualization while sacrificing the physical meaning 

of the anomaly field, although some basic pre–processing procedures could be still necessary. In 

general, standard pre–processing consisting of despiking, dropout removal, and decorrugation can 

remove artefacts associated with the acquisition procedure without changing the physical properties 

of the field. 

 

 

5.1 Forward modelling of magnetic data 
 

 

In my approach to forward modelling, a magnetization model of the anomalous field sources is built 

step by step through a technique that requires repeated comparisons of the theoretical anomalies T 

calculated from the current magnetization model with the anomalies T  obtained by the observed 

magnetic field intensities. This is a trialanderror procedure that involves a sequence of changes to 

the distribution of magnetization to reduce progressively the current misfit between calculated and 

observed anomalies below the uncertainty level (Fig. 5.2). The main difficulty in this work is the 

fact that most anomalies have a complex shape that results from the superposition of two or more 

basic anomalies generated by neighbouring bodies. Therefore, it is often necessary to work with 
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several objects at the same time and change simultaneously their parameters at each step during the 

forward modelling, rather than proceed with one body at a time. In general, the first step in the 

definition of a new magnetized body is a guess about its geometry on the basis of the anomaly 

shape, while the burial depth is assigned by quantitative methods such as Euler deconvolution (Reid 

et al., 1990 ; Desvignes et al., 1999) or a radially averaged power spectrum analysis (see Chapter 3). 

 

 

Fig. 5.2. Flow chart of the different steps of a forward modelling procedure. TandT’ represents the theoretical and 

observed anomalies, respectively, while is the uncertainty. 

 

A new software tool was created in order to provide a framework for the workflow illustrated in 

Fig. 5.2 (Schettino and Ghezzi, 2017, 2020). This computer program, ArchaeoMag, is an MS 

Windows (v. 7,8,10) application designed to operate on UTM georeferenced grids of archaeological 

anomalies, although it can be also used in local (survey) coordinates. The program assumes that the 

anomalies have been determined through the correct application of Equation (3.26) or a similar 

method of total field data reduction. In other words, it assumes that the magnetic anomaly 

amplitudes reflect the true magnetization of the buried archaeological features. In typical 

applications, the user specifies an input grid of magnetic anomalies, a DEM grid that encloses the 

survey area, an uncertainty grid, a colour scale for the representation of the magnetic anomalies, and 

some ambient parameters. The latter include sensor height, the geomagnetic field parameters (F, D0, 

I0) at survey time, and the soil volume susceptibility 0 in SI units. The reference field declination, 
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D0, and inclination, I0, are used to calculate model anomalies starting from anomalous field vectors, 

while the field intensity, F, is used with the soil susceptibility and the susceptibility of the buried 

objects to determine the induced component of magnetization MI. This approach clearly requires a 

preliminary soil sampling and analysis through a magnetic susceptibility meter. Finally, the survey 

area parameters (corner coordinates and map resolution) are calculated automatically by the 

program after the specification of an input magnetic anomaly grid. The basic equations for the 

calculation of the theoretical anomaly, T, associated with an object with NRM vector MR and 

magnetic susceptibility  in an ambient field F = (X, Y, Z) read: 
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where F(r,M) is the anomalous field vector produced at position r by an object with total 

magnetization M. Equation (5.4) holds for F  F, which is always satisfied in archaeological 

applications. It says that the total field anomaly T approximately coincides with the projection of 

the anomalous field F onto the reference field axis, as illustrated in Fig. 5.3. 

 

Fig. 5.3. Geometrical relation between the reference field, F, the observed field, T, and the anomalous field F (from 

Blakely, 1996). 
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The software ArchaeoMag allows five basic classes of shapes (Fig. 5.4), corresponding to common 

archaeological features, and a composite structure: 1. spheres (magnetic dipoles), 2. rectangular 

prisms, 3. cylinders, 4. generic vertical prisms, and 5. stairways. For any object, the program allows 

one to specify the minimum and maximum burial depths, the magnetic susceptibility, , a cut-off 

distance beyond which the program does not calculate anomalies (for computing time 

optimization), and a remnant magnetization vector (MR, DR, IR). The calculation of the anomalous 

field F(r,M) is based on optimized versions of classical forward modelling algorithms (Blakely, 

1996). 

 

 

Fig. 5.4. Basic shapes allowed in ArchaeoMag for the definition of magnetized bodies. 

 

The modelling module of ArchaeoMag has three basic kinds of windows: observed anomaly 

(project) windows, forward modelling windows, and error windows (Fig. 5.5). 

 

 

Figure 5.5. Archaeomag basic windows. 
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Fig. 5.6. Four examples of archaeological anomalies that can only be modelled by sources with a significant component 

of remnant magnetization. The magnetic profiles show observed and model anomalies (black and green lines, 

respectively), and the error curve (observed – calculated, in red) along selected traces (white lines). The buried objects 

are indicated by black lines and white dots. Model parameters are listed in the object properties dialog boxes. A: A 

strong dipole anomaly whose peak exceeds 620 nT, most probably a furnace (Powell et al., 2002). B: A T–structure, 

probably representing a combination of a segment of a long and 2m large WNW–ESE oriented wall and a transversal 

smaller wall. C: A small cylindrical structure, 70 cm diameter by 20 cm height, characterized by a very anomalous 

inclination (I = –85°) of remnant magnetization. D: A composite anomaly, resulting from the superposition and 

coalescence of the anomalies associated with three distinct buildings. The upper profile refers to the black trace-oriented 

WSW–ENE. The parameters of the selected object (delimited by white dots) are listed in the dialog window. The 

northernmost feature has D = 30°, I = 5°, M = 1.8 A/m, while the western prism has D = 30° , I = 60°, M = 0.3 A/m. 

 

A project window displays observed anomalies, while a forward modelling window shows the 

anomalies calculated from the current magnetization model. Finally, error windows show the 

difference between observed and calculated anomalies (Fig. 5.5). In addition to these three 

windows, the user can choose to open one or more windows that display magnetic or topographic 
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profiles (Fig 5.6), or the uncertainty grid (if loaded). In particular, loading the uncertainty grid 

allows one to stop the forward modelling procedure of an anomaly when the fitting error falls below 

the local uncertainty. The modelling of any observed anomaly should start with the selection of an 

object type (dipole, rectangular prism, cylinder, etc.) and the creation of 1–2 magnetic profiles, as 

illustrated in Fig. 5.6. At this stage, it is possible to choose a reasonable burial depth, determined by 

the radially averaged power spectrum, or suggested by the available archaeological information. 

Even the magnetic susceptibility must be chosen by a guess about the material, as suggested by the 

local archaeology. Finally, it is possible to decide if a MR component is necessary, based on an 

accurate inspection of the anomaly amplitudes along the selected profiles, the relative amplitudes of 

the positive and negative peaks, and the 2–D shape of the anomaly field. The definition of new 

magnetized blocks, their deletion, or changes to the current parameters is done exclusively in the 

main project window. 

 

As mentioned above, in ArchaeoMag the physical parameters of the sources are specified by 

assigning the intensity and direction of the MR vectors and a magnetic susceptibility. MR represents 

the principal component of the total magnetization vector in most of the situations that can be 

studied by magnetic methods. For example, limestone walls with negligible magnetic susceptibility 

and embedded in a normal soil with susceptibility around 30010
6

 SI acquire an induced 

magnetization MI = F/0 = 0.01 A/m, which will produce an anomaly with maximum amplitude 

of less than 3 nT when the burial depth is 0.5 m. In these conditions, only fired structures, pottery, 

kilns, etc. can be detected by magnetic methods. However, in the unusual case of very magnetic soil 

with susceptibility 0 = 3000  10
-6

 SI, the same walls would produce an anomaly with a negative 

peak below 25 nT. In general, the observation of anomalies generated by induced magnetization 

requires one or more among the following conditions: 1. A strong susceptibility contrast with the 

surrounding soil; 2. a random arrangement of  MR components (e.g., a random orientation of 

magnetite grain spins in a paramagnetic matrix, a random build–up of bricks, etc.); 3. a low 

Koenigsberger ratio Q = MR/MI, and 4. the absence of nearby objects with a significant MR 

component. The most common archaeological feature with strong induced magnetization and 

associated highamplitude anomalies is represented by historical iron artefacts (Bevan, 2002). In 

normal soil conditions, remnant magnetization produces highamplitude anomalies when the 

materials have high Koenigsberger ratio or, more often, when the archaeological structures are fired 

materials (e.g., bricks) or materials that have been fired at a later time during historical or natural 

events. When the modelling of an anomaly requires a MR component, the declination and 
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inclination of the MR are chosen on the basis of the strike of the symmetry axis of the anomaly (Fig. 

5.7) and taking into account of the relative amplitudes of the positive and negative peaks (Fig. 5.8). 

 

Fig.5.7. Effect of declination. A wall (black rectangle) has TRM inclination I = 55° and MR = 1 A/m. It is assumed that 

the ambient field has intensity F = 46483 nT, declination D0 = 0°, inclination I0 = 55° and that the sensor height is 0.3 m 

above a flat terrain. In this example, the susceptibility contrast is zero. 
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Fig. 5.8. Effect of inclination. A wall (white rectangle) has TRM declination D = 0° and MR = 1 A/m. It is assumed that 

the ambient field has intensity F = 46483 nT, declination D0 = 0°, inclination I0 = 55° and that the sensor height is 0.3 m 

above a flat terrain. In this example, the susceptibility contrast is zero. The profiles show model anomalies along the N-

S traces indicated in the upper panel (dashed lines).  

 

It is good practice to start the modelling of a magnetic source by generating several profiles through 

the corresponding anomaly and having different strikes. Then, the investigator will choose initial 

shape and magnetization parameters of one or more objects that are assumed to represent 

adequately the source. At each subsequent step, the profiles show observed and calculated 

anomalies along the profile traces, an error curve (observed minus theoretical anomaly values), and 

an uncertainty band (Fig. 5.9) that in principle should envelop the error curves at the end of the 

procedure. As mentioned above, an investigator reduces the error curve within the uncertainty limits 

by an interactive trial–and–error procedure that modifies repeatedly the magnetization model. At 

each iteration, the magnetization parameters and eventually shape and size of the objects that 

compose the source are adjusted to progressively minimize the mismatch between the model and 

observed anomalies along the profiles. It is important to note that the final magnetization model is 

not necessarily what we could find by direct excavation, because of the intrinsic ambiguity of 

potential field data. However, the available archaeological information can provide important 

constraints, thereby allowing a realistic reconstruction of the buried settlement. In the example of 

Fig. 5.9 (a small portion of a 3
rd

 century Roman fortress in southern Albania), the existence of 

several blocks with significant MR, which contribute to the formation of a complex anomaly, is 

suggested by the sequence of relative maxima and minima with amplitudes of several tens nT along 

any profile. 
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Fig. 5.9. A stage in the forward modelling of a complex anomaly, resulting from the superposition of several basic 

anomalies generated by rectangular prisms. The left window shows calculated anomalies, while the observed data are 

displayed in the background window to the right. The magnetized blocks are shown as empty rectangles with a black 

boundary. Five profiles have been traced to check the quality of the fit along several directions. The blue and black 

curves show calculated and observed anomalies, respectively, while the red line shows the error curve. The grey band is 

the local uncertainty. Profile AA shows a very good fit, with only a small portion out of the uncertainty, while profiles 

BB, DD, and EE still require some work (data from Paleokastër, southern Albania). 

 

Most of these blocks have been modelled with a MR declination of 330°, while the remaining 

declination values are in the relatively narrow range between 330° and 10°. The MR inclinations 

seem to fall either between 25° and 35° or between 65° and 75°. All these archaeomagnetic 

directions are not compatible with the palaeosecular variations (PSV) curve of Tema and 

Kondopoulou (2011) for the Balkan area. Consequently, the magnetized materials are not in place 

and it is reasonable to assume that the magnetization is generated by an assemblage of bricks 

(Bevan, 1994).  

 

 

5.2 Integration of Magnetic and GPR Data 
 

 

In the previous chapters, I have discussed procedures for the creation of magnetic anomaly and 

GPR amplitude maps, starting from the observed data. In this section, I will focus on the integration 

between the resulting structural patterns of buried archaeological features. To illustrate the 

procedure, I will present real data obtained from magnetic and radar prospections performed at a 

Roman fortified military camp located in southern Albania, close to the modern village of 
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Paleokastër. This site is on a low promontory of alluvial deposits that formed at the confluence of 

the Drino and Kardhiq rivers. The Quaternary sedimentary succession is almost exclusively made 

up of medium- and coarse-grained materials (sand and gravel). The lowermost part of the 

stratigraphic succession (below 2 m depth) is characterized by well-cemented pebble- to cobble-

sized conglomerates, probably associated with the outermost edge of an ancient alluvial fan 

connected to the Kardhiq river. The fortress was built in the early fourth century and shortly 

afterwards it was destroyed during the gothic incursion of 378 AD. During the fifth and sixth 

centuries it was converted into a small Byzantine civilian settlement. 

 

Magnetic and GPR surveys were carried out in Summer 2018 to delineate the arrangement of buried 

structures and reconstruct the archaeological history of the settlement. Magnetic data were collected 

in gradiometer configuration using a Geometrics G–858 caesium-vapor magnetometer and the 

lower sensor readings were reduced to archaeological magnetic anomalies through the procedures 

described in Chapter 3. Figures 5.105.12 show the resulting maps of the vertical gradient, total 

field anomalies, and uncertainty, respectively. A spectral analysis of the magnetic anomalies was 

also performed to check that the procedure of reduction of total field data to magnetic anomalies 

had effectively removed deep non–archaeological sources, as well as to determine the average depth 

to the source ensambles (Fig. 5.13). The GPR surveys were carried out using a GSSI SIR-4000 

system equipped with a 400 MHz central-frequency antenna. Basic GPR data processing was 

performed following the procedures illustrated in Chapter 4 and included: Dewow, timezero 

assignment, bandpass filtering, and migration. A synthetic 8 ns thickness amplitude slice was 

produced, which shows the depth interval that included most of the Roman structures (Fig. 5.14). 

This level is located between 8 and 16 ns in most of the survey areas. 

 

A quick visual comparison between the different maps obtained with magnetic and GPR methods 

display little spatial correlation of the features. The vertical gradient map displays a prevalence of 

strong amplitudes in the northern part (Fig. 5.10). A squared structure composed by four small 

rooms, which is interpreted as the praetorium, can be observed in the central position. All the 

Roman structures (barracks, etc.) have a NE-SW orientation, while the outcropping remains of a 

later Byzantine church display a more ENEWSW orientation. Finally, a set of small rooms can be 

observed along the NW edge of the fortress, close to the walls. 
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Fig. 5.10. Vertical gradient map from the Roman fortified military camp of Paleokastër. Structure P is interpreted as the 

praetorium, structures B could be barracks, C is a Byzantine church. The black box bounds the location of the area 

considerated in the forward modelling procedure. 

 

The magnetic anomaly map of Fig. 5.11 cannot be easily interpreted in terms of archaeological 

structures, but confirms the general NESW alignment of the Roman structures. In particular, the 

presence of a praetorium is not evident, and the small squared structures along the NW edge of the 

fortress are not easily detected on this map. However, this map also shows strong negative 

anomalies in correspondence of the Byzantine church. Several assemblages of dipolar sources are 

visible in the northern sector and the whole fortress area shows the presence of large patches with 

strong positive anomalies, which could be generated by collapsed roof tiles. Finally, the via 
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praetoria is revealed by the long narrow negative anomaly that links the main (SW) entrance to the 

castrum with the praetorium.  

 

 

Fig. 5.11. Magnetic anomaly map from the Roman fortified military camp of Paleokastër. R are positive anomalies 

associated with collapsed roofs, E is the main entrance to the castrum, V is the via principalis. 

 

The uncertainty associated with the magnetic anomalies of Fig. 5.11 is shown in Fig. 5.12. This 

quantity reaches values up to 15 nT in the northern area (where the vertical gradient reaches its 

highest values) and has negligible values elsewhere. As discussed above, the uncertainty map will 

play an important role during the forward modelling procedure. 
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Fig. 5.12. Uncertainty map. 

 

The radially averaged power spectrum of the magnetic anomalies in Fig. 5.11 is illustrated in Fig. 

5.13. This plot shows that the procedure for the reduction of total field data to magnetic anomalies 

has most likely removed all the nonarchaeological sources, because the deepest ensemble has a top 

at ~3.68m, compatible with archaeological structures of preRoman age. The other three statistical 

ensembles, at ~0.80m, 0.53m and ~0.25m, are presumably related to the Roman settlement and the 

successive Byzantine village. Unfortunately the plot of Fig. 5.13 does not allow a determination of 

the bottom depth to the deepest sources, because of the lack of a peak (Schettino et al., 2019).  
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Fig. 5.13. Radially averaged power spectrum of the magnetic anomaly field. 

 

Let us consider now the results of the GPR survey. The amplitude slice map in Fig 5.14 reveals the 

presence of Roman structures at about 8-16 ns, corresponding to 0.5 - 0.9 m depth. It clearly shows 

the presence of anomalies that can be interpreted as wall foundations. The presence of two parallel 

lateral roads in NESW direction is indirectly suggested by the pattern of barrack walls (Fig. 5.14) 

and by the lack of reflections along their path. An interesting feature of this map is that it reveals the 

presence of a structure having Roman alignment beneath the Byzantine church. Notwithstanding, 

there is no evidence of a praetorium in this map. 

 

A comparison between the maps in Figs. 5.10 (vertical gradient of the total field), 5.11 (magnetic 

anomalies), and 5.14 (GPR reflection amplitudes) shows that each of them enhances some features 

and conceals other structures depending from the nature of the buried objects. Therefore, the 

integration between different data sources is mandatory to create a complete representation of the 

underground. For example, vertical gradient anomalies are mostly associated with shallow 

structures and have little displacement with respect to the sources. Conversely, magnetic anomalies 

are displaced with respect to the sources and are useful mainly when remnant magnetization is 

dominant (fired structures, kilns, workshops, fireplaces, brick walls, etc.). In the case of purely 

induced magnetization in building materials (e.g., limestone walls), a detection of the buried 
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features through an analysis of magnetic anomalies generally requires the presence of soils with 

elevated magnetic susceptibility. Finally, detection of small or thin features could be problematic on 

GPR time slices, especially in presence of complex geological background, and requires special 

processing techniques (e.g., Conyers, 2016). 

 

 

Fig. 5.14. GPR amplitude map for the Roman fortified military camp of Paleokastër. This slice has 8 ns TWTT 

thickness and encompasses the depth interval between 50 and 90 cm. White arrows indicate main roads. 

 

Fig. 5.15 illustrates the source of one of the major difficulties that are encountered in the spatial 

correlation of GPR amplitude maps with magnetic data. In general, magnetic and vertical gradient 

anomalies associated with buried features include both a positive and a negative component, but 
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these two parts of the anomaly are not necessarily associated with positive and negative values, 

respectively, because of the superposition of the combined magnetic signal generated by nearby 

objects. This is illustrated in Fig. 5.15, which shows the horizontal displacement of the positive and 

negative components resulting from the addition of a linearly decreasing negative anomaly. This 

phenomenon prevents a direct correlation between magnetic data and amplitude anomalies detected 

on GPR time slices. 

 

 

Fig. 5.15. Effect of the superposition of a long wavelength signal (brown line) to a dipolar magnetic anomaly (black 

line). The resulting anomaly has a displaced distribution of the positive and negative components (green line).   

 

The crosssections in Fig. 5.16 illustrate, with an example from the Paleokastër archaeological site, 

some of the issues that arise during the correlation between GPR and magnetic data. The magnetic 

profiles show that the buried structures are made of limestone, thereby the magnetization is mostly 

induced and determined by the strong contrast of susceptibility between the limestone blocks (  

0) and the soil (  210010
6

 SI). Consequently, the corresponding anomalies should display a 

principal negative component to the South and a secondary positive component to the North. 

However, the profiles in Fig. 5.16 show that positive and negative values associated with these 

components are strongly displaced, to the point that the middle wall is associated exclusively with 

negative anomalies, while the third negative peak of vertical gradient has been almost entirely 

obliterated in the corresponding profile. These observations lead us to state that the correct 

integration of magnetic and GPR data should rely on the preliminary construction of magnetization 

models of the buried structures, which should have a shape and location comparable with the GPR 

amplitude anomalies. 
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Fig. 5.16. Correlation between profiles of reflection amplitudes along a time slice (top), vertical gradients (middle), 

magnetic anomalies (bottom). The radar profile shows the presence of three walls along the same trace. The profile 

location is indicated in yellow on the amplitude map (left panel). Red and light blue indicate the positive and negative 

values of gradient and magnetic anomalies associated with the walls in the reflection profile. 

 

Below I will describe the technique of integration through examples from the archaeological site of 

Paleokastër. In particular, I will focus on a small 2113 m area characterized by elevated 

amplitudes of the magnetic anomalies and well defined structures on the GPR amplitude map (Figs. 

5.10, 5.11, 5.12, and 5.14). The construction of a magnetization model through ArchaeoMag 

requires the preliminary definition of a DEM for the survey area and a knowledge of the 

magnetization parameters of the ground. 

 

A DEM of the Paleokastër archaeological site was built starting from data collected by an 

unmanned vehicle (UAV) according to the structure from motion technique. The aerial 

photogrammetry survey was performed using a DJI Mavic 2 Enterprise Dual N1869, equipped with 

an FC2403 camera. Owing to the autonomy of the drone, a single photogrammetric flight was 

planned to cover the entire area flying at 50 m altitude and at ~5 m/s speed. The survey produced 

369 images that were acquired with a nadir view. The camera was set to its maximum resolution (12 

Mpx) and had a focal length of 4.5 mm (Table 5.1). With these parameters, the ground sample 

distance (GSD) was 0.0171 m/pix. Before starting the flight, 8 targets (6060 cm plastic cross 

template) were used as ground control points (GCPs) during the image processing. Due to the lack 

of terrestrial networks in southern Albania, the GPS coordinates of the GCPs were taken using an 

ublox GPS receiver with <1 m accuracy. 
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Fig. 5.17. Orthophotos of the Paleokaster fortress area. The yellow dots indicate locations used as GCPs for aerial 

photogrammetry. Three test excavations, performed in September 2019 after our survey, are also visible. 

 

Table 5.1. Camera setting parameters. 

Camera model Resolution Focal length Pixel size Precalibrated 

FC2403 40563040 4.5 mm 1.6m No 

 

 

Finally, the software Agisoft Metashape was used to generate both the orthophoto shown in Fig. 

5.17 and a DEM with resolution of 0.0342 m/pixel (Fig. 5.18). The latter was input to ArchaeoMag 

during the forward modelling procedure. 
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Fig. 5.18. DEM of the Paleokaster fortress area. Countour lines are spaced 0.20 m. 

 

Regarding the susceptibility parameters of the soil, following the results of our July 2018 survey, 

archaeologists excavated three small areas in September 2019 (Fig. 5.17). Three soil cores were 

acquired in these trenches, with the objective of measuring the magnetic susceptibility of the soil 

(Fig. 5.19). The cores were drilled using a manual soil sampler, which allowed to conserve the 

original  soil density. Volume, weight, and depth of the cores was measured directly in the field. 

The volume susceptibility of the samples, was measured in the paleomagnetic laboratory of 

ISMAR–CNR of Bologna using a Bartington MS2 susceptibility meter. These values are listed in 

Tab. 5.2. Due to the fact that the susceptibility meter provides a measurement of susceptibility, L, 

for a specimen having known volume (8 cc) but arbitrary density L (depending from the quantity 
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of soil that is used to fill the specimen box),the measurements were reduced to the real volume 

susceptibilityby the following equation: 

L

L


  


 (5.1) 

 

where  is the original soil density.  

 

 

Fig. 5.19. Sampling locations in the area close to the Byzantine church. 

 

Table 5.2. Susceptibility data from the Paleokaster archaeological site. 

Sample H[m] W[kg] V[m3]  [kg m-3] LAT LON z [m] L
 WL [kg] L [kg m-3]  

PK3-01 0.110 0.305 2.34E-04 1306 4446351 423179 0.30 1323 0.00935 1169 1477 

PK3-02 0.150 0.554 3.19E-04 1739 4446349 423186 0.45 1656 0.01055 1319 2183 

PK3-05 0.165 0.584 3.50E-04 1667 4446345 423182 0.50 1456 0.00964 1205 2013 

H, W, V, z, and  are height, weight, volume, depth, and density of the sampled core, respectively. 

L, WL, and L, are volume susceptibility, weight, and density of the standard specimen measured in laboratory, respectively. 

is the volume susceptibility of the soil in SI units. 
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The values of susceptibility listed in Tab. 5.2 show that is significantly lower for sample PK301, 

while the remaining two susceptibilities are comparable. It is likely that such a discrepancy arises 

from the shallow depth of this sample, which is embedded in recent lowdensity topsoil. Since the 

Roman structures are located between ~0.5 and 0.9 m depth, a representative value 2100  10
6

 

SI was chosen for the soil that encapsulates the Roman structures.  

 

The procedure of data integration started with the construction of a vector model of the structures 

identified on the GPR amplitude map of Fig. 5.14. These structures were digitized as rectangular 

prisms and then imported in ArchaeoMag. The reference field vector F was set according to the 

IGRF model on 10 July 2018 at Paleokaster: F = 46483 nT, D0 = 4.24°, I0 = 56.83°. As discussed 

above, an average volume susceptibility 2100  10
6

 SI was attributed to the soil. The magnetic 

sensor height was set to 30 cm. A preliminary assignment of depth and thickness to the prisms 

identified on the GPR amplitude map was performed after an analysis of several GPR profiles. Most 

of these features were representative of limestone walls with negligible magnetic susceptibility and 

no NRM, not easily detectable on the magnetic anomaly map. Their net magnetization was 

calculated as follows: M = ()F = 0.07768 A/m with a direction D = 184.24°, I = 56.83° 

(opposite with respect to the present day reference field). At the next step, I defined additional 

blocks with NRM in the small test area where strong magnetic anomalies are observed (Fig. 5.20). 

 

 

Fig. 5.20. Calculated (left) and observed (right) magnetic anomalies. Magnetized blocks with NRM are bounded by 

dotted lines in the left panel, while stone walls with purely induced magnetization are bounded by black or white solid 

lines. Four profiles have been traced (in white) to check the quality of fit along four directions. 
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During the subsequent trial and error procedure, geometry and NRM of the prisms was adjusted at 

each step to fit the calculated anomalies to the observed values within the uncertainty limits. It can 

be observed in the left panel of Fig. 5.20 that many prisms were necessary to match observed and 

calculated anomalies. Their depth and thickness was established on the basis of an analysis of 

reflection profiles. These blocks fall in two groups: walls with negligible magnetization and flat thin 

rectangular slabs having a nonzero NRM. An example of this kind of analysis is shown in Fig. 

5.21. This profile indicates the presence of five main walls (see Chapter 4), the first two of them 

being located within the test area, and two slabs bounded by strong reflections in vertical direction 

and by walls in horizontal direction. From the magnetic point of view, these slabs are further 

divided in smaller blocks on the basis of their direction and intensity of NRM. 

 

 
Fig. 5.21. GPR profile C-C' of Fig. 5.14. Red arrows indicate the location of the main walls (also visible on the GPR 

amplitude map of Fig. 5.14). The top and bottom reflections of the first of them are shown on the left trace. The 

presence of two slabs is marked by red boxes. The top and bottom reflections of the rightmost slab is shown on the right 

trace. 

 

A statistical analysis of the NRM directions of the slabs identified in the test area (Fig. 5.20) shows 

that they are scattered rather randomly in an equal area plot (Fig. 5.22), although four preferred 

directions can be observed: 30°, 60°, 180°, and 220°. However, none of these directions is 

compatible with the curve of paleosecular variation of the Earth’s magnetic field for the Balkan 

region during the last 2kyrs (Tema & Kondopoulou, 2011). Consequently, even if the NRM has 

been acquired after fire events, the spatial orientation of the material must have changed since the 

time of acquisition of a remnant magnetization. Alternatively, the strong magnetic anomalies 

observed in the test area could be originated by slabs formed by accumulation of fired tiles after 

collapse of the roof inside the room. The latter interpretation has been confirmed by the subsequent 

excavations, which revealed the presence of a 30 cm thick layer of roof tile remnants (Fig. 5.23). 
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Fig. 5.22. Equal area projection of NRM directions assigned to the prisms defined during the forward modelling of the 

test area. The white triangle represents an NRM direction in the southern emisphere. 

 

 

Fig 5.23. Image of the archaeological excavation performed close to the Byzantine church. A layer of broken roof tiles 

is clearly visible. 

 

The quality of the fit between observed and calculated anomalies in the test area (Fig. 5.20) can be 

better appreciated through the four magnetic anomaly profiles shown in Fig. 5.24. The elevated 

magnitude of the magnetic anomalies in these profiles is compatible with the presence of fired 

material (e.g., fired clay, fired limestone tiles, fired roof tiles). As discussed above, the origin of this 

signal is a layer of collapsed roof tiles. 
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Fig. 5.24. Fit between observed and calculated magnetic anomalies along the four traces shown in Fig. 5.20. The green 

and black curves show calculated and observed anomalies, respectively, while the red line shows the error curve. The 

grey band is the local uncertainty. 

 

Correlation charts between vertical gradients, magnetic anomalies, magnetization model, and 

reflection profiles along the traces A-A', B-B', and C-C' of Fig. 5.14 are illustrated in Figs. 5.25, 

5.26, and 5.27, respectively. These plots show that the structures detected on the GPR amplitude 

maps represent only a partial set of the whole archaeological record. Similarly, the magnetic data 

are not always able to reveal the presence of structures that lack a significant NRM component and 

in any case the corresponding magnetization models need the support of radar profile analysis to 

reduce the intrinsic ambiguity of potential field modelling. Therefore, it is only the integration of 

these data sets that can provide a realistic representation of the buried structures. 
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Fig. 5.25. Correlation of vertical gradient and magnetic anomalies with the magnetization model and the GPR profile 

along the trace A-A' in Fig 5.14. The first 10 m of the profiles are external to the test area. Light blue and brown blocks 

indicate walls and floor slabs, respectively, defined in the forward modelling procedure. The depth of the prisms was set 

according to the method explained in the text, based on the analysis of reflection profiles.  

 

The slabs identified in Fig. 5.25, which are distinct on the basis of their direction and intensity of 

total magnetization, are located just below the profile. However, it is important to note that the 

observed anomalies shown in the profiles result from the superposition of the signal generated by 

these sources with the contributions of nearby blocks. In principle, the contribution of the nearby 

blocks could be even dominant with respect to the contribution of the blocks positioned just below 

the trace, depending from their intensity of magnetization. Consequently, in Figs. 5.265.27 a prism 
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could be displayed between two successive walls even in the case that the corresponding trace does 

not cross a slab. 

 

 

Fig. 5.26. Correlation of vertical gradient and magnetic anomalies with the magnetization model and the GPR profile 

along the trace B-B' in Fig 5.14. Light blue and brown blocks indicate walls and floor slabs, respectively, defined in the 

forward modelling procedure. The depth of the prisms was set according to the method explained in the text, based on 

the analysis of reflection profiles. Green and black plots show calculated and observed anomalies, respectively. 
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Fig. 5.27. Correlation of vertical gradient and magnetic anomalies with the magnetization model and the GPR profile 

along the trace C-C' in Fig 5.14. Light blue and brown blocks indicate walls and floor slabs, respectively, defined in the 

forward modelling procedure. The depth of the prisms was set according to the method explained in the text, based on 

the analysis of reflection profiles. Green and black plots show calculated and observed anomalies, respectively. 

 

In the next chapter, I will apply the techniques presented in this chapter to the study of a complex 

archaeological and geological context. 
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Chapter 6 
 

A Case Study: The Hadrian’s Villa Tunnel Network 
 

 

 

 

 

 

Hadrian’s Villa is an ancient Roman archaeological site, built over an ignimbritic tuff characterized 

by abundant iron oxides, strong remnant magnetization, and elevated magnetic susceptibility. These 

properties account for the highamplitude magnetic anomalies observed in this site and were used 

as a primary tool to detect deep archaeological features consisting of airfilled and soilfilled 

cavities in the tuff. An integrated magnetic, paleomagnetic, radar, and electric resistivity survey was 

performed in the Plutonium–Inferi sector of Hadrian’s Villa to outline a segment of the 

underground system of tunnels that link different zones of the villa. A preliminary paleomagnetic 

analysis of the bedrock and a highresolution topographic survey by aerial photogrammetry 

allowed computerassisted modelling of the observed magnetic anomalies with respect to the 

archaeological sources. The intrinsic ambiguity of this procedure was reduced through the analysis 

of ground penetrating radar and electric resistivity profiles, while a comprehensive picture of the 

buried archaeological features was built by integration of the magnetization model with radar 

amplitude maps. The final subsurface model of the Plutonium–Inferi complex shows that the 

observed anomalies are mostly due to the presence of tunnels, skylights and a system of ditches 

excavated in the tuff. 

 

 

6.1 Archaeological Background 
 

 

Hadrian’s Villa is a UNESCO World Heritage site near Rome (Fig. 6.1). It was built starting from 

117118 A.D. as one of the residences of the Roman Emperor Hadrian. Its location was chosen for 

its scenery proximity to Rome, and the presence of four aqueducts that continue to Rome. The 

archaeological structures of this large villa include many monumental buildings and an important 

underground network of tunnels that was created to link different parts of the complex and, 

possibly, for the transport of supplies (Ricotti, 1973). Nowadays only a small part of this network 

can be travelled by nonspeleologists. 
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Fig. 6.1. Hadrian’s Villa Archaeological Site. 

 

The first systematic description of Hadrian’s Villa was prepared by Pirro Ligorio in the 16th 

century. Ligorio was the first to draw a complete map of the site and to attempt an identification of 

the function of specific features in the villa by assigning names to its various parts. One century 

later, Contini drew a more accurate map of the system of tunnels that run beneath the villa; this was 

based on the earlier study by Ligorio (Contini,1668). His map was accepted without substantial 

modifications by all the following draughtsmen, including Piranesi (Ricotti, 1973 and references 

therein). However, an important contribution to the characterization of the architectural elements of 

the villa was provided at the beginning of the 19th century by (Penna, 1836), who accurately 

described and recorded both exposed structures and the accessible subterranean features (already 

mapped by earlier authors). More recently, an accurate topographic survey of the network of tunnels 

was performed by (Ricotti, 1973) (Fig. 6.2), who divided the underground features into four 

categories according to their function. The first category includes brick–dressed cryptoportica and 

ambulacra. The second category comprises underground tunnels for both pedestrians and carts, 

occasionally interrupted by openair segments. The third category includes underground pedestrian 

passages linking different buildings of the villa, smaller in size than those of the former category. 

Finally, the last category consists of a heterogeneous set of basements and underground rooms with 

different purposes. The buildings in the InferiPlutonium area have been generally understood as 

related to the belief of an afterlife existence and the cult of death (Colvin, 1992). According to this 

hypothesis, that dates back to the first explorations by Pirro Ligorio, the Inferi, a large ditch dug in 

the tuff, would represent the River Styx and the entrance to the Underworld, while the Plutonium 

would be a temple devoted to Pluto, king of the Underworld. 
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Fig. 6.2. Hadrian’s Villa general plan (modified from Ricotti,1973). PIC = PlutoniumInferi complex; A = Accademia. 

 

 

6.2 Geological Setting 
 

 

Hadrian’s Villa lies over the Quaternary Colli Albani volcanic district, a ~600 ka to present 

undersaturated Krich magmatic province that is part of the ~250 km long periThyrrhenian 

volcanic belt (Funiciello et al, 2003). The geological framework of this site consists of a complex 

volcanosedimentary succession made of ignimbrite sheets interposed with ashfall deposits and 

lava flows (Giordano et al, 2006). Irregularity in geometry and thickness, as well as lateral facies 

variations and heterogeneous alteration of the stratigraphic units, are related to the paleotopographic 

control on the transport and depositional mechanisms of the volcanic products. The outcropping 

lithology at Hadrian’s Villa consists of the Pozzolanelle ignimbrite, the upper depositional unit of 

the Villa Senni eruption unit, which represents the youngest (355 ka) mafic calderaforming 

eruption of the Colli Albani (Soligo et al, 2010, Vinkler et al, 2012). The Pozzolanelle unit is a 

chaotic, ignimbritic tuff deposit, ranging in thickness from < 2 to 40 m, characterized by an ash 

matrixsupport texture with abundant phenocrystals (leucite, clinopyroxene, and biotite), 

holocrystalline xenoliths, and reddish vesicular scoria clasts (Watkins et al, 2002) (Fig. 6.3). 

 

The magnetic properties of the Colli Albani volcanic district have been extensively investigated 

during the last two decades (e.g., Porreca, et al., 2003). These rocks have a relevant magnetic 

susceptibility, , ranging between 440010
6

 and 3240010
6

 SI units, with an average value of 
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1430010
6

 SI units (Porreca et al, 2003). The NRM of the Villa Senni unit is a single component 

TRM acquired in a short time interval during the cooling of the pyroclastic flow (Trolese et al, 

2017). The magnetization intensity of the upper part of this unit varies between 14.710
2

 and 4.9 A 

m
1

, while the mean paleomagnetic direction of the most stable component was found to be D = 

357.4°, I = 62.3° (k = 23.6, 95 = 3.5°) (Trolese et al, 2017). 

 

 
Fig. 6.3. Stratigraphic section of the substratum of Hadrian’s Villa. The picture was taken along the Via Tiburtina close 

to the highway entrance to Tivoli. 

 

 

6.3 Previous Geophysical Investigations at Hadrian’s Villa 
 

 

Geophysical methods are widely used in archaeological research since at least the 1950s (Gaffney, 

2008). Despite the paramount archaeological importance of Hadrian’s Villa, there are few published 

geophysical investigations at this site. Franceschini and Marras (De Franceschini & Marras, 2010) 

applied for the first time electric resistivity methods to reconstruct the layout of the subterranean 

tunnels in the area of the Accademia (Fig. 6.2). Their results substantially confirmed the map of 

Piranesi for this sector of the villa. A ground penetrating radar (GPR) survey of the area around the 



167 

 

 

 

PlutoniumInferi complex (Fig. 6.1) was undertaken in 2016 by a team of the British School at 

Rome (Hay, 2016) to facilitate successive excavations in the context of a joint project of the 

universities of Oxford and Pavia (Gorrini et al, 2018). The radar survey was performed using a 400 

MHz antenna, which did not allow sufficient penetration for investigating the system of tunnels that 

had been dug in the tuff units underlying the Plutonium–Inferi area. The maximum penetration 

depth of this study was ~100 cm, thereby the resulting amplitude maps only showed archaeological 

features buried in the topsoil, and not the cavities in the underlying rock formation. To date, the 

most used geophysical technique at Hadrian’s Villa has probably been the laser scanner (an 

interesting example can be found in (Verdiani, 2017). Finally, it is worth mentioning the 

sophisticated surveying techniques (probes and robots) used in recent years by the Sotterranei di 

Roma, which explored a segment of the underground road system known as the “Strada Carrabile” 

(Placidi & Fresi, 2010). 

 

In this chapter, I describe the combined application of magnetic, GPR, and electric resistivity 

techniques to the reconstruction of a segment of the Hadrian’s Villa underground tunnel network in 

the InferiPlutonium area (Fig. 6.4). 

 

 
Fig. 6.4. Tunnels in the Plutonium–Inferi complex. 
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6.4 Rationale for Magnetic Field Modelling in the PlutoniumInferi Area 
 

 

The mission to Hadrian’s Villa had the objective of detecting cavities in the tuff units by combining 

different data sources, obtained from electric resistivity, magnetometry, GPR, paleomagnetism, and 

aerial photogrammetry. The strong magnetic susceptibility and NRM of the tuff units on which 

Hadrian’s Villa was built has amplified the contrast of the buried structures and the cavities in the 

substratum, so that the corresponding magnetic anomalies reach amplitudes up to ~2200 nT. In a 

sense, the bedrock geology of this site is a unique example of a natural “amplifier” of magnetic 

anomalies associated with archaeological features. Consequently, my team and I used the magnetic 

data set as the primary source for reconstructing the layout of the tunnel network by using a 

technique of forward modelling, but the results were constrained by the other sources of data 

according to the procedures described in the previous chapters. 

 

This new approach to collecting, processing, and modelling magnetic data at archaeological sites 

has been described in previous chapters. Such a procedure requires a precise digital elevation model 

(DEM) of the survey area and a knowledge of the magnetization parameters of the ground. In most 

cases, a measure of the average magnetic susceptibility of the soil is sufficient to set up a 

magnetization model, but in special conditions like those encountered at Hadrian’s Villa it is also 

necessary to know the NRM and susceptibility of the bedrock just below the soil layer, because 

some of the structures were dug directly in the tuff. In this study, a DEM for the InferiPlutonium 

area was created using aerial photogrammetry techniques, while the magnetic parameters of the 

ground were obtained through a paleomagnetic study of the Pozzolanelle unit and soil susceptibility 

measurements. Although a mean paleomagnetic direction and NRM was available for the whole 

Villa Senni unit (Trolese et al, 2017), the variability of magnetization intensity suggested an 

independent determination of these parameters for the Hadrian’s Villa area. 

 

In the next sections, I first discuss the various techniques used for the data acquisition and 

processing, then I show how the different sources of data were integrated in order to reconstruct the 

topology of the tunnel network underneath the PlutoniumInferi area. The results of this study 

confirmed the presence of tunnels whose existence was already known, but also revealed the 

existence of additional underground tunnels and of a system of ditches dug at the top of the tuff, 

which probably served as irrigation channels. 
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6.5 GPR Data Acquisition and Processing 
 

 

GPR data were acquired using a GSSI SIR 4000 system equipped with a 200 MHz antenna, which 

in principle should have allowed sufficient penetration for investigating the system of tunnels that 

had been dug in the tuff units underlying the Plutonium–Inferi complex. However, the soil of this 

area includes abundant clays that formed by weathering of the volcanic substratum. In moist 

conditions, these clays display strong electric conductivity and attenuation, thereby the maximum 

depth of penetration did not generally exceed 2.5 m. GPR data were acquired using the following 

basic parameters: 

 

• Survey mode = Distance mode (with odometer) 

• Scans/m = 50 

• Samples/scan = 1024 

• Range  = 300 ns 

• Bits/sample = 32 

• Line spacing = 0.5 m 

• Antenna = GSSI 5106, 200 MHz, shielded antenna  

 

 
Fig. 6.5. GPR system used to investigate the area and arrangement of operators. 

 

To improve the coupling with the ground, the survey lines were travelled using three operators, one 

at the console and two who drove the large 5106 antenna along the tracklines (Fig. 6.5). Other 

people were responsible for the setup of the survey geometry, for the GPS positioning, and for the 
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deployment of metric tapes. A local reference frame was established, in order to combine GPR data 

coming from different areas. The survey region was divided in 13 areas (Fig. 6.6) of variable 

geometry. The survey lines were travelled in zig–zag mode and the local coordinates of the end 

points were recorded by an operator directly in the field. A set of 25 reference points was 

established, with assigned local coordinates (i,i) and known geographic coordinates (xi,yi) 

obtained by GPS measurements, performed by a Leica 1200 system with 1 cm accuracy, and 

expressed in the UTM 33 reference frame. A computer algorithm then calculated the best–fitting 

rigid transformation from local coordinates to UTM by weighted least squares minimization of 

corner location errors relative to the measured GPS locations. The best–fitting orientation of the 

local reference frame relative to the UTM datum is illustrated in Fig. 6.6, along with the GPS 

reference points. The misfit between the reference point locations and the best–fitting UTM 

coordinates resulted to be less than 0.56 m. 

 

 
Fig. 6.6. System of 25 GPS points used to define the local reference frame (yellow and blue dots) and GPR survey areas 

(red lines). The direction of the survey lines is indicated by the white arrows. The coordinate axes (x,y) show the best–

fitting reference frame through the assigned GPS points. The blue dots indicate locations used as control points for 

aerial photogrammetry. 

 

Processing of GPR data was performed using the software listed in Table 6.1. The data underwent 

the following basic processing steps: 1. Automatic gain control, 2. Timezero correction, 3. Band 
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pass filtering (~100 – 300 MHz), 4. Background removal, 5. Kirchhoff migration, 6. Creation of 

amplitude slices, 7. Normalization, 8. Equalization, and 9. Knitting. To perform the data migration, 

reliable hyperbolae were searched and fit for each area. Then, laterally homogeneous velocity 

models were built subdividing the substratum into horizontal layers, different for each part of the 

site. The average velocity, <v>, and relative dielectric permittivity, <>, of each area of Fig. 6.6 are 

listed in Table 6.2. These parameters were calculated over a reference twoway travel time (TWTT) 

interval T = 100 ns starting from the pairs (Tk,vk) provided by the velocity analysis, Tk and vk being 

the TWTT to the bottom of layer k and the corresponding velocity through the same layer. 

 

Table 6.1.  Software used in data processing 

Software Author/Company Usage 

GPR Viewer 1.8.5 J. E. Lucius & L. B. Conyers Analysis of GPR profiles 

GPR Slice v7 Geophysical Archaeometry Laboratory 
Basic processing of GPR data and 

generation of amplitude slices 

Magmap 2000 v. 5.04 Geometrics Magnetic data preprocessing 

Oasis Montaj 8.3 Geosoft 
Magnetic and GPR amplitude grid 

processing 

Res2Dinv 3.54 Geotomo Software Electric resistivity inversion 

Photoscan 1.4.5 Agisoft Aerial photogrammetry 

Thopos 2018 Studio Tecnico Guerra Aerial photogrammetry 

MatLab R2017 MathWorks 
Polynomial regression of magnetic 

field intensity data 

ArchaeoMag 2.5 A. Schettino & A. Ghezzi Forward modelling of magnetic data 

 

They are given, respectively, by: 

 

 1

1
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   (6.2) 

 

where c = 30 cm ns
1

 is the speed of light. 

 

 Table 6.2.  Average velocity (in cm ns
1

) and dielectric constant of the 13 areas of Fig 6.6 

 01 02 03 04 05 06 07 08 09 10 11 12 13 

<v> 6.7 9.3 6.6 5.6 8.2 5.0 7.3 4.4 6.3 6.5 7.0 6.7 7.0 

<> 20.1 10.5 20.7 28.5 13.4 35.7 17.1 45.8 22.4 21.5 18.3 19.8 18.4 
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The GPR surveys were performed in a time interval of two years and in different environmental 

conditions. Consequently, strong lateral variations in average dielectric permittivity resulted for the 

13 areas (see Table 6.2), depending in large part on changes in the water content of the soil and the 

underlying tuff. At the next step, ~30 cm thick amplitude slices were generated for all the 13 areas, 

with a 50% overlap between successive slices. Such thickness was a compromise, taking into 

account the minimum range resolution resulting from velocity analysis, z  vmax/(4fc) = 17.4 cm (fc 

= central frequency), and the necessity of enhancing structures with significant thickness, more 

relevant for the objectives of this research. From this data set, four meaningful time slices were 

chosen, which were representative of shallow, intermediate, and deep-burial depths. These slice 

grids were assigned local coordinates in the survey reference frame (Fig. 6.6), according to their 

relative position in the mosaic of areas, and normalized to reduce amplitude differences associated 

with diverse conditions of the ground, as well as with the different gains applied to the raw data (see 

Chapter 4).  

 

 

6.6 Magnetic Field Intensity Acquisition and Processing 
 

 

Total field magnetic intensities were collected using a Geometrics G–858 caesium vapor 

magnetometer. The whole survey area was divided in 10 rectangles having different dimensions, 

which were assembled at the end of the processing in the UTM 33N reference frame (Fig. 6.7). 

 

 
Fig. 6.7. Area covered by the magnetic survey (white boxes). 
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The magnetic data were acquired at 10 Hz frequency (corresponding to an average 11 cm distance 

between successive readings) along survey lines equally spaced 0.5 m and in one direction using 5 

m spaced markers to reduce navigation errors. All the total field measurements were performed in 

solar–quiet conditions, with Kp index not exceeding 2 and the data underwent standard pre–

processing consisting into despiking and decorrugation procedures. 

 

The total field data of each area were decorrugated and combined into a mosaic through an 

equalization and knitting procedure that ensured continuity along the edges of adjacent areas 

(Ghezzi et al, 2018) using the software listed in Table 6.1. The magnetic field intensity grid 

obtained by this procedure was used to create a magnetic anomaly grid according to the method 

developed by (Schettino et al., 2019). In particular, the magnetic anomalies T were calculated by 

subtraction of a 3
th

 degree polynomial (Eq. 3.26). The uncertainty  associated with the magnetic 

anomaly field was calculated by Eq. (3.28). On the basis of the field conditions, a maximum 

positioning error P = 0.15 m was estimated, while the regression uncertainty resulted to be 0 = 

5.29 nT. 

 

6.7 Paleomagnetic Acquisition & Processing 
 

 

Thirteen cores were sampled from the Pozzolanelle unit by using a portable drill. The cores were 

oriented using a magnetic compass. The sampling was supplemented by soil specimens of the 

substratum in the survey area. The measurements were carried out in the paleomagnetic laboratory 

of ISMARCNR in Bologna. The NRM of the tuff was acquired by these rocks at the time of their 

deposition and cooling. Therefore, it is an expression of the Earth’s magnetic field direction at that 

time. The induced magnetization of the tuff and soil units depends on their magnetic susceptibility 

and is directed as the Earth’s magnetic field at the time of the survey in the PlutoniumInferi area. 

Both the tuff NRM and the magnetic susceptibility of the tuff and soil units represent fundamental 

quantities that will be used in the subsequent magnetic field modelling procedure. In order to obtain 

the characteristic remnant magnetization (ChRM) of the rock unit, a stepwise alternating field (AF) 

demagnetization process was applied to the collected samples. The bulk volume susceptibility  

was measured using a Bartington MS2 susceptibility meter and the results were used to calculate 

the induced magnetization. Finally, a Mössbauer spectroscopy technique was applied to determine 

the magnetic minerals that are responsible for the tuff remnant and induced magnetization 

components, as discussed in Chapter 3. 
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6.8 Electric Resistivity Acquisition and Processing 
 

 

Electrical resistivity data were acquired using a Geopulse Tigre 128 resistivity meter, as an 

auxiliary technique having the objective of assessing the existence of structures that had already 

been detected on the basis of magnetic or GPR methods. The acquisition parameters were set to 

optimize input current, shape of the current signal input, number of averaged potential readings, and 

sampling time. This instrument is able to automatically cancel the spontaneous potentials that are 

generated in the ground and that, in the case of small drops in potential during the measurements, 

would have been one of the major sources of noise. Before carrying out the measurements, a control 

test was carried out on the value of the contact resistance between the electrodes and the ground, 

accepting a resistance value lower than 2000 Ω. Ten resistivity acquisitions were performed using 

32 electrode spreads. Eight 2D geoelectric profiles out of ten were created using a Wenner 

geometry and 1 m minimum electrode separation, while the remaining two profiles were acquired 

using a dipoledipole configuration with 2 m electrode separation. The former array is more 

sensitive to vertical changes in subsurface resistivity below the center of the array and less sensitive 

to horizontal changes in the subsurface resistivity. The advantage is that a smaller amount of 

acquisitions is necessary to build a pseudosection and a more precise determination of the depth to 

voids can be accomplished with this technique (Furman, Ferré, and Warrick, 2003). In addition, 

Wenner arrays display a higher S/N ratio, while initial tests showed that the dipoledipole 

configuration did not provide a significantly better detail in the resistivity field maps. For each 

profile, the repetition time interval of the square sampling wave was set to 2.8 s, while the number 

of averaged readings for the estimate of the resistivity was set to 4. The resulting data set was 

processed using the software listed in Table 6.1, and a search criterion based on the minimum data 

heterogeneity (Loke & Barker, 1995). In the initial preinversion step, the data quality of each 

electric resistivity profile were analyzed through a test inversion, and displayed the resulting root 

mean square (rms) errors. The subsequent inversion step adopted a strategy based on a 10% 

increase in the thickness of the layers as the depth increased. 

 

 

6.9 Aerial Photogrammetry 
 

 

As discussed in the previous chapter, building a magnetization model of a buried settlement through 

forward modelling techniques requires a precise DEM of the area where the magnetic data have 

been collected. An unmanned aerial vehicle (UAV) photogrammetry was used to create a DEM of 
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the PlutoniumInferi complex (Fig. 6.8) according to the Structure from Motion technique. The 

UAV was a DJI Phantom 4 equipped with an RGB visible light camera (1/2.3” CMOS, 12.35 M 

effective pixels, 12.71 M total pixels, lens FOV 78.8° 26 mm f/2.2, distortion < 1.5%, focus from 

0.5 m to ∞), flying at 40 m altitude at ~4 m/s speed. A GPS supported by a regional network was 

used for georeferencing a set of ground control points and setting the scale in the aerial 

photogrammetric survey. The bareEarth extraction from the DSM was accomplished using the 

software listed in Table 6.1 and a point cloud segmentation and classification algorithm. The final 

DEM covered an area of 30230 m
2
 with a pixel size of 0.0456  0.0456 m

2
. 

 

 
Fig. 6.8. DEM of the study area (PlutoniumInferi complex), based on aerial photogrammetry. Contour lines are spaced 

0.25 m. 
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Fig. 6.9. GPR amplitude maps for the depth intervals : (a) 45–74 cm (1220 ns); (b) 120–146 cm (3341 ns); (c) 162–

187 cm (4755 ns); (d) 238 – 262 cm (7280 ns). The interpretation of strong reflection amplitudes in terms of 

archaeological features is discussed in the text. 

 

 

6.10 Results 
 

 

Four GPR amplitude slices were compiled, corresponding to the intervals: 45–74 cm, 120–146 cm, 

162–187 cm, and 238–262 cm. They are shown in Fig. 6.9. In these maps, the presence of reflectors 

is indicated by brown colours while their absence is shown in green or blue. The colour intensity is 

always proportional to the corresponding reflection amplitude. However, it is worth noting that the 

nature of the reflectors cannot be established by the mere visual inspection of these depth slices. It 
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can be only determined after an analysis of individual radar profiles. The interpretation of amplitude 

slices is complicated by the fact that structures (and associated reflectors) that are inclined with 

respect to the Earth surface may be subdivided between different slices and slightly displaced with 

respect to each other. Excluding long reflectors associated with the contact between stratigraphic 

units, in general strong localized reflections are produced by: 1. cavities, 2. water–saturated soil, 3. 

walls and other building remains, 4. modern public utilities, and 5. modern artifacts (Conyers, 

2018). However, significant reflections may also be locally associated with partial decoupling of the 

antenna (for example, as a consequence of a ground surface irregularity), scatterers (e.g., stones), 

and nearby metals (e.g., fences). All the radar profiles in the data sets 01 through 13 (Fig. 6.6) were 

analyzed individually to give a precise characterization of the sources of each relevant feature 

detected on the amplitude slices. 

 

An interesting feature of the 4574 cm depth slice (Fig. 6.9a) is represented by linear regions 

characterized by the lack of reflections. An analysis of reflection profiles through these regions 

shows that they correspond to ditches excavated into the tuff layer according to the conceptual 

model shown at the bottom of Fig. 6.9a. This interpretation is in agreement with the 120146 cm 

slice (Fig. 6.9b), which shows the base of the ditches as linear reflectors. Both the 4574 cm and 

120146 cm amplitude slices show the presence of few structures that can be interpreted as walls or 

roads, but a complete analysis of these shallow features goes beyond the scope of this paper. The 

next 162187 cm and 238262 cm depth slices (Fig. 6.9cd) show the first evidence of structures 

that can be interpreted as tunnels and skylights. This interpretation will be discussed in the next 

section. 

 

Fig. 6.10a shows the magnetic anomalies observed in the Plutonium–Inferi area. These anomalies 

have very strong intensity and are mostly due to airfilled and soilfilled cavities within the highly 

magnetized bedrock. In particular, the strong circular negative anomalies visible in the map are the 

magnetic expression of the buried skylights observed on the GPR amplitude slices (Fig. 6.9cd), 

while the narrow linear negative anomalies reveal the presence of the ditches excavated in the tuff 

layer (Fig. 6.9ab). Differently from the maps in Fig. 6.9, the unique visual evidence of tunnels in 

the magnetic anomalies consists into a narrow 20 m stripe of negative amplitudes aligned with the 

sequence of skylights (Fig. 6.10a). It is likely that this tunnel segment runs at shallower depth. 
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Fig. 6.10. (a) The magnetic anomaly map of the Plutonium-Inferi complex; (b) Uncertainty grid. 

 

The uncertainty associated with the observed anomalies is shown in Fig. 6.10b. This map shows 

that the highest uncertainty values are found where the magnitude of the anomalies exceeds 1000 

nT. An estimate of the uncertainty associated with the total field observations is necessary for the 

modelling of the magnetic sources (see below) to avoid overfitting of magnetic anomalies that have 

been calculated on the basis of a magnetization model to anomalies that are associated with 

observed total field intensities at a level of accuracy exceeding the actual uncertainty. 

 

A radially averaged power spectrum (Spector & Grant, 1970) of the magnetic anomaly grid was 

also generated, with the primary objective of checking that the ensemble with the highest slope had 

a depth compatible with the maximum expected depths of the archaeological features (Schettino et 

al., 2019; Ghezzi et al, 2018; Spector & Grant, 1970). However, this kind of analysis also provides 

a quantitative estimate of the average depths associated with the statistical ensembles that constitute 

the magnetic sources, which will be used in the subsequent procedure of forward modelling. The 

radially averaged power spectrum of Fig. 6.11 shows the existence of four ensembles at different 

depths, which are in perfect agreement with the observed archaeological features in the 

PlutoniumInferi area. The deepest set of sources can be found at depths exceeding 2.6 m and is 

most probably due to the presence of tunnels, while ditches dug at the surface of the tuff could be 

represented by the ensemble at ~1 m (Fig. 6.11). Finally, walls and other remains of archaeological 

features that are present at shallower depths (< 0.5 m) are represented by the two ensembles at 0.42 

m and 0.26 m (Fig. 6.11). 
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Fig. 6.11. Radially averaged power spectrum of the magnetic anomalies in Fig. 6.10a. 

 

Let us consider now the results of the Mössbauer spectroscopy analysis. The absorption spectrum of 

the Pozzolanelle ignimbrite is shown in Fig. 6.12. The fit to these data is dominated by three strong 

paramagnetic doublets, but also includes a broad central singlet indicative of the presence of small 

grains of superparamagnetic iron oxides above their blocking temperature. Finally, the observed 

spectrum shows four weaker ferromagnetic sextets. 

 

 

Fig. 6.12. Room temperature 
57

Fe Mössbauer spectrum of a Pozzolanelle unit specimen. Dots are 

original data points, black line is the best fitting envelope of the eight spectral components. 
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The Mössbauer parameters of the doublets are characteristic of Fe
+3

 or Fe
+2

 in octahedral 

coordination, as it is often observed in the spectrum of biotites, but much more likely arise from the 

presence of superparamagnetic iron oxyhydroxides such as goethite or ferrihydrite, which are 

common alteration products in volcanic rocks. These components account for 64% of the spectral 

area, while another 13% is represented by the superparamagnetic iron oxides. The remaining four 

ferromagnetic components suggest the presence of maghemite (9%), nonstoichiometric magnetite 

(7%), and possibly superparamagnetic hematite just below the blocking temperature (8%). 

Although the interpretation of the latter component is only a tenable hypothesis, it is supported by 

the large amount of hematite visible on the sample (see Fig. 6.3) and by a preliminary Xray 

diffraction analysis performed on the specimen. 

 

 
Fig. 6.13. (a) AF demagnetization plot; (b) Paleomagnetic directions (red dots) with resulting mean (green dot). 

 

The paleomagnetic laboratory analysis performed on 13 sampled cores showed that the 

Pozzolanelle ignimbrite exhibits a single component of magnetization with only a minor viscous 

magnetization easily removed after 5 mT of AF field (Fig. 6.13a). The results listed in Table 6.3 

show that these rocks have strong NRM and a relevant induced magnetization, in agreement with 

the results of Mössbauer spectroscopy. From these data, we obtain an average volume magnetic 

susceptibility  = 18126.9210
6

 SI units. Therefore, assuming a reference field vector F with 

intensity F = 46,489.2 nT and direction (D0 = 3.14°, I0 = 58.16°) on Feb 9th 2018 at 41.937567° N, 

12.779273° E, it results a mean induced magnetization MI = (/0)F = 0.67 A m
–1

. The average 

NRM intensity is MR = 4.82 A m
–1

 (13 specimens mean) with a mean direction: (D = 4.1°, I = 

72.8°) (10 samples average), the statistical parameters k and 95 being respectively: k =141.3 and 
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α95 = 4.1° (Fig. 6.13b). This result is statistically compatible with a previous study (Trolese et al, 

2017). Taking into account of the rapid deposition and cooling of the pyroclastic flow, this 

paleomagnetic direction can be considered as representative of the geomagnetic field at the time of 

deposition of the Pozzolanelle unit. 

 

Table 6.3.  Results of palaeomagnetic analysis 

Sample Id. DPCA  [°deg] IPCA [°deg] MAD [°deg] NRM [A m
–1

]  [10
–6

] Q

VA4 346.72 74.31 0.88 4.58 18820 6.98 

VA5 2.63 71.10 1.06 4.71 19170 7.05 

VA6aI 27.87 71.73 0.77 4.81 18720 7.38 

VA6aII 38.54 73.77 0.98 5.05 18850 7.68 

VA7aI 347.26 68.20 0.68 4.95 17140 8.29 

VA7aII 353.76 65.32 0.48 5.30 19410 7.83 

VA7aIII 19.76 73.96 0.62 4.84 18360 7.56 

VA8 339.25 70.30 1.29 5.00 18250 7.86 

VA9aII 16.47 74.10 0.63 5.65 18240 8.88 

VA9aI 2.97 76.88 1.10 4.24 14980 8.12 

VA1    4.07 14800 7.90 

VA2    5.04 22290 6.49 

VA3 29.59 70.48  4.42 16620 7.63 

DPCA, IPCA = NRM declination and inclination from principal components analysis 

MAD = Maximum angular deviation from mean 

Q = Koenigsberger ratio 

 

Let us consider now the results of the electric resistivity survey. A series of ten profiles was 

measured with the objective of assessing the existence of features that had already detected by 

magnetic or GPR methods. Their location in key sectors for the reconstruction of the tunnel network 

around the PlutoniumInferi area is shown in Fig. 6.14. The data processing consisted in the 

inversion of the observed apparent resistivities accompanied by a severe reduction of side effects. In 

general, the sensitivity function of the Wenner array was used to weight the data on the basis of 

their uncertainty, which is higher at the edges. The results illustrated in Figs. 6.156.16 generally 

show the presence of strong resistivity contrasts, sometimes associated with sharp resistivity 

gradients. The moderately high absolute resistivities suggest that probable cavities in the subsoil 

could be partially filled with sediment. All the profiles show a predominant layer with resistivity 

values of the order of tens of Ω m (on average 5070 Ω m), which can be attributed to the tuff 

underlying an heterogeneous anthropogenic soil of variable thickness not exceeding 0.5 m. 
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Fig. 6.14. Resistivity profiles deployed in the PlutoniumInferi area. The background images show magnetic anomalies 

and the GPR amplitude slice at 238–262 cm. White circles are open skylights of the main tunnel across Area 1. 

 

Four resistivity profiles acquired in Area 1 (P0.2, P1.1, P1.2, and P1.3) (Fig. 6.14) show the 

presence of a high resistivity body (> 150 Ω m) characterized by strong contrast with respect to the 

surrounding regions. In particular, profile P1.1 shows a noticeable resistivity anomaly, interpreted 

as a skylight, which is aligned with two nearby open skylights of the Strada Carrabile, one of which 

is shown in Fig. 6.4. This observation allows us to infer that moderately high values of resistivity 

can be correctly attributed to the presence of tunnels and skylights partially filled by soil. Therefore, 

all the high resistivity regions in resistivity profiles of Fig. 6.15 are interpreted as filled cavities. 

Similarly, the resistive body observed in profile P2.1 (Fig. 6.16), which is also aligned with the 

main tunnel, is interpreted a skylight cavity above this tunnel. 
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Fig. 6.15. Resistivity profiles in Areas 1 and 6. Their location is shown in Fig. 6.14. 

 

Conversely, profile P2.2 (Fig. 6.16) shows a different situation, characterized by the presence of a 

low resistivity subhorizontal layer ( < 20 Ω m) and strong resistivity gradients, whose base 

deepens from shallow depths down to about 3 m and can be associated with a wet detritus deposited 

on an erosional morphology of the tuff bank, possibly associated with a bench terrace. All the 

remaining profiles of Fig. 6.16 show prominent resistivity anomalies (> 120 Ω m) that can be 

interpreted as tunnels. However, in the case of profile P2.3 we have no independent data that can 

confirm the existence of a tunnel, except that a tunnel near this location and with a compatible 
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orientation is included in one of the original Piranesi’s maps as a diverticulum of the Grande 

Trapezio (Piranesi & Piranesi, 1781). Therefore, further studies will be necessary to confirm the 

existence of a tunnel in this area. 

 

 

Fig. 6.16. Resistivity profiles in Areas 2, 6, M21, 8, and 10. Their location is shown in Fig. 6.14. 
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Similarly, the resistivity data of profile P0.1 (Fig. 6.15) show a welllocalized anomaly (> 130 Ω 

m) at a depth of over 3 m and placed in the central part of the profile, which can be interpreted as a 

tunnel. This anomaly could be related to that of profile P2.3 and be representative of the same 

structure. However, also in this case we have no other data source that can confirm this hypothesis, 

because the penetration depth attained by our radar survey did not exceed ~2.5 m. Finally, two 

resistivity profiles (P3.1 and P3.2, Fig. 6.16) were deployed in areas 8 and 10 (Fig. 6.14) to support 

the detection of tunnels by GPR methods in this part of the PlutoniumInferi Complex. In the case 

of the P3.1 profile, the results show two distinct resistivity anomalies (> 170 Ω m) centered around 

13 m and 21 m), well distinct from the less resistive context that can be associated with the tuff 

basement, which are observed starting from a depth of around 2 m. They support the hypothesis of a 

couple of parallel tunnels running in ENEWSW direction towards the Plutonium. A third 

moderately high resistivity anomaly can be observed close to the left edge of P3.1 (~7 m), which is 

compatible with the existence of a narrow conduit. The resistivity data in profile P3.2 (Fig. 6.16) 

show shallow moderately resistive material (> 50 Ω m) overlying a more conductive surficial 

anthropogenic layer (< 25 Ω m) and a pronounced horizontal resistivity anomaly with maximum 

values at depths greater than 2 m. The high resistivity region can be apparently separated in two 

parts, centered respectively at 12 m and 23 m, which could be interpreted as the continuation of the 

tunnels detected on profile P3.1. 

 

 

6.11 Discussion 

 

 

Quantitative modelling of the observed magnetic anomalies was performed with the primary 

objective of assigning precise locations to tunnels and ditches in the PlutoniumInferi area of 

Hadrian’s Villa. As mentioned above, Hadrian’s Villa lies on a substratum composed by an 

ignimbrite tuff massive deposit with very high magnetic susceptibility  and strong NRM. In this 

area, the tuff is also covered by a layer, ~0.3 to 1 m thick, of very magnetic soil with susceptibility 

0 = 950010
–6

 SI units. The magnetization model shown in Fig. 6.17 does not include most of the 

archaeological features buried in this topsoil layer, thereby the fit between calculated and observed 

anomalies is rather coarse, although it explains the highamplitude anomalies observed in this area. 

These two layers were modelled as slabs underneath the whole area at depths of 0.55 m and 00.5 

m respectively. Empty tunnels and skylights in the tuff were modelled by rectangular prisms and 
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cylinders, respectively, embedded in the tuff unit and with opposite magnetization parameters: MR = 

4.82 A m
1

, D = 4.1°, I = 72.8°,  = 18127 10
–6

 SI units. Similarly, to create a model of 

soilfilled ditches carved in the tuff and soilfilled tunnels, vertical prisms were defined that 

overlapped the tuff layer with opposite NRM and susceptibility  = 0 1812710
–6

 SI units = 

862710
–6

 SI units. 

 
Fig. 6.17. Magnetization model (yellow lines with tickmarks) of the tunnels, skylights, and ditches detected in the 

Plutonium-Inferi area on a shaded magnetic anomaly map. 

 

The integration of the different data sources presented in the previous section furnished a realistic 

layout of the tunnel network beneath the PlutoniumInferi area. I used a computerassisted 

procedure of forward modelling to generate a magnetization model that explained the observed 
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anomalies in the western portion of the complex. An example of the accuracy of the magnetization 

model in Fig. 6.17 in explaining the observed anomalies is illustrated in Fig. 6.18. 

 

 

Fig. 6.18. Magnetic profiles across the ditches, skylights, and the main tunnel of areas M15, M16, and M18 of Fig. 6.7 

(shapes bounded by black lines). The two profiles show observed and calculated anomalies as black and blue lines, 

respectively, while the grey area shows the local uncertainty. 

 

The very good fit between observed and theoretical anomalies in the two profiles suggests that the 

voids and soilfilled structures in the tuff are responsible for most of the magnetic signal in this 

area, while the walls and other artifacts embedded in the topsoil account only for a minor 

contribution to the observed data. The magnetization distribution shown in Fig. 6.17 was 

constrained and complemented by GPR and electric resistivity data to overcome the intrinsic 

ambiguity of potential field data modelling. A meaningful example of the data integration procedure 

is illustrated in Fig. 6.19, which shows a correlation between the three data sources. The GPR 

profile of Fig. 6.19 shows a large hyperbola at 7 m offset, generated by a metallic lid covering a 

skylight (Ricotti, 1973). The presence of a large tunnel flanking the Inferi (Fig. 6.2) is confirmed by 

the clear resistivity anomaly recorded by the resistivity P1.1 profile (also evident in the other 

profiles parallel to it, Fig. 6.15). Although the magnitude of the high resistivity values in this 

resistivity profile is not elevated, the direct field evidence of the presence of a large tunnel at ~2.5 m 

depth in this area, also indicated by two open skylights, implies that the moderately high resistivity 

contrast is associated with the presence of cavities partially filled by sediment. Profile P1.1 also 

shows shallow low resistivity regions (in blue), which are well correlated to interrupted radar 

reflections of the soiltuff interface detected on the GPR profile, which are interpreted as ditches 
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carved at the top of the tuff. Finally, the GPR profile of Fig. 6.19 also shows the bottom of a 180 cm 

high void space (2032 ns) above the soil that partially fills the tunnel. 

 

 
Fig. 6.19. Correlation chart between magnetic, radar, and resistivity data showing ditches, skylights, and the main 

tunnel in areas M15, M16, and M18 of Fig. 6.7. From top to bottom: magnetic profile along the trace AA of Fig. 6.18, 

conceptual magnetization model, radar profile, and projected electric resistivity profile. C = cover wavelet; V = void top 

wavelet; B = void bottom wavelet. The yellow line indicates the location of the A-scan to the right of the GPR profile. 

The black line sealing the void in the conceptual model represents a metallic cover of the skylight. 

 

The magnetization model in Figs. 6.18 and 6.19 does not necessarily provide a complete 

representation of the underground structures. For example, some resistivity and GPR profiles 

parallel to the one shown in Fig. 6.19 suggest the presence of a narrow tunnel below the irregular 

ditch running parallel to the Plutonium (e.g., profile P0.2, Fig. 6.15). Further surveys would be 

necessary to confirm the existence of such a deep structure. Instead, the pattern of ditches illustrated 

in Fig. 6.18 provides a very good representation of the system of irrigation ducts and planting pits 

described by (Jashemski & Ricotti, 1992) and indicates the presence of a garden surrounding the 

Plutonium. 
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Most of the radar profiles acquired in areas 113 (Fig. 6.6) are shown in the Appendix (Fig. S1 and 

Tables S1 through S13). To accomplish a reliable interpretation of these profiles, I also considered 

the polarity of the relevant reflected wavelets. In all cases, the soiltuff interface was characterized 

by an inverted polarity of the reflection (with respect to the emitted pulse, i.e., when the first 

dominant peak has positive amplitude), indicating that the dielectric permittivity of the tuff was 

higher than that of the topsoil. All the human artefacts embedded in the topsoil are interpreted as 

Roman walls or pathways, apart from a few modern pipes that were placed in the 1970s when the 

site was occupied by a camping area. The latter can be easily recognized as hyperbolae with 

inverted polarity, for example in Area 1 (profiles 69104, Table S1), Area 2 (profiles 141, Table 

S2), Area 10 (profiles 155, Table S10), and Area 12 (profiles 2325, Table S12). All the skylights 

detected on GPR profiles (as well as the three open skylights of the investigated area) have a 

diameter of 2 m and start at the soiltuff interface. One of them, in Area 1 (profiles 3739, Table 

S1), is very shallow and has been covered by a metallic lid in recent times (Ricotti, 1973) as 

revealed by the strong reflection hyperbola with inverted polarity of Fig. 6.19. Conversely, a ~1.4 m 

deep skylight in Area 2 (profile 58, Table S2), has most probably a void space just below the soil 

layer, revealed by a normal polarity hyperbola (Fig. 6.20). 

 

 
Fig. 6.20. resistivity and GPR evidence of skylights in areas 2 and 12 of Fig. 6.6. 
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This interpretation is in agreement with the location of the high resistivity region observed in 

resistivity profile P2.1 (Fig. 6.16). All the remaining buried skylights and wells detected in the 

PlutoniumInferi area have been filled in modern times by debris and stones (profiles 3540, 

4549, and 52, Table S10; profiles 13, Table S11; profiles 1921 and 7280, Table S12) and the 

soil above them appears reworked (see e.g., profile 36, Table S10). The tunnel crossing areas M15, 

M16, and M18 (Fig. 6.17) corresponds to the main Strada Carrabile (Placidi & Fresi, 2010) (see 

Fig. 6.2). This important 5 m large underground pathway continues in SSE direction towards areas 

M20M22, where it probably reaches a shallower depth generating a strong linear negative 

magnetic anomaly, clearly visible along the skylights alignment (Fig. 6.17). Beyond the modern 

fence that surronds the archaeological park, the Strada Carrabile is linked southwards to a large 

foursided system of tunnels known as the “Grande Trapezio” (Fig. 6.2) (Ricotti, 1973). Fig. 6.20 

shows three radar profiles and resistivity profile P2.1 (Fig. 6.16), which indirectly support the 

magnetization pattern associated with such tunnel. In this instance, the resistivity and GPR evidence 

of a tunnel is only indirect, as it is given by the alignment of skylights, not by the detection of voids. 

With the exception of those identified in Area 10 (see below), all the tunnels are at a depth 

exceeding 2.5 m, beyond the penetration range of this survey. 

 

The radar profiles acquired in areas 113 (Tables S1 through S13) show evidence of several ditches 

dug in the tuff, which have been included in the magnetization model of Fig. 6.17. They are 

revealed by an interruption of the soiltuff interface and the downward displaced reflector (with 

inverted polarity) of their base. Most of these ditches are ~1 m large and reach a depth of ~70 cm in 

the tuff layer (Table S1), but some larger structures are also present. It is likely that part of the 

narrow ditches once had lead water pipes. For example, profile 68 of Area 1 (Table S1) shows a 

prominent hyperbola with inverted polarity at the base of a ditch at offset x = 16 m, which is 

compatible with the recent discovery of a fistula aquaria (Gorrini et al, 2018). The set of open 

structures excavated in the tuff also includes a 3.5 m large and 70 cm deep pool across areas 11 and 

12 (Fig. 6.6), which is cut diagonally by the radar profiles. It is especially evident on profiles 68 of 

Area 12 (see Table S12). Profile 8 also shows a structure that can be interpreted as an intermediate 

step for the access to the pool. It is likely that the base of this structure was coated by reflective 

material, because it appears interrupted at some locations. Another important narrow ditch structure 

has circular shape, ~38 m diameter, and is clearly visible on the magnetic anomaly map of Fig. 

6.17. It is not easily detected on GPR profiles, because it is flanked by a circular wall that was 

recently excavated by the mission of the Oxford and Pavia universities (Gorrini et al, 2018) (Fig. 

S2). However, the presence of this ditch can be observed on many profiles of Area 3 (Table S3) and 
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on profiles 4143 of Area 4 (Table S4). Finally, no ditch can be observed in Area 13, where the 

soiltuff interface deepens and falls below the penetration range of this survey. 

 

 
Fig. 6.21. GPR evidence of a stairway entrance to the main tunnel. The existence of two retaining walls is evident on 

five radar profiles, which also show steps or a ramp at increasing depth. The stairway location is indicated by the 

parallel red lines on the background 162–187 cm GPR amplitude slice (Fig. 6.9c).  

 

The analysis of GPR and resistivity profiles also revealed the existence of features not visible on 

magnetic maps, either because they were located outside the areas of acquisition of total field data 

or because of their low magnetization contrast with respect to the surrounding material. A first 

important finding along the Strada Carrabile was the identification of an entrance to this tunnel on a 

series of successive radar profiles (Fig. 6.21). The profiles in Fig. 6.21 (Table S12, profiles 6468) 

show clear evidence of two retaining walls flanking a downgoing, 1.7 m large, stairway or ramp 

orthogonal to the Strada Carrabile, similar to the one described by (De Franceschini & Marras, 

2010) for the Accademia sector. 

 

A second enigmatic feature was revealed by two resistivity profiles (Fig. 6.22) at a depth exceeding 

the range of the GPR survey. The relatively high resistivity areas in profiles P0.1 and P2.3 are 

compatible with cavities associated with a 3 m large tunnel transversal to the the Strada Carrabile 

having the ceiling at ~3 m. A tunnel with similar orientation is seen in old maps of the XVIII and 

XIX centuries, in one case as a diverticulum of the Grande Trapezio (Piranesi & Piranesi, 1781). 
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Resistivity profile P2.2 does not show any evidence of cavities, thereby it seems unlikely that a 

tunnel exists in the area crossed by this profile. 

 

 
Fig. 6.22. Resistivity evidence of a transversal tunnel. The dashed lines indicate its probable location. 

 

I conclude that if a tunnel exists close to the Inferi area, it should have the orientation shown in Fig. 

6.22. A third important finding comes from the analysis of several GPR profiles from Areas 12 and 

13 (profiles 6085, Table S12; profiles 147, Table S13). This is a pair of parallel linear features 

that run in NESW direction towards the Plutonium, well evident on the 120146 cm amplitude 

slice (Fig. 6.23). The two features have different thickness (30 and 50 cm) and width (3 and 3.4 m, 

respectively) and show normal and inverted polarities along their top and bottom reflectors. 

Consequently, these features are low dielectric permittivity regions that could be tentatively 

interpreted as basolato of Roman roads. 

 

In addition to the two features interpreted as roads, Fig. 6.23 shows another interesting 

archaeological structure, W, that is represented by a narrow linear stripe of highamplitude 

reflectors, running parallel to the two roads. This is the southeastern prolongation of a wall that 

extends radially from the large circular ditch close to the Plutonium. The presence of this wall was 
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also confirmed by a recent excavation (Gorrini et al, 2018) (Fig. S2). It is easily detected on GPR 

profiles 8185 of Area 12 (Table S12) and on all profiles of Area 13 up to 1.1 m depth (Table S13). 

 

 
Fig. 6.23. GPR evidence of two roads, R1 and R2. The two sections are migrated profiles. Feature W is a different 

archaeological structure, discussed in the text. Black and white colours show negative and positive amplitudes, 

respectively. 

 

The northeastern portion of the PlutoniumInferi complex (Areas 8, 9, and 10) has not been 

investigated by magnetic methods due to the presence of fences. However, both GPR and electric 

resistivity data revealed interesting features in this sector. The resistivity and GPR profiles of Fig. 

6.24 show evidence of a couple of tunnels in the direction of the northeastern slope, which could 

represent a way out from the villa towards the ancient Via Tiburtina. This is the unique place 

around the Plutonium where I obtained a direct GPR evidence of tunnels, owing to the shallow 

depth of their ceilings. In general, a tunnel ceiling is revealed on GPR profiles by a wavelet pair 

with normal and reversed polarities, respectively, when the cavity is airfilled. At Hadrian’s Villa, 

these two wavelets would be generated by the tuffair and airsoil (or airtuff) interfaces. In the 

case of a soilfilled tunnel, we would record only a small amplitude normal polarity wavelet 

produced at the tunnel ceiling by the tuffsoil dielectric contrast. In any event, a GPR profile 
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transversal to the tunnel strike would show only the lowcurvature apical part of the ceiling, 

because of the very small separation between transmitter and receiver antennae. This curved shape 

cannot be confused with a reflection hyperbola, because only very low dielectric (say, 1    3) 

hyperbolae could be fitted against this curve. 

 

 
Fig. 6.24. Resistivity and GPR evidence of a couple transversal tunnels linking the Plutonium to the northwestern slope. 

Features W are interpreted as a wells. Red arrows indicate the location of tunnels on migrated profiles CC and DD. 

Profile EE is unmigrated profile 28 (Table S10), showing a lateral open passage to the tunnels (a stairway?). 

 

The radar profiles of Area 10 show the presence of three wells (Fig. 6.24) filled by a jumbled 

assemblage of stones, easily detected on profiles 3540 and 4249 (Table S10). The two tunnels 

shown in Fig. 6.24 had never been documented by previous studies and cannot be detected on the 

profiles of Table S10 due to their strike. Six transversal GPR profiles were deployed (Table S10T) 

and two resistivity profiles (Fig. 6.16) to check the existence of tunnels in this area, because the 

amplitude slice maps indicated the possible presence of these features (Fig. 6.9cd). GPR profiles 

CC and DD (Fig. 6.24) show evidence of shallow cavities (~80 cm depth) and a geometry 

compatible with tunnel or conduit ceilings. This interpretation is supported by resistivity profiles 

P3.1 and P3.2 (Fig. 6.16), which show moderately high resistivity anomalies at the same depth (Fig. 

6.24). Another interesting feature detected on GPR profiles 16, 17, 19, 22, 25, and 2732 of Area 

10 (Table S10) is a transversal cavity, filled by debris and stones up to shallow depths, which most 

probably was an open access to the tunnels (feature S, Fig. 6.24). 
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Fig. 6.25. Final integrated model showing the major archaeological features in the PlutoniumInferi area. Ditches, 

roads, and major wall structures are also displayed. Excavated areas are bounded by white boxes (Gorrini et al, 2018). 

 

The map in Fig. 6.25 combines the results presented so far, based on magnetic field modelling and 

the integration of radar and resistivity data. It shows a comprehensive magnetization model of the 

main archaeological features around the PlutoniumInferi complex, which extends the distribution 

of magnetization obtained by forward modelling of magnetic anomalies (Fig. 6.17) through the 

inclusion of supplementary blocks. The location and shape of the additional features was 

determined by conversion of GPR reflection anomalies detected on amplitude maps (Fig. 6.9) into 

magnetized blocks. The magnetic parameters of these blocks were inferred on the basis of the 

observed magnetization parameters of the soil and tuff layers and, in the case of walls and roads, 

taking into account of their building materials (Table 6.4). 
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Table 6.4.  Magnetization parameters of the model in Fig. 6.25  

Feature D [°deg] I [°deg] M [A m
–1

]  [10
–6

] SI  

Tuff layer 4.1 72.8 4.82 0  

Soil layer 0 0 0 0  

Airfilled cavities 4.1 72.8 4.82 18127  

Soilfilled cavities 4.1 72.8 4.82 8627  

Walls 0 0 0 9500  

Roads 0 0 0 +5000  

D, I, M = Declination, inclination, and intensity of NRM 

 = Susceptibility contrast relative to background 

 

The map in Fig. 6.25 shows a portion of the already mentioned large ditch having circular shape 

and 38 m diameter, excavated at the soil-tuff interface. There is archaeological evidence that this 

structure was connected to the use of water, as it is confirmed by the finding of led pipes during the 

recent excavations (Gorrini et al, 2018). The presence of this large structure, possibly equipped with 

a pool in the centre, suggests that the Plutonium had an impressive, monumental, entrance, 

characterized by a circular or semicircular water feature. Water was also channeled through pipes 

and ditches in order to sustain the surrounding garden (Gorrini et al, 2018). Finally, the couple of 

tunnels detected in the northeastern sector (Area 10) seems to continue beneath the Plutonium area, 

where a large magnetic anomaly having curved shape can be modelled by a pair of narrow tunnels 

running parallel each other at a depth of ~2.6 m (Fig. 6.17). At the moment, there is no radar 

evidence of these features, but a direct probing performed by the Sotterranei di Roma has confirmed 

the presence of a soilfilled cavity up to ~3 m depth (M. Placidi, pers. comm). 

 

The results presented above allow us to reconstruct the PlutoniumInferi complex as an important 

landscaped area of the villa, despite its present state of deterioration if compared with other parts of 

the archaeological park. The map in Fig. 6.25 shows that the main monumental building, allegedly 

dedicated to the cult of Pluto, was surrounded by a complex network of waterways that served a 

large garden and several pools. The human modifications to the landscape in this area also included 

large interventions such as the digging of the Inferi, a 140 m long, 20 m large, and 6 m high ditch, 

the excavation of a complex system of tunnels for the transport of water or supplies (Ricotti, 1973), 

and possibly earthworks for the construction of a bench terrace in the southernmost part of this area. 

This work will contribute substantially to future investigation of the manmade modifications to the 

natural environment that took place in the making of Hadrian's Villa, where the sources attest that 

the Emperor attempted to reproduce various landscapes of the ancient world: 
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“Tiburtinam villam mire aedificavit, ita ut in ea et provinciarum et locorum celeberrima nomina 

inscriberet, velut Lycium, Academian, Prytanium, Canopum, Poecilen, Tempe vocaret. Et, ut nihil 

praetermitteret, etiam inferos finxit” (from Historia Augusta, 26, 5). 

 

The English translation of this text reads: 

 

“His villa at Tibur was marvellously constructed, and he actually gave to parts of it the names of 

provinces and places of the greatest renown, calling them, for instance, Lyceum, Academia, 

Prytaneum, Canopus, Poecile and Tempe. And in order not to omit anything, he even made a 

Hades”. 

 

 

6.12 Conclusions 
 

 

In this final chapter, I have presented a model of the tunnels running beneath the PlutoniumInferi 

area and a description of buried structures that were presumably part of a garden. The latter features 

consist into a system of ditches that were carved on the top of the tuff. The proposed pattern of 

buried structures is based on the forward modelling of magnetic anomalies, supported by GPR 

amplitude slices and the analysis of individual GPR and resistivity profiles. In addition to the 

primary goal of delineating the precise location of known tunnels across the PlutoniumInferi area, 

I found evidence of: a) two entrances to the underground tunnels; b) a pair of previously unknown 

parallel tunnels in the eastern sector, which probably represent a way out from the villa towards the 

Via Tiburtina, c) a previously unknown transversal tunnel in the western sector, probably an 

aqueduct of Republican age, and d) two ancient roads directed to the Plutonium in the southern 

sector. 
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Fig. S1. Local reference frames used for the acquisition of GPR data. 



214 
 

 
Fig. S2. UAV orthophoto of the study area (Plutonium–Inferi complex) with indication of the 

excavated areas. 
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